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Prostate cancer is the most common noncutaneous 
malignancy and the second leading cause of cancer 
deaths among men in the United States. It is a critical 
public health problem and remains incurable in the 
metastatic setting with mortality that usually occurs as 
a result of castration-resistant disease.

Since Huggins and Hodges’ report of the dra-
matic clinical effects of suppressing serum testos-
terone levels in men with advanced prostate cancer 
in 1941, hormone therapy (also called androgen 
deprivation therapy [ADT]) has become widely 
accepted as the mainstay of therapy for the treat-
ment of advanced prostate cancer. ADT combined 
with radiation therapy is a standard of care in the 
treatment of men with locally advanced prostate 
cancer on the basis of evidence that shows improved 
survival.  The role of ADT in the management of 
prostate cancer is controversial in that it is also used 
for other prostate cancer states (such as in men with 
biochemical recurrence after radical prostatectomy 
or lymph node metastases) even though the clinical 
effects of hormone therapy in these other settings 
have not been definitively proven to be beneficial. 
Hence the first part of this volume will focus on the 
role of hormone therapy in the management of 
advanced prostate cancer and address the controver-
sies relevant to the role of ADT, including the time 
to initiate ADT, optimum duration of ADT, the ben-
efits of combined androgen blockade, the role of 
intermittent ADT, and the benefits of secondary 
 hormonal therapies.

In men whose cancer is no longer responding to 
hormone therapy, the treatment paradigm is shifted 
toward chemotherapy and other investigational 
options. In 2004, two landmark trials using docetaxel-
based chemotherapy demonstrated for the first time a 
survival benefit in metastatic, castration-resistant 

prostate cancer. Research has revealed several distinct 
mechanisms of castration-resistant disease that may 
converge in patients with disease progression on 
ADT. Many approaches are currently being evaluated 
to improve the treatment of this condition and these 
findings have identified several potential targets for 
therapeutic intervention. These include drugs that are 
more active or less toxic chemotherapy agents; drugs 
that induce androgen deprivation; drugs that target 
the androgen receptor and/or androgen synthesis; 
drugs that target specific pathways, including angio-
genesis and tyrosine kinase inhibitors, endothelin 
antagonists and matrix metalloproteinase inhibitors; 
and immunologic approaches. Many of these agents 
seem promising and the rationale and efficacy of 
these emerging therapies remain to be validated in 
future clinical trials.

In light of a growing array of existing and novel 
treatment options, this book was undertaken to capture 
the multidisciplinary care approach to the drug man-
agement of prostate cancer in order to optimize sur-
vival and quality of life for the patients. At this unique 
juncture in the treatment of prostate cancer, current 
standard and investigational treatment options for this 
disease are discussed, including hormone therapy and 
chemotherapy as well as rapidly evolving therapies in 
phase II/III trials involving antiangiogenic therapies, 
immunomodulatory agents, and nuclear receptor tar-
gets. It is divided into seven sections, preceded by an 
introduction that discusses the cell biology and molec-
ular targets of prostate cancer. Part I describes the role 
of androgens and androgen deprivation therapy in 
prostate cancer and the several types of hormone ther-
apy used to treat advanced prostate cancer, including 
luteinizing hormone-releasing hormone agonists and 
antagonists, and anti-androgens. Androgen receptor 
biology and the pharmacogenetics of the androgen 
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metabolic pathway are also presented. Part II discusses 
the role of chemotherapy in prostate cancer including 
standard and investigational approaches as well as the 
clinical pharmacology and pharmacogenetics of these 
agents. Part III introduces the concept of angiogenesis 
in prostate cancer by discussing the principles of anti-
angiogenic therapy, investigational angiogenesis inhib-
itors, and the pharmacogenetics of angiogenesis. Part 
IV focuses on the pathophysiology of prostate cancer 
bone metastasis and the agents used at this stage of the 
disease process. Part V continues on to describe the 
role of immunotherapy for advanced prostate cancer 
including immunotherapeutics and vaccine approaches. 
In Part VI, chemoprevention strategies for prostate 
cancer are discussed. The last section of the book, 
Part VII, looks at the overall drug and technological 
development efforts and challenges in prostate cancer. 

As such, this book is a comprehensive, concisesummary 
of the  pharmacological treatments of prostate cancer 
detailing knowledge of both conventional and emerging 
drug therapies. The chapters describe state-of-the-art 
information that will be appropriate for medical students, 
physicians in training, physicians, scientists, and mem-
bers of the pharmaceutical industry. As advances in 
understanding the biology of prostate cancer and the 
mechanisms of castration-resistant disease continue 
over the next decade, novel drug  discovery and devel-
opment efforts will translate into emerging treatment 
paradigms in the therapeutic management of prostate 
cancer.

Lastly, we would like to thank our colleagues for 
providing their timely and important chapters. Our 
task of compiling this book was made easy by their 
high-quality contributions.

William D. Figg
Cindy H. Chau

Eric J. Small 
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Abstract While not appreciated at the time, the Nobel 
Prize-winning work of Huggins and Hodges in the 
1940s illustrated the androgen dependence of prostate 
cancer and credentialized the first “targeted” (in this case, 
the androgen receptor) anticancer therapy. Androgen 
deprivation therapy induces long-term remission in 
most patients, but development of castration-resistant 
prostate cancer (CRPC) is inevitable. Most treatments 
for CRPC have been approved for symptomatic benefit, 
with only docetaxel shown to improve overall survival.  
Mechanisms underlying shift to castrate resistance 
have been attributed to a complex interplay of clonal 
selection, reactivation of AR axis despite castrate 
levels of serum T, adaptive upregulation of antiapop-
totic and survival gene networks, stress-induced cyto-
protective chaperones, and alternative growth factor 
pathways. CRPC tumors develop compensatory mech-
anisms during androgen deprivation, tailored to the 
synthesis of intratumoral androgens, which along with 
ligand-independent mechanisms involving cofactors 
or growth factor pathways, cooperatively trigger AR 
activation and thus disease progression. Over the last 
few years, numerous gene targets involved with CRPC 
that regulate apoptosis, proliferation, angiogenesis, 
cell signaling, and tumor-bone stromal interactions 
have been identified, and many novel compounds 
have entered clinical trials either as single agents or 
in combination with cytotoxic chemotherapy. In this 
review, several genes and pathways involved in CRPC  

progression will be reviewed, with particular emphasis 
on preclinically credentialized genes and pathways 
that are currently the targets of novel inhibitors in later 
stages of clinical development. These include the AR 
axis, molecular chaperones, tumor vasculature, bone 
stroma, and signal transduction pathways such as those 
triggered by IGF-1 and IL-6.

Keywords Castration-resistant prostate cancer  
• Androgen receptor • Clusterin • Hsp27 • IGF-1

Introduction

Prostate cancer (CaP) cell proliferation and survival 
are regulated through complex interactions between 
cell surface receptor-mediated cell signaling and 
transcription factor regulation of gene expression. 
Androgens are principal factors in CaP carcinogenesis 
and progression, regulating gene and signaling 
networks that promote cell survival through binding 
with the androgen receptor (AR), a ligand-responsive 
transcription factor. Testicular synthesis of testosterone 
(T) accounts for 90% of the dihydrotestosterone (DHT) 
formed in the prostate, with the remainder derived 
from less potent adrenal androgens. Once intracellular, 
T is converted to DHT by 5a-reductase, binding to and 
activating the AR that subsequently dimerizes, translo-
cates to the nucleus, and interacts with promoter 
regions of specific genes to regulate transcription and 
hence protein synthesis, cell proliferation, survival, 
and differentiation.

Though not appreciated at the time, the Nobel 
 Prize-winning work of Huggins and Hodges [1] in the 
1940s credentialized the first “targeted” (in this case, 
the AR) anticancer therapy by confirming the androgen 

Chapter 1
Cell Biology of Prostate Cancer and Molecular Targets
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dependence of CaP. Following androgen deprivation 
therapy (ADT), benign and malignant prostate epithe-
lial cells undergo apoptotic regression leading to >80% 
objective response and prolonging median overall sur-
vival from ~18 to ~36 months in men with metastatic 
disease [2]. Serum PSA, an AR-regulated gene, 
remains the most useful marker of response and prog-
nosis to ADT; PSA nadir levels above 4 µg/L after 
6 months of ADT are associated with a median survival 
of 18 months compared with 40 months when nadirs 
below 4 µg/L are seen [3]. Despite high initial response 
rates, remissions are temporary because surviving tumor 
cells usually recur with castration-resistant prostate 
cancer (CRPC) phenotype. The earliest signal of CRPC 
is a rising PSA while on ADT, predating clinical pro-
gression by 6–12 months and death by 18-24 months 
[2, 4]. Thus, one of the main obstacles to the cure of 
advanced CaP by androgen ablation is progression to 
CRPC, a complex process involving variable combina-
tions of clonal selection [5, 6], adaptive upregulation 
of antiapoptotic survival genes [6–11], AR transactiva-
tion from low levels of androgen, mutations or 
increased levels of coactivators [12–14], and alterna-
tive growth factor pathways [15–20] (Fig. 1.1). If we 
are to have a significant impact on survival, new thera-
peutic strategies designed to inhibit the emergence of 
this acquire treatment-resistant phenotype must be 
developed.

Improved understanding of the molecular basis 
underlying bone-specific metastases and resistance to 
ADT or chemotherapy will facilitate the rational design 
of targeted therapeutics. In addition to castrate- resistant 
disease, a second unique characteristic of CaP progres-
sion is bone-predominant metastatic progression. Bone 
provides a rich microenvironment for establishment of 
CaP metastasis, at least in part, because of its dense 
reservoir of growth regulatory factors, extracellular 
matrix proteins, and hydroxyapatite scaffolds to sup-
port tumor growth. Over the last few years, numerous 
gene targets that regulate apoptosis, proliferation, 
angiogenesis, cell signaling, and tumorbone stromal 
interactions have been identified, and many novel 
compounds have entered clinical trials either as single 
agents or in combination with cytotoxic chemotherapy. 
Because of rapid progress of this field, it is beyond the 
scope of this chapter to review all compounds under 
investigation. This review will focus on molecular and 
cellular mechanisms involved in CaP progression, 
metastases, and treatment resistance, with particular 

emphasis on preclinically credentialized genes and 
pathways that are currently the targets of novel inhibitors. 
These include the AR axis, molecular chaperones, 
tumor vasculature, bone stroma, and signal transduction 
pathways such as IGF-1 and IL-6.

AR Axis

The AR is a ligand-dependent transcription factor and 
member of the class I subgroup of the nuclear receptor 
superfamily that plays a key role in prostate carcino-
genesis and progression [21, 22]. The classical model 
of androgen-regulated AR transcriptional activity has 
not fully defined the many diverse effects of androgens 
on CaP cell survival and growth. In response to 
 androgen, cytoplasmic AR rapidly translocates to the 
nucleus and interacts with sequence-specific androgen 
response  elements (ARE) in the transcriptional regula-
tory regions of target genes [22, 23]. In addition to this 
transcriptional genomic action, androgens and other 
steroid  hormones such as progesterone and estrogen 
can exert rapid nongenomic effects that are not 
 mediated through nuclear receptors but rather initiated 
at the plasma membrane, presumably through surface 
receptors [24–26].

Androgens and AR are essential for CaP progres-
sion, and in many cases CRPC maintains many aspects 
of AR function by increased AR expression and/or 
mutagenesis resulting in increased sensitivity to andro-
gens, permissive activation by nonandrogenic steroids, 
de novo steroid synthesis, and/or ligand-independent 
activation [6, 12–15]. Moreover, AR activation 
controls CaP proliferation and survival by upregulating 
responsiveness to autocrine and paracrine growth 
factor and cognate receptor loops [20, 27–30] discussed 
further below.

Almost uniformly, CRPC involves the reactivation 
of the AR, as illustrated by sentinel upregulation of PSA, 
a discretely androgen-regulated gene. Experimental 
models and molecular profiles of human CaP indicate 
that the AR becomes reactivated in most CRPC [31–
35]. Several groups [12–14, 31, 32] reported that 
androgen-regulated genes become constitutively reex-
pressed in the absence of testicular androgens during 
“AI” progression. Moreover, downregulation of AR 
using siRNA can suppress “AI” tumor growth [14, 36], 
and many enzymes and gene networks implicated in 
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steroidogenesis are upregulated, leading to reactivation 
of AR [12, 37]. These data suggest that CRPC progres-
sion may not be entirely independent of androgen-
driven activity of the AR, but in fact other sources of 
androgens are being capitalized upon for AR activa-
tion. Recent data suggests that at least two hypotheses 
may account for these observations: that the AR is 
activated independent of ligand (by mutations, over-
amplification, signaling pathways, or increased AR 
coactivators) or that androgen-regulated pathways 
within CaP cells are activated by alternative sources of 
androgenic steroids. These mechanisms are not mutually 
exclusive and expose the clinical problem of developing 

therapies that can account for the complex adaptive 
capacity of CRPC.

Persistent or reactivated AR signaling under ligand-
deprived (or- independent) conditions may result from 
(a) amplified or elevated AR expression [38, 39]; 
(b) AR mutations in the ligand-binding domain that 
enhance AR promiscuity [40–43]; (c) expression of AR 
splice variants that lack a ligand-binding domain and 
are constitutively active in a ligand-independent 
 manner [44, 45] (d) altered expression or activity of AR 
coactivator [46, 47] or chaperone [48] proteins, and 
(e) AR activation by certain kinases or signal transduc-
tion pathways that enhance AR activation in response 
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Fig. 1.1 Schematic of molecular mechanisms contributing to 
castration-resistant disease. (1) Increased androgen receptor 
(AR) transcriptional activity in the presence of castrate levels 
of serum testosterone via (a) overamplification and increased 
hypersensitivity of AR; (b) de novo intracrine synthesis of 
DHT and other androgens via the backdoor pathways; (c) muta-
tions in ligand-binding domain of AR leading to promiscuous 
activation by other ligands or splice variants lacking ligand-
binding domain leading to ligand-independent AR transactiva-
tion; (d) increased coactivators (e.g., SRC, TIF-2, Ack1) that 
enhance AR activity. (2) Activation of proliferative growth 

factor and signaling pathways, notably insulin-like growth 
 factor-1 (IGF-1) and interleukin-6 (IL-6). (3) Upregula tion of 
cell survival genes that inhibit apoptotic pathway activation, 
including Bcl-2, clusterin, Hsp27, YB-1, and NF-kB. (4) Molecular 
chaperones (e.g., clusterin, Hsp27, Hsp90) facilitate protein 
interactions to shuttle transcriptional factors (e.g., AR), phos-
phorylation of signaling events, and suppress stress-induced 
cytochrome c release through interactions with proapoptotic 
Bcl family genes. Another mechanism includes selective out-
growth of subpopulations of preexisting androgen-independent 
CaP cells (clonal selection)
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to low levels of androgen [49–54]. Previous studies 
established that the AR is phosphorylated at multiple 
serine/threonine sites [52, 55–57] and at several tyrosine 
residues. Tyrosine phosphorylation is mediated by at 
least two tyrosine kinases, Src and Ack1, and enhances 
AR responses to low androgen levels [58–60].

An important factor contributing to CRPC via the 
AR axis also includes suboptimal reduction of natural 
AR ligands by traditional ADT. Early studies by Geller 
and colleagues [61] indicated that concentrations of 
androgens sufficient to activate the AR remained in the 
prostate gland despite surgical or medical castration, 
and more recently, these were confirmed and extended 

using LC-MS by Mohler et al. [33, 34] and others [13, 
31, 35]. Adrenal androgens were initially believed to 
be the sole source of androgens utilized by CaP tumors 
[33, 34, 37]. An alternative hypothesis is that choles-
terol and its derivatives can be converted to androgens in 
prostate tumor cells through a series of well-characterized 
stepwise enzymatic events. Androgen synthesis is 
often described in terms of the classical steroidogenic 
pathway through DHEA and testosterone (T) (Fig. 1.2). 
A recently described “backdoor pathway” may serve 
as an alternative synthesis pathway, which utilizes pro-
gesterone as the primary steroidal precursor of DHT, 
thereby bypassing T as an intermediate [63]. Using the 

Fig. 1.2 Intracrine de novo synthesis of testosterone. 
Steroidogenesis pathway converts cholesterol to DHT via the 
pathways involving the steroidal intermediates and interlinked 
enzymatic reactions. Steroids are portrayed in black (classical 

steroidogenesis pathway) and blue (backdoor steroidogenesis 
pathway), and enzymes are portrayed in pink and green. Some 
of the pathways are reversible while others are irreversible as 
indicated by the direction of the arrows
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LNCaP xenograft model, Locke et al. [13] reported 
that tumor androgens, like PSA, increase during 
 castrate-resistant progression. As mice do not synthe-
size adrenal androgens, LNCaP tumors themselves 
were investigated as the source of increased androgens. 
All enzymes necessary for androgen synthesis were 
expressed in castrate-resistant tumors, which were 
capable of de novo conversion of [14C]-acetic acid to 
DHT and [3H]-progesterone to six other steroids 
upstream of DHT. This evidence suggests that de novo 
androgen synthesis may be one of the mechanisms 
leading to CaP progression following castration.

Collectively, these studies suggest that CRPC 
tumors develop compensatory mechanisms during andro-
gen starvation, tailored to the synthesis of intratu-
moral androgens, which along with ligand-independent 
or AR-sensitizing mechanisms outlined above, coop-
eratively trigger AR activation to facilitate disease 
 progression. Hence, despite the failure of maximal 
androgen blockage trials using nonsteroid antiandro-
gens such as flutamide or bicalutamide, CRPC tumors 
are not uniformly hormone refractory and may remain 
sensitive to therapies directed against the AR axis. 
Several new classes of AR-targeting agents are now in 
clinical development, including more potent AR antag-
onists (e.g., MDV3100), inhibitors of steroidogenesis 
(abiraterone), and AR-disrupting agents that target AR 
chaperones such as Hsp90 (17-AAG analogs) or Hsp27 
(OGX-427).

AR Antagonists

First generation nonsteroidal antiandrogens (flutamide 
and bicalutamide) compete with T and DHT in binding 
to AR’s steroid binding domain. However, these anti-
androgens do not sufficiently inhibit AR transactiva-
tion in CRPC. Second generation antagonists have 
been identified that more potently block AR activity in 
CRPC. For example, MDV3100 is a novel AR antago-
nist [14, 64] that demonstrates antitumor activity in 
models with AR amplification and resistance to bicalu-
tamide. Clinical activity has been observed in a phase 
1 trial of MDV3100 in patients with both castration-
resistant and docetaxel-refractory disease. This drug is 
currently in Phase II trials with PSA response rates 
exceeding 40% in CRPC and will move into Phase III 
registration trials in 2010 [64].

Inhibitors of Androgen Synthesis

Historical attempts to suppress adrenal (as well as 
intracrine) androgen production have met with limited 
success. Ketoconazole inhibits several adrenal enzymes 
involved with adrenal androgen synthesis, but only 
modest therapeutic activities in CRPC were observed 
[65]. Abiraterone acetate is a potent steroidal irrevers-
ible inhibitor of CYP17 [17a hydroxylase/C17,20-
lyase], blocking two important enzymatic activities in 
the synthesis of testosterone [66–68]. Pharmacodynamic 
studies demonstrated that its effects on adrenal steroid 
synthesis were consistent with its mechanism of action. 
In Phase II studies of chemotherapy-naïve men with 
CRPC, declines in PSA ³ 30%, ³50%, and ³90% were 
observed in 80, 70, and 24% of patients, respectively, 
reflecting decreases in ligand-dependent AR transacti-
vation. Consistent with abiraterone’s mechanism of 
action, hypertension (HTN), hypokalemia, and lower 
extremity edema were the most commonly observed 
drug-related adverse events. Phase III trials of abirater-
one in CRPC began in 2008 and data should be avail-
able by early 2011.

AR Chaperone Inhibitors

Molecular chaperones are involved in processes of 
folding, activation, trafficking, and transcriptional 
activity of most steroid receptors, including AR. In the 
absence of ligand, AR is predominately cytoplasmic, 
maintained in an inactive, but highly responsive state 
by a large dynamic heterocomplex composed of heat-
shock proteins (Hsp), cochaperones, and tetratricopep-
tide repeat (TPR)-containing proteins. Ligand binding 
leads to a conformational change in the AR and dissocia-
tion from the large Hsp complex [69–74]. Subsequently, 
the AR translocates to the nucleus, interacts with 
coactivators, dimerizes, and binds to ARE to transacti-
vate target gene expression. Dissociation of the 
AR–chaperone complex after ligand binding is viewed 
as a general regulatory mechanism of AR signaling.

Several agents targeting AR-associated chaperones 
are in development. For example, Hsp90 inhibitors 
such as geldanamycin induce steroid receptor degrada-
tion by directly binding to the ATP-binding pocket of 
Hsp90 to inhibit its function [70, 71]. Several Hsp90 
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inhibitors are in Phase I-II trials in CRPC. Hsp27 is a 
cytoprotective chaperone expressed in response to 
many stress signals to regulate key effectors of the 
apoptotic machinery including the apoptosome, the 
caspase activation complex [75, 76], and proteasome-
mediated degradation of apoptosis-regulatory proteins 
[77, 78]. Recently, a feed-forward loop was reported 
whereby androgen-bound AR induces rapid Hsp27 
phosphorylation that in turn cooperatively facilitates 
genomic activity of the AR, thereby enhancing CaP 
cell survival. Antisense knockdown of Hsp27 (OGX-
427) delays CRPC xenograft progression [10, 11], in 
part, by destabilizing the AR through ubiquitin-protea-
some-mediated AR degradation [48] (Fig. 1.3). 
Interestingly, OGX-427 induces degradation of Hsp27, 
AR, and Hsp90, while geldanamycin inhibition of 
Hsp90 induces degradation of client proteins [71], but 
is accompanied by stress-activated increases in Hsp70 
and Hsp27 [79]. A dose escalation Phase I trial of sin-
gle agent OGX-427 in Hsp27-positive cancers was 
completed in 2008 and showed that OGX-427 was 
well tolerated. Decreases in PSA and CA-125, as well 
as CTC counts, suggest single-agent activity in CRPC 
and ovarian cancer, respectively. OGX-427 will move 
into Phase II trials in CRPC in 2010 [80].

Regulation of Apoptosis

In mammals, programmed cell death can be initiated 
by extrinsic or intrinsic death pathways. The extrinsic 
pathway is triggered by extracellular ligands that 
induce oligomerization of death receptors such as Fas 
or other members of the TNF receptor superfamily, 
resulting in activation of a caspase cascade leading to 
apoptosis. The instrinsic pathway is triggered in 
response to a variety of apoptotic stimuli that induce 
damage within the cell including anticancer agents, 
oxidative damage, UV irradiation, and growth factor 
withdrawal and is mediated through the mitochondria. 
These stimuli induce the loss of mitochondrial mem-
brane integrity and result in the release of proapoptotic 
molecules, including cytochrome c (cyt c), which asso-
ciates with Apaf-1 and caspase-9 to promote caspase 
activation, and SMAC/Diablo and Omi/HtrA2 that 
promote caspase activation by eliminating inhibition 
by IAPs (inhibitors of apoptosis proteins) [81–85].

Fas-induced death is the best understood extrinsic 
apoptotic pathway both in terms of mechanism and its 
physiological importance in vivo [86]. Multivalent 
cross-linking of the Fas receptor as a result of FasL 
binding to preassociated Fas receptor trimers triggers 
the recruitment of a set of effector proteins to the 
receptor, resulting in the formation of the death- 
inducing  signaling complex (DISC). The DISC is 
composed of intracellular signaling proteins including 
FADD/MORT1, a death domain-containing adaptor 
protein, and Caspase-8 (also known as FLICE/MACH). 
Upon recruitment to the DISC, caspase-8 is autoprote-
olytically cleaved and activated, which then directly 
activates caspase-3 leading to execution of apoptosis. 
Caspase-8 also leads to activation of the mitochondrial 
amplification loop by proteolytic cleavage of the 
proapoptotic Bcl-2 member, Bid. The truncated Bid 
then translocates to the mitochondria and promotes 
cytochrome c release into the cytosol. In association 
with APAF-1 and pro-caspase-9, cytochrome c forms 
the apoptosome complex leading to the activation of 
caspase-9 that  subsequently cleaves and activates 
effector caspases.

The propensity of tumor cells to undergo stress-
induced apoptosis determines their susceptibility to 
biologic and cytotoxic therapies [85]. Adaptations 
achieved by progressively accumulating genetic muta-
tions increase tumor heterogeneity and decrease sus-
ceptibility to treatment. Many of these adaptations 
involve changes in intrinsic and extrinsic apoptotic 
machinery, including Bcl family members, inhibitors 
of apoptosis, cytoprotective molecular chaperones, 
and/or activation of growth factor-mediated and con-
vergent downstream prosurvival signaling cascades.

Bcl-2

The bcl-2 gene, initially identified in follicular B-cell 
lymphoma due to a characteristic t14;18 translocation 
[87], is a mitochondrial membrane protein that het-
erodimerizes with Bax and other proapoptotic regula-
tors to prevent cytochrome c release from the 
mitochondria and subsequent activation of the intrinsic 
apoptotic cascade [88]. Competitive dimerization 
between pairs of pro and antiapoptotic bcl-2 family 
members (and other chaperones such as clusterin) 
determines how a cell responds to an apoptotic signal. 
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Fig. 1.3 AR transactivation in castration-resistant prostate 
 cancer and potential points of therapeutic intervention. Ligand-
binding to the steroid-binding domain of the AR leads to 
 dissociation of heat-shock proteins, p38 kinase-mediated phos-
phorylation of Hsp27 that replaces Hsp90 as the predominant 
AR chaperone to shuttle the dimerized and phosphorylated AR 
into the nucleus. Several mechanisms converge to support 
AR signaling in a castrate environment and are potential targets 
of therapeutic intervention. (1) Inhibitors of de novo androgen 
synthesis using abiraterone or 5 alpha reductase inhibitors to 

block enzymes involved in the synthesis and metabolism of 
androgens. (2) Target AR synthesis (antisense oligonucleotides 
or siRNA) or maturation [histone deacetylase (HDAC) inhibitors, 
e.g., SAHA]. (3) Potent second generation AR antagonists that 
block ligand-binding domain and prevent dimerization and 
nuclear translocation (e.g., MDV3100). (4) Target AR chaperones 
to destabilize and increase AR ubiquitination and degradation 
rates using inhibitors against Hsp90 (e.g., 17-allylaminogeldan-
amycin) or Hsp27 (OGX-427). (5) Inhibitors of nonnuclear AR 
signaling (e.g., SRC). (6) Coactivator inhibition
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Many studies link overexpression of bcl-2 with 
 treatment resistance [88–92], highlighting bcl-2 as the 
target to enhance chemotherapy-induced apoptosis. 
Targeted inhibition of bcl-2 was initially accomplished 
using antisense oligonucleotides (ASOs) with many 
reporting good hormone or chemosensitization activ-
ity in preclinical models [8, 93–96]. G3139, also 
referred to as oblimersen sodium or Genasense (Genta 
Inc.), is a first generation 18-mer phosphorothioate 
ASO evaluated in many clinical trials based on prom-
ising activity in preclinical models of many cancers 
[97–101]. Unfortunately, randomized Phase II or III 
trials in CRPC [101] and melanoma [102] or myeloma 
[103] did not show clear evidence of anticancer effi-
cacy. These negative results have put future trials with 
this agent on hold. Issues persist about the dosing and 
regimen of this first generation ASO, and whether 
6 days of 7 mg/kg/day treatment are enough to sup-
press target sufficiently.

Bcl-xL is another antiapoptotic bcl-2 family mem-
ber. In tumors where bcl-2 and Bcl-xL are coexpressed, 
it is difficult to predict which of the two proteins is 
more critical for survival, and some tumor cells have 
been reported to switch expression from Bcl-2 to 
Bcl-xL [104]. Bcl-xL ASOs have been reported to sen-
sitize various tumor cells, including prostate, to che-
motherapy [105–109].

BH3 mimetics are a novel class of anticancer agents 
moving forward in clinical development that induce 
apoptosis in tumor cells, regardless of their p53 or Bcl-2 
status by enhancing the proapoptotic potential of BH3-
only proteins or bypassing the need for BH3-only pro-
teins by directly blocking interactions of Bcl-2-like 
prosurvival molecules with Bax and/or Bak [110, 111].

CLU

Human clusterin gene is located in chromosome 8p21-
p12, where it is organized into nine exons [3] and 
encodes for two transcriptional isoforms in humans 
(Isoform 1, NM_001831 [GenBank]; Isoform 2, 
NM_203339 [GenBank]). These isoforms result from 
different transcriptional initiation sites and are pro-
duced only in humans and primates. In humans, clus-
terin exists as both an intracellular truncated 55- kDa 
nuclear splice variant (nCLU) and a 80- kDa secreted 
heterodimer disulfide-linked glycoprotein, making 

clusterin the only known secreted chaperone [112–114]. 
Clusterin isoform 2 (sCLU-2) is the predominant iso-
form and is highly conserved across species, while 
sCLU-1 is expressed only in primate species. sCLU is 
a multifunctional stress-activated molecular chaperone 
possessing chaperone-like properties similar to small 
heat-shock proteins that stabilize and/or scaffold multi-
meric protein conformations during times of cell stress. 
A low abundant proapoptotic nuclear (nCLU) splice 
variant with properties that can regulate DNA repair 
has also been described [115–117]. Hsp and CLU facil-
itate degradation of terminally misfolded proteins by 
the ubiquitin-proteasomal degradation or aggresome-
autophagy systems [118]. The 60 kD cytoplasmic CLU 
interacts with and inhibits conformationally altered 
Bax in response to cytotoxic stress, impeding Bax oli-
gomerization and intrinsic pathway activation [119, 
120]. Cytoplasmic CLU also regulates NF-kB activa-
tion, a stress- regulated transcription factor that controls 
inflammatory and innate immune responses, as well as 
many aspects of oncogenesis. NF-kB is activated in 
cancer cells by chemo- and radiation therapy and asso-
ciated with acquired anticancer treatment resistance, 
including CRPC [121–123]. In its inactive form, NF-kB 
is sequestered in the cytoplasm by members of the IkB 
family. In the canonical pathway, IKK complex 
 phosphorylates IkB, which is then ubiquitinated and 
degraded in the 26S proteosome, exposing nuclear 
localization signals on NF-kB subunits with subsequent 
NF-kB dimer translocation to the nucleus and transac-
tivation of NF-kB-regulated genes. CLU functions as a 
ubiquitin binding protein that enhances COMMD1 and 
I-kB proteasomal degradation through its interaction 
with members of the SCF-bTrCP E3 ligase family, 
which leads to increased NF-kB nuclear translocation 
and transcriptional activity.

Many mechanisms in heterogeneous cancers con-
tribute to acquired resistance including stress-activated 
prosurvival genes transcriptionally activated by heat-
shock factor 1 (HSF1). HSF1 is the key regulator of 
the heat-shock response, a highly conserved protective 
mechanism for eukaryotic cells under stress, and has 
been associated with oncogenic transformation, prolif-
eration, and survival [124]. Targeting HSF1 [125] or 
multifunctional genes regulated by HSF1 that are asso-
ciated with cancer progression and treatment resistance 
is a rational therapeutic strategy. CLU is transcription-
ally activated by HSF1 [126, 127], IGF-1 signaling 
[128], and androgen [129] and is antiapoptotic in 
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response to hormone-, radiation-, and chemotherapy 
[9, 130–132]. Knockdown of CLU in CaP cells increases 
activated Bax levels with increased cytochrome c 
release from the mitochondria and subsequent activa-
tion of the intrinsic apoptotic cascade, as well as stabi-
lization of I-kB with cytoplasmic NF-kB sequestration 
and decreased NF-kB activity. These data link stress-
induced CLU expression with several antiapoptotic path-
ways relevant to acquired anticancer treatment resistance 
and mark CLU as an anticancer target.

Clusterin is overexpressed in a variety of human 
cancers, including those of the breast, lung, bladder, 
kidney, colon/rectum, and prostate [133–138]. Antisense- 
or siRNA-induced CLU knockdown enhances treat-
ment-induced apoptosis and delays progression in 
many cancer models [9, 130, 139–141]. OGX-011 is a 
second-generation ASO that incorporates the 2¢ MOE 
modification with four 2¢ MOE-modified nucleosides 
at the 3¢ and 5¢ ends of the oligomer [141, 142] that 
decrease CLU levels >90% [143]. A randomized 
phase II study in chemo-naïve CRPC reported that 
OGX-011 + docetaxel prolonged overall survival by 
7 months (16.9–23.8 months) and reduced death rates 
by 39%, compared with docetaxel alone [144]. Phase 
III trials are set to begin in 2010.

Hsp27

Heat-shock protein 27 (Hsp27) is a 27- kDa molecular 
chaperone induced and phosphoactivated in response 
to a variety of biological, chemical, and physical stres-
sors including heat-shock, oxidative stress, cytokines, 
and hormone- or chemotherapy [145]. Increased 
expression of Hsp27 during stress suppresses apopto-
sis, in part, from its role as a molecular chaperone to 
prevent protein aggregation or facilitate elimination of 
misfolded proteins. In addition, Hsp27 can act as a 
scaffolding protein to facilitate protein interactions 
and phosphorylation of signaling events [146]. Hsp27 
is a multifunctional suppressor of apoptosis through 
interactions with Bid [75], procaspase-3 [147], cyto-
chrome c [75], Smac/Diablo [148], and Daxx [149]. In 
addition, Hsp27 modulates the actin cytoskeleton [150] 
and intracellular levels of reactive oxygen species 
[151], interacts with several key client proteins involved 
in cell survival signals including IkBa [152], IKKb 
[153], STAT-3 [11], AR [48], and Akt [154–156]. Akt 

is a key serine–threonine kinase that enhances the 
survival and proliferation of cells by regulating the 
function of proapoptotic proteins such as BAD and 
caspase-9, cell cycle regulators such as p27kip1, and medi-
ators that control apoptosis and/or proliferation, such 
as MDM2, FOXO, GSK3, TSC2, and PRAS40 [156].

Hsp27 is frequently overexpressed in numerous 
malignancies, including prostate, [10, 157] and associ-
ated with poor clinical prognosis and therapeutic resis-
tance [10, 158, 159]. Not only is Hsp-27 a powerful 
biomarker of aggressive CaP, but it is also a potential 
target for novel therapeutic intervention. Knockdown 
of Hsp27 suppresses tumor growth and sensitizes 
 cancer cells to hormone-, chemo-, and radiotherapy 
[10, 11, 159]. The biphenyl isoxasole KRIBB3 inhib-
its protein kinase C-dependent phosphorylation of 
Hsp27 to induce mitotic arrest and enhances apoptosis 
[160]. Recently, pyrrolo-pyrimidones, a novel class of 
p38 MAPK/MAPK-activated protein kinase 2 (MK2) 
inhibitors, have been shown to inhibit phosphorylation 
of Hsp-27 at Ser78 and Ser82 by the MAPKAP kinase 
MK5 [161, 162]. Not only is the MAPKAPK2/Hsp-27 
pathway a promising potential target for therapeutic 
intervention but the isoflavone genistein, an estrogen 
analog and candidate chemotherapeutic agent, inhibits 
cell migration by blocking activation of this pathway 
[163]. Recently, OGX-427, a selective, second- generation 
ASO inhibitor of Hsp27 has recently advanced into 
phase I/II clinical trials for treatment of a variety of 
cancers [80]. OGX-427 was well tolerated as a mono-
therapy and demonstrated declines in circulating tumor 
cells as well as reduction in PSA levels in three patients 
with CRPC. Reductions in both circulating tumor cells 
and tumor markers suggest single-agent activity war-
ranting further clinical investigation.

Signal Transduction Pathways

IGF and IGF-1R in CaP Progression

The IGF axis is an important regulator of growth, sur-
vival, and metastatic potential in a variety of malignan-
cies and is strongly implicated in CaP etiology 
[164–167]. This endocrine system consists of the 
ligands IGF-I and IGF-II, the receptor tyrosine kinase 
(IGF-1R) and the mannose-6-phosphate receptor (IGF-
IIR), and a family of high-affinity IGF-binding proteins 
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(IGFBPs) and IGFBP-related proteins, which modulate 
IGF/IGF receptor biological activities, any of which 
change in many disease states [168–170]. IGF-1R 
overexpression has been found in a range of tumor 
types and is a predictor of poor prognosis in many 
cancers. IGF-1R signaling plays critical roles in the 
development and progression of cancer by allowing 
cells to overcome the propensity to die via apoptosis, 
necrosis, or autophagy in response to uncontrolled 
replication, loss of substrate adhesion, hypoxia, and 
therapeutic stress (Fig. 1.4).

Ligand activation of IGF-1R results in phosphory-
lation and membrane recruitment of insulin receptor 
substrate proteins (IRSs) and activation of intracellular 

signaling pathways including Ras/mitogen-activated 
protein kinase (MAPK) and phosphatidylinositol-3 
kinase (PI3K)/AKT/mTOR that in turn control the 
various IGF-mediated biological effects [171]. IGFs 
are potent mitogens and antiapoptotic factors for many 
normal and malignant tissues [172]. Both receptor 
activation and these downstream signaling cascades 
are therapeutic target candidates.

Perturbations in intrinsic expression of IGF axis 
components are implicated in susceptibility and pro-
gression of CaP [173–181]. IGF-1R expression is ele-
vated in metastatic [177] and CRPC [17, 20]. 
Furthermore, maintaining IGF-I responsiveness 
facilitates CaP survival and growth and is achieved 
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(IGFBP)-3/acid-labile subunit (ALS). IGFBPs -2 and -5 
 produced by tumor cells extract IGFs from IGFBP-3/ALS com-
plex and release IGFs into the pericellular space upon prote-
olysis to facilitate IGF receptor binding and activation of 
proliferative and survival signaling via PI3K and Ras cascades. 

Retention of IGFs in the pericellular space can be competi-
tively suppressed by administration of recombinant human 
IGFBP-3 (rhIGFBP-3) and by suppression of IGFBP-2 & -5 
expression by OGX-225 antisense oligonucleotide. IGF-1R 
activation can be blocked by small molecule tyrosine kinase 
inhibitors such as OSI-906 and by induction of internalization 
and degradation by humanized anti-IGF-1R antibodies such 
as IMC-A12 and CP-751,871
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through androgen-modulated IGF-1R expression [20, 
182, 183]. While CaP cells can adapt to enhance IGF 
responsiveness, accumulating evidence indicates that 
paracrine sources of IGF-I and IGFBPs are also 
important mediators of CaP progression [184–187]. 
Such observations directly implicate the IGF axis as a 
mediator of CRPC progression and mark IGF-related 
signaling an attractive therapeutic target [188–192]. 
The clinical potential of a number of immunologic, 
antisense, and small molecules is now being investi-
gated. As previously reviewed, these approaches 
convincingly demonstrate that perturbing IGF-1R 
availability significantly impacts growth and survival 
of in vitro and xenograft model systems.

The long list of TKIs and antibodies targeting 
IGF-1R highlights the high level of enthusiasm for this 
target in prostate and many other cancers. Many human-
ized antibodies targeting the IGF-1R are in early clinical 
development in CRPC and include IMC-A12 and 
CP-751,871 [193, 194]. IGF1R is highly homologous 
to insulin receptors (IRs) with 100% homology in the 
ATP-binding cleft commonly targeted for small molecule 
inhibitors. Because of their structural similarities, TKIs 
and Abs directed at IGF-1R often also affect signaling 
of IR. Small molecule IGF-1R kinase inhibitors, such 
as NVP-AEW541 [195, 196], initially showed great 
promise in preferentially targeting IGF-1R from its 
close homologue, the IR; however, the clinical use of such 
agents is hampered by off-target toxicity. Preclinical 
data of newly emerging agents, such as OSI-906 that 
showed strong antitumor activity and reduced incidence 
of IR-mediated side effects, and this TKI that is in 
Phase 1 trials are forthcoming [197].

IGFBPs and CRPC

IGFBPs are a family of six circulating proteins that 
bind IGF-I and -II with equal or greater affinity than 
that of the IGF receptors and regulate IGF distribution, 
function, and activity [198, 199]. IGFBPs-2, 3, 4, 5, 
and 6 are expressed in prostatic tissues and cell lines 
[200–204]. IGFBP-2, 4, and 5 levels are correlated, 
while IGFBP-3 levels are inversely associated, with poor 
prognosis [200, 204]. The correlation between changes 
in IGFBP levels and concomitant changes in IGF-1R 
and IGF levels, disease state, and androgen ablation 
therapy implicates these adaptive responses in influ-
encing disease progression.

Although it is clear that increased IGFBP-3 and 4 
levels antagonize IGF signaling and increase sensitivity 
to apoptotic stress [205–207], other IGFBPs have been 
suggested to both inhibit and enhance IGF-1R-
mediated signaling [208–211]. IGFBP-2 is one such 
factor whose expression is elevated in patients under-
going androgen ablation therapy [19]. Inhibiting 
IGFBP-2 expression in LNCaP cells increased androgen 
withdrawal-induced apoptosis and suppressed xeno-
graft growth in castrated hosts [19]. Additionally, 
overexpressing IGFBP-5 accelerated AI progression 
of LNCaP tumors [18], while inhibiting IGFBP-5 expres-
sion decreased AI progression and IGF-I-dependent 
growth [212]. However, while elevated IGFBP-2 and 
5 levels appear to contribute to disease progression at 
least in part by enhancing IGF responsiveness, IGFBPs 
have also been attributed with IGF-1R-independent 
activities that may contribute to prostatic oncogenesis 
[18, 208, 213–215] suggesting that binding and mod-
ulation of integrin signaling may also be critical to 
both IGF-1R-dependent and -independent IGFBP 
activities.

The primary IGF-binding protein, IGFBP-3, has 
also been attributed with IGF-dependent and 
- independent antiproliferative and proapoptotic activi-
ties on human cancer cells. In preclinical cancer 
 models, recombinant human IGFBP-3 (rhIGFBP-3) 
is able to suppress growth of Herceptin-resistant 
breast, as well as lung and colon cancer xenografts as a 
single agent and on the latter xenograft model, aug-
mented antitumor activity of irinotecan in combina-
tion [216, 217]. Consistent with the role of IGFBPs in 
modulating IGF signaling, these antitumor activities 
are correlated with suppression of AKT signaling in 
these models. In the CaP xenograft model, LAPC-4, 
rhIGFBP-3 synergized with the retinoid X receptor-
alpha ligand VTP194204, to dramatically inhibit tumor 
growth by induction of apoptosis [218].

Also targeting IGFBPs is OGX-225, an ASO that 
effectively suppresses expression of IGFs -2, -3, and 
-5. Since IGFBP-2 and -5 are reproducibly upregu-
lated in breast and CaPs, targeting their expression 
can selectively disrupt IGF signaling in tumor cells. 
Preclinical studies in human prostate, bladder, glioma, 
and breast cancer models indicate that reducing IGFBP-2 
and IGFBP-5 production with OGX-225 promotes 
apoptosis and sensitize all of these tumor types to 
 chemotherapy [219]. OGX-225 has completed prec-
linical pharmacology and is being evaluated for 
 clinical trials.
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Phosphatidylinositol 3-Kinase-Mediated 
Survival Signaling in CaP

A key oncogenic feature of IGF signaling is protection 
against cytotoxic stress mediated by PI3K/AKT/PTEN 
signal transduction-triggered intracellular signaling 
cascades [190, 220]. The serine/threonine kinase, 
AKT, is a prominent node in the convergence of various 
growth and survival-promoting intracellular signaling 
cascades. Its activation is triggered by PI3K and gen-
eration of phosphatidylinositol 3-, 4-, 5-triphosphate 
(PIP-3), which serves to recruit pleckstrin homology 
(PH) domain-containing proteins to the plasma membrane, 
including the S/T kinases, PDK-1 and -2, or ILK and 
AKT [221, 222].

A signature event impacting PI3K signaling in ~50% 
of advanced CaP is homozygous loss of the tumor- 
suppressor gene, PTEN [223] and among those patients 
who are not PTEN null, many exhibit loss of one PTEN 
allele [224]. Recently, hemizygous PTEN loss combined 
with the presence of TMPRSS2:ERG gene rearrange-
ments were reported to increase the risk of biochemical 
progression [225]. PTEN is a tumor suppressor that 
functions as a 3¢ phosphatase of PIP3. It acts as a nega-
tive regulator of cell migration, cell survival, and cell 
cycle progression [226] and is associated with increased 
resistance to chemotherapy and increased angiogenesis 
[227, 228]. Its loss results in aberrant accumulation of 
PIP3 and subsequent survival signals [224, 229, 230]. 
Demonstration that prostate-specific PTEN knock-out 
mice develop metastatic CaP [231] and that ectopic 
expression of PTEN reduces CaP cell growth and 
induces apoptosis [232–234] underscores the impor-
tance of PTEN in PCa establishment and progression. 
However, while loss of PTEN expression appears to be 
a prominent means by which CaP cells promote AI 
growth, which and how selection for hyperactivated 
PI3K signaling is invoked remains to be elucidated.

PI3K-induced recruitment and activation of AKT is 
a central antiapoptotic pathway triggered by growth 
factors [reviewed in235]. AKT directly phosphorylates 
and inactivates several proapoptotic factors, including 
Bad [236], procaspase-9 [237], GSK3b, and Forkhead 
transcription factors [238, 239] and activates c-FLIP, 
MDM2, mTOR, and the antiapoptotic transcription 
factor, NFkB [240]. In turn, mTOR complexed with 
rictor can regulate activation of AKT [241]. Association 
of constitutive AKT activation with resistance to 
chemo- and radiotherapeutics in diverse cancers, 

particularly CaP, has promoted research into the role(s) 
of subsequent downstream signaling in regulation of 
these phenomena [242, 243].

The mammalian target of rapamycin (mTOR) is an 
S/T kinase that regulates cell growth and division by 
integrating information regarding nutrient sufficiency, 
energy levels, and mitogenic signaling [244, 245]. 
mTOR relays proliferative signals from the PI3K path-
way and information on amino acid sufficiency to criti-
cal mediators of protein translation. Inhibition of 
mTOR can reverse AKT-dependent malignant trans-
formation of murine prostate [246] and doxorubicin 
resistance in CaP cell lines [227]. These downstream 
mediators, the 40S ribosomal subunit protein kinase 
(S6K1) and the eukaryotic initiation factor 4E binding 
protein-1 (4EBP1), are required for ribosomal biosyn-
thesis and the production of proteins required for G

1
/S 

transition [247, 248]. Monitoring the activation state of 
terminal kinase targets such as S6 and 4EBP1 can 
therefore be used as pharmacodynamic endpoints for 
activation of upstream signaling cascades due to loss 
of PTEN function, and in response to therapeutics that 
target proximal PI3K activation.

Angiogenesis

Angiogenesis is critically important for the growth and 
metastatic development of tumors. It involves migra-
tion and proliferation of endothelial cells from the 
microvasculature, controlled expression of proteolytic 
enzymes, breakdown and reassembly of extracellular 
matrix, and endothelial tube formation. Stimuli such as 
hypoxia can drive tumor, inflammatory, and connective 
tissue cells to generate a variety of angiogenic factors, 
including growth factors, cytokines, proteases, and cell 
adhesion molecules. Regulation of angiogenesis is 
thought to be largely dependent on a balance between 
pro- and antiangiogenic factors during the vascular 
network formation [249]. Angiogenesis plays an essen-
tial role in CaP development and metastasis. Therapy 
targeting tumor neovasculature therefore represents 
a promising area of research aimed at developing 
anticancer and antimetastasis therapeutics with many anti-
angiogenic agents being evaluated in various phases 
of clinical trials [250].

Among the various proangiogenic factors, vascular 
endothelial growth factor (VEGF) is a major angiogen-
esis promoting factor, primarily acting on endothelial 
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cells to induce their migration and proliferation via 
 activation of tyrosine kinase receptors, VEGFR1 and 
VEGFR2. Increased expression of VEGF by tumors, 
resulting from e.g., hypoxia, can lead to tumor angiogen-
esis. As such, VEGF and its receptors represent key tar-
gets for new antiangiogenic drugs for treatment of cancer 
and have evoked a lot of interest [251, 252]. The VEGF 
level in plasma can serve as an independent prognostic 
factor in men with metastatic CRPC [253]. Antiangiogenic 
agents utilizing specific anti-VEGF monoclonal antibod-
ies, such as bevacizumab (Avastin®), have been evalu-
ated in CRPC. Interestingly, most antiangiogenic drugs 
failed to demonstrate significant activity as single agents 
in CRPC, but when bevacizumab was combined with 
docetaxel a 65% PSA response was achieved [254]. 
Unfortunately, a phase III study with accrual of 1,050 
patients (CALGB 90401) recently reported that the addi-
tion of bevacizumab to docetaxel did not prolong OS.

In addition to VEGF, platelet-derived growth factor 
(PDGF) has been implicated in the progression of CaP 
and bone metastasis and is expressed in 80% of CRPC 
lesions [255]. Preclinical studies indicated that imatinib 
mesylate (Gleevec®), a PDGF inhibitor, is active in CaP 
cell lines, and a phase I trial of 21 patients with metastatic 
CRPC reported a 38% PSA response rate [256]. However, 
a randomized Phase II trial of imatinib and docetaxel in 
patients with CRPC showed increased toxicity without 
delaying progression. Sunitinib (Sutent®) and sorafenib 
(Nexavar®) are oral multitargeted tyrosine kinase inhibi-
tors that inhibit RAF kinase, VEGF receptor tyrosine 
kinase, and the PDGF receptor; both are currently approved 
for the treatment of metastatic renal cell carcinoma [257]. 
Several phase II studies evaluated the activity of sorafenib 
in CRPC [258–260], demonstrating single agent dec-
reases in PSA. Phase III trials of sunitinib and sorafenib 
are either planned or underway as second line therapy in 
docetaxel recurrent CRPC. Despite negative results with 
bevacizumab, the use of angiogenesis inhibitors contin-
ues to be evaluated as a promising treatment strategy for 
a variety of solid tumors, including CRPC.

Inflammation

Increasing evidence suggests that cancer-associated 
inflammation should be viewed as a seventh hallmark 
of cancer [261]. Most recently, such inflammation has 
been functionally linked to metastasis [262]. In fact, a 
number of inflammation-associated proteins, including 

tumor necrosis factor (TNF)-a, interleukin-1  (IL-1), 
interleukin-6 (IL-6), interleukin-11 (IL-11), TGFb, 
cyclooxygenase 2 (COX-2), NFkB, Stat3, stromal-
derived factor-1 (SDF1) and hedgehog, have been 
shown to facilitate CaP growth, tissue invasion and 
importantly, metastasis. Furthermore, inhibition of, for 
example, the COX-2 enzyme, which catalyzes the con-
version of arachidonic acid to prostaglandins, i.e., 
important inflammatory mediators, has led to inhibi-
tion of tumor growth and suppression of metastasis in 
multiple cancers, including CaP [263]. Accordingly, 
inhibition of cancer-associated inflammation has 
emerged as a most promising new approach for treat-
ment of metastatic CaP.

The nuclear transcription factor, NFkB, is a key 
regulator of immune, inflammatory and acute phase 
responses and has also been implicated in the control 
of cell proliferation and apoptosis [264]. It is overex-
pressed in many human cancers, including metastatic 
CaP [265, 266]. Stat3, which is both a cytoplasmic sig-
naling molecule and a nuclear transcription factor, 
belongs to the seven-member Stat gene family of tran-
scription factors. Recently, it has been reported that 
Stat3 is activated in clinical CaP metastasis and in 
recurrent CaP and may have a major effect on meta-
static dissemination of the disease [267]. In view of 
this, NFkB and Stat3 could act as potential targets for 
inhibition of metastatic progression of CaP. RTA 402, 
an NFkB and Stat3 inhibitor, has demonstrated anti-
cancer activity in preclinical studies and a recent clini-
cal Phase I pancreatic cancer trial [268]. This inhibitor 
is now moving into Phase II trials. Moreover, several 
small molecule inhibitors for such targets are under 
preclinical development [269].

The chemokine stroma-derived factor, SDF-1/
CXCL12, plays multiple roles in tumor pathogenesis. 
It has been demonstrated that CXCL12 promotes CaP 
growth, enhances tumor angiogenesis, contributes to 
immunosuppressive networks within the tumor microen-
vironment, and participates in tumor metastasis [270, 
271]. The interaction of CXCL12 and its receptor 
CXCR4 leads to mitogen-activated protein kinase and 
phosphoinositide 3-kinase/Akt–mediated MMP-9 
expression, migration, and tissue invasion of CaP cells 
[272]. Therefore, it stands to reason that the CXCL12/
CXCR4 pathway is an important target for develop-
ment of novel antimetastasis therapies. A wide variety 
of strategies, based on peptides (e.g., T22) [273], 
small molecules (e.g., AMD3100) [274], antibodies 
[275], and small interfering RNAs [276], have been 
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used to target this pathway. Treatments in combina-
tion with current therapies seem to be especially 
promising in preclinical studies, and compounds 
are advancing into early stages of clinical develop-
ment [277].

The hedgehog pathway has also been implicated in 
CaP development and metastasis [278]. The multi 
transmembrane protein, Patched (PTCH), is the recep-
tor for various hedgehog ligands (Sonic, Indian, and 
Desert). In the absence of hedgehog, PTCH inhibits 
Smoothened (SMO), a G protein-coupled receptor 
protein encoded by the SMO gene of the hedgehog 
pathway [279]. When hedgehog binds to PTCH, SMO 
is disinhibited and initiates a signaling cascade that 
results in activation of GLI transcription factors 
and increased expression of target genes (including 
PTCH and GLI1). Inhibition of the hedgehog path-
way induces apoptosis and decreases tumor inva-
siveness of CaP cells. For example, IPI-926 (Infinity 
Pharmaceuticals, Inc.), a small molecule inhibitor of 
the hedgehog signaling pathway, has shown potent 
efficacy and specific inhibition of the hedgehog path-
way in multiple preclinical animal cancer models. 
Currently, IPI-926 is in a clinical Phase 1 trial for 
patients with advanced and/or metastatic solid tumors. 
GLI2 knockdown in preclinical models induces apop-
tosis, inhibits cancer growth, and chemosensitizes 
cells to chemotherapy in vitro and in vivo, providing 
preclinical proof-of-principle for CRPC [280]. The 
approach of regulating cancer-associated inflamma-
tion will be one of the most promising treatment strat-
egies for a variety of tumors, including CaP.

Bone Metastases

Bone is the most frequent site for metastases of CaP. 
While the precise mechanism by which cancer cells 
home to bone is still unclear, it is generally accepted 
that bone can express certain chemo-attractants (e.g., 
SDF-1) or growth factors [e.g., TGFb, IGF] that selec-
tively retain/promote circulating CaP cells. As well, 
the cancer cells secrete many factors (e.g., uPA, TGFb, 
FGFs, BMPs, PDGF, IGF, PTHrP, ET1) that activate 
bone stromal components, thus establishing a complex 
interplay between tumor and bone tissue.

Advances in the understanding of the biology of 
CaP, bone and interactions between tumor and bone 

stroma have led to the development of drugs directed 
against specific molecular sites in the CaP and host 
cells in the bone environment. Bone remodeling is a 
tightly regulated process of osteoclast-mediated bone 
resorption, counterbalanced by osteoblast-mediated 
bone formation. Disruption of this balance can lead to 
excessive bone loss or extra bone formation. Recently, 
a triad of key regulators of bone remodeling in bone 
oncology was discovered. It consists of the receptor 
activator of NF-kB (RANK), an essential receptor for 
osteoclast formation, its ligand RANKL, and the decoy 
receptor osteoprotegerin (OPG). OPG, a member of 
the tumor necrosis factor (TNF) receptor superfamily, 
can bind to RANKL and thus prevents activation of 
osteoclastic bone resorption. RANK, RANKL, and 
OPG are critical determinants of osteoclastogenesis, 
and increased RANK signaling is involved in metasta-
sis of various cancers, including CaP [281–283]. These 
findings highlight the potential of RANKL inhibition 
as a novel treatment for patients with bone diseases 
and metastatic CaP [283–287]. Denosumab, a human 
monoclonal antibody, inhibits osteoclastic bone 
destruction by binding and neutralizing RANKL and 
has been evaluated in a randomized Phase 2 trial of 
CaP patients with bone metastases [288]. Denosumab 
suppressed bone turnover markers (BTMs) in CaP 
patients with bone metastases and elevated BTMs. 
Phase 3 trials of denosumab in patients with bone 
metastases of CaP are in progress (e.g., ClinicalTrials.
gov Identifier: NCT00286091).

Endothelins (ETs) and their receptors (i.e., ET-B 
and ET-A) have emerged as potential targets for thera-
peutic intervention of CaP bone metastasis [289, 290]. 
Several clinical trial studies have shown that use of 
ET-A receptor antagonists (e.g., atrasentan, ZD4054) 
led to a significant increase in the time to disease pro-
gression [291]. While atrasentan failed to achieve its 
primary endpoints in two Phase III trials, indicators of 
anticancer activity were seen. Currently, the 
SWOG-S0421 trial is testing this further in patients 
with metastatic CRPC in a randomized phase III trial 
to compare the efficacy of docetaxel and prednisone 
with or without atrasentan. Several phase III trials of 
ZD4054 monotherapy or in combination with doc-
etaxel are underway in CRPC.

c-Met is a receptor tyrosine kinase involved in mul-
tiple pathways linked to cancer, such as cell migration, 
tissue invasion, and metastasis and is upregulated in a 
large number of human cancers, including metastatic 



151 Cell Biology of Prostate Cancer and Molecular Targets

CaP [292, 293]. Multiple agents to target c-Met or its 
ligand hepatocyte growth factor (HGF, scatter factor) 
are under development [294]. Like c-Met, the nonre-
ceptor tyrosine kinase, Src, is considered part of the 
metastatic process [295]. Consequently, a number of 
Src inhibitors are under development. PSCA [296, 
297], MEK5 [298], CDK5 [299], ASAP1 [300], and 
ID1 [301] have also been proposed as potential thera-
peutic targets for metastatic CRPC.
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Abstract Chronic administration of luteinizing 
 hormone-releasing hormone I (LHRH-I) or its agonistic 
analogs leads to downregulation of pituitary receptors 
for LHRH, and a gradual suppression of circulating lev-
els of gonadotropins and sex steroids. The creation of a 
state of sex-hormone deprivation produced by periodic 
administration of sustained delivery system of LHRH 
agonists forms the basis of therapy for advanced prostate 
cancer and other malignant neoplasms. LHRH antago-
nists developed in recent decades bind competitively to 
LHRH receptors and cause an immediate inhibition of 
the release of gonadotropins and sex steroids. This rapid 
induction of sex-hormone deprivation by LHRH antag-
onists makes them useful for the treatment of prostate 
cancer and other sex steroid-dependent cancers. Potent 
LHRH-I antagonists are finding important clinical 
applications in urology, oncology, and gynecology. In 
addition to their suppressive effects on sex-hormone 
secretion induced by the downregulation of pituitary 
LHRH receptors, LHRH agonists and antagonists also 
exert direct inhibitory actions on tumors, which are 
mediated by tumoral LHRH receptors. These direct 
actions contribute to the therapeutic effects of LHRH 
analogs on cancers and in the case LHRH-I antagonists 
are also utilized for the treatment of benign prostatic 
hyperplasia (BPH). In this chapter, we review some 
selected endocrine and antitumoral effects of LHRH 
agonists and antagonists and clinical trials on prostate  

cancer and BPH. Experimental studies and early clinical 
trials with targeted cytotoxic LHRH analogs developed 
recently for targeted chemotherapy of tumors expressing 
LHRH receptors are also described.

Keywords LH secretion • FSH secretion • Sex steroid  
• Gonadotropin • Chemical castration • Anticancer effects 
• Tumor growth • Cell proliferation • LHRH-receptor

Introduction

Luteinizing hormone-releasing hormone I (LHRH-I) 
also called gonadotropin-releasing hormone (GnRH) 
plays a key role in the regulation of reproduction by 
controlling the secretion of luteinizing hormone (LH) 
and follicle stimulating hormone (FSH) from the anterior 
pituitary gland [1, 2]. Thus, LHRH regulates gameto-
genesis and sex steroid hormone secretion from the 
gonads [1–7].

The isolation, determination of structure (Fig. 2.1), 
and synthesis of decapeptide (LHRH I) in the labora-
tory of one of us (AVS) in 1971 has had a major impact 
on endocrinology, gynecology, and oncology [1, 2, 6, 7]. 
Various agonistic analogs of LHRH were rapidly 
developed in view of their expected medical applications 
[2, 6, 7]. The effects of LHRH are mediated by high-
affinity G protein-coupled receptors found on pituitary 
gonadotrophs and various extrapituitary sites [3–5]. 
Responses to LHRH vary under different conditions and 
depend on administration and doses delivered to 
the gonadotroph cells. Continuous administration 

Chapter 2
Luteinizing Hormone-Releasing Hormone and  
Its Agonistic, Antagonistic, and Targeted Cytotoxic  
Analogs in Prostate Cancer

Andrew V. Schally and Norman L. Block 

A.V. Schally () 
Department of Veterans Affairs, VA Research Services, 
Veterans Affairs Medical Center, Miami, FL, USA,  
and 
Division of Hematology/Oncology and Division of 
Endocrinology, Departments of Pathology and Medicine, 
Miller School of Medicine, University of Miami, Miami,  
FL, USA 
e-mail: andrew.schally@va.gov

W.D. Figg et al. (eds.), Drug Management of Prostate Cancer,  
DOI 10.1007/978-1-60327-829-4_2, © Springer Science+Business Media, LLC 2010

pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH
2

Fig. 2.1. The amino acid sequence of LHRH-I



28 A.V. Schally and N.L. Block

of LHRH or its potent agonistic analogs, such as 
Decapeptyl, Leuprolide, Goserelin, and Buserelin, leads 
to downregulation of pituitary receptors for LHRH and 
suppression of circulating levels of LH, FSH, and sex 
steroids [5–7]. Treatment of central precocious puberty, 
polycystic ovarian disease, and in vitro fertilization and 
embryo-transfer programs (IVF-ET) are based on the 
suppression of gonadotropin secretion (selective medical 
hypophysectomy) [6, 7]. The deprivation of sex hormones 
induced by chronic administration of LHRH analogs 
can be used for therapy of hormone-dependent tumors 
as well as conditions such as leiomyomas and endo-
metriosis. Thus, therapy of breast cancer and prostate 
cancers is based on reversible medical castration [6, 7]. 
Several LHRH agonists have found important clinical 
applications in gynecology and oncology. Potent antag-
onists of LHRH have also been developed [6–8]. Single 
administration of these competitive LHRH receptor 
antagonists causes an immediate inhibition of sex ste-
roid secretion [8, 9]. The elimination of the potentially 
dangerous transient increase in circulating sex steroid 
levels (flare effect) caused by LHRH agonists makes 
the LHRH antagonists possibly more effective for the 
treatment of hormone-sensitive cancers [6–13]. LHRH 
agonists and antagonists can also exert a direct inhibi-
tory effect on various cancer cells and some benign 
genitourinary tissues through local LHRH receptors. 
Thus, LHRH antagonists can be used for therapy of 
benign prostatic hyperplasia (BPH), endometriosis, 
and leiomyomas. This direct inhibitory effect may 
contribute to the composite therapeutic effects of 
LHRH analogs in the treatment of cancer and other 
conditions [6–9, 13, 14].

In addition to agonists and antagonists, a new class 
of cytotoxic LHRH analogs has been developed for 
targeted therapy of cancers expressing LHRH recep-
tors [15–18]. Elevated levels of receptors for LHRH, 
and other peptides, found on tumor cells, can serve as 
targets for LHRH analogs linked to cytotoxic agents 
such as doxorubicin [6, 7, 15–18]. These analogs 
thereby can be used as carriers to deliver cytotoxic 
agents directly to tumors. This direct delivery aug-
ments levels of the chemotherapeutic agents in the 
tumor cells while sparing normal tissues from the tox-
icity of these drugs. One such carrier hormone used for 
targeted tumor therapy is the decapeptide [(D-Lys6)] 
LHRH [6, 7, 16–18].

We will review some selected endocrine and antitu-
moral effects of agonists and antagonists of LHRH-I 

with special reference to treatment of prostate cancer. 
Anticancer effects of the cytotoxic LHRH analogs will 
also be discussed. However, a second form of LHRH 
(LHRH-II), also known as chicken LHRH, that is expres-
sed in the brain and other tissue [5], and its agonists and 
antagonists will not be discussed because of space limi-
tations as well as because they are not in clinical use, the 
receptors for LHRH-II being absent in man.

Agonists of LHRH

In the course of the isolation and synthesis of LHRH-I, 
in 1971, the work in the laboratory of one of us (AVS) 
showed that both the natural LHRH-I and synthetic 
LHRH-I possessed high LH- and FSH-releasing prop-
erties [19–21]. The concept that LHRH regulates the 
secretion of both pituitary gonadotropins, LH and 
FSH, [21] was confirmed by much experimental and 
clinical evidence [1, 2, 6, 7, 22]. The name gonadotro-
pin-releasing hormone and the abbreviation GnRH 
likewise proposed by us [21] are used now by many 
scientists and clinicians [5, 14]. However, the abbre-
viation GnRH leads to confusion with the abbreviation 
GHRH (growth hormone-releasing hormone) so the 
use of the original name, LHRH, is favored.

The half-life of LHRH-I is short; thus, more potent 
and longer-acting analogs were immediately considered 
to be essential for clinical applications. The studies on 
the relationship between structure and biologic activity 
showed that histidine in position 2 and tryptophan in 
position 3 play a functional role, and simple substitu-
tions or deletions in this active center decrease or abol-
ish LHRH activity [13, 23, 24]. However, the tripeptide 
pyroGlu-His-Trp, or its amide, is inactive. High LHRH 
activity can be generated by the substitution of these 
amino acids by structures with similar acid–base and 
hydrogen-bonding capacity. Amino acids in positions 1 
and 4–10 are essential for binding to the receptors and 
exerting conformational effects [13, 23, 24]. Substitutions 
in positions 6 and 10 can produce superactive peptides. 
Thus, several LHRH analogs substituted in positions 6, 
10, or both are much more active than LHRH and also 
possess protracted activity [6, 13, 23, 24]. Of these, the 
most important are: [D-Trp6]LHRH (Decapeptyl, 
triptorelin), [D-Leu6,Pro9-NHET]LHRH (Leuprolide, 
Lupron), [D-Ser(But)6,Pro9-NHET]LHRH (Buserelin), 
and [D-Ser(But6),Aza-Gly10]LHRH (Zoladex, Goserelin). 
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These agonists are 50–100 times more potent than native 
LHRH [6, 13, 23–27]. This greater biological activity of 
the analogs is due to increased resistance to enzymatic 
degradation as well as an enhancement in receptor affin-
ity. The substitution of Gly6 by D-amino acids renders 
the analog more resistant to degradation by endopepti-
dases, which split LHRH at this position [23].

Principles of Oncological and 
Gynecological Use of LHRH-1 Agonists

An acute injection of superactive agonists of LHRH-I 
induces a marked release of LH and FSH, but paradoxi-
cally, chronic administration produces inhibitory effects 
[2, 4–7, 13, 23–27]. This can be explained by the facts 
that LHRH secretion is pulsatile and physiologic stimu-
lation of secretion of gonadotropins requires intermittent 
LHRH release [6]. Continuous stimulation of the pituitary 
with LHRH-1 or its superactive agonists produces 
inhibition of hypophyseal–gonadal axis through the 
process of downregulation (a reduction in the number) 
of pituitary receptors for LHRH, decrease in expression 
of LHRH receptor gene, desensitization of the pituitary 
gonadotrophs, and a suppression of circulating levels of 
LH, FSH, and sex steroids [2, 4–7, 13, 23, 27]. The 
molecular and cellular basis of the LHRH action on the 
pituitary and signal transduction pathways of LHRH 
receptors have been reviewed expertly [3–5]. The clon-
ing of DNA for mouse, rat, and human LHRH type 
I receptor and the organization of LHRH receptor gene 
have been reported [5, 28, 29].

Sustained Delivery Systems  
for LHRH Analogs

Initially, agonists of LHRH were administered to 
patients daily by the subcutaneous (s.c.) route or intrana-
sally [6, 7, 13]. However, daily administration is incon-
venient. Subsequently, long-acting delivery systems 
for [D-Trp6] LHRH (Decapeptyl) and other agonists in 
microcapsules of poly(dl-lactide-co-glycolide) or 
different polymers were developed [6, 7, 13, 27]. These 
microcapsules were designed to release a controlled dose 
of the peptide (usually 100 µg) over a 30-day period. 

These spherical microcapsules contain 2–6% analog 
dispersed in biodegradable polymer. Other forms of 
sustained delivery system consist of microgranules 
or cylindrical rods containing the peptide analogs.

For administration, the microcapsules or microgranules 
are suspended in an injection vehicle containing 2% car-
boxymethyl cellulose or d-Mannitol and 1% Tween 20 
or 80 in water and injected i.m. through an18–22 gauge 
needle [6, 13]. Preparations of Decapeptyl and Lupron 
depot microspheres containing 3.75 mg of peptide 
injectable i.m., or of Zoladex (Goserelin, 3.6 mg) in 
cylindrical rods of the polymer poly(dl-lactide-co- 
glycolide) [13, 27] injectable s.c. through a 16-gauge 
needle, and polyhydroxybutyrate tablets containing 
3.6–5 mg of Buserelin, which are implantable s.c., have 
been developed [6]. Improved depot preparations, which 
release the analogs for 60–180 days have been devel-
oped more recently. Six-month depot formulation of 
leuprolide acetate 22.5 mg (Eligard) and Triptorelin 
Pamoate (Trelstar LA) containing 11.25 mg of the active 
drug to be administered every 12 weeks are now avail-
able. These formulations release the drugs for several 
months at the same daily dose as the monthly prepara-
tions. There are also implantable devices (Viadur con-
taining 65 mg Leuprolide) for year-long release. Zoladex 
3-month implant contains 10.8 mg of Goserelin and is 
designed for subcutaneous implantation with continu-
ous release over a 12-week period. It is supplied as a 
1.5-mm-diameter cylinder, preloaded in a single-use 
syringe with a 14-gauge needle. Microcapsules and 
other sustained delivery systems permit the delivery of 
peptides into the blood stream at a controlled rate over 
an extended period of time. The agonist Histrelin 
(Vantas®) has been formulated to deliver the analog for 
1 year by using Hydron® technology [30]. The delivery 
systems developed for administration of LHRH ana-
logs are practical and convenient and ensure patient 
compliance [6, 13].

Antagonistic Analogs of LHRH

The concept of modified structures, which exhibit 
little intrinsic activity, but which can compete with 
a biologically active ligand for the same receptor sites, 
has been used to design a number of drugs. The use of 
LHRH antagonists, instead of agonists, would be indicated 
in clinical conditions where a prompt and significant 
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inhibition of gonadotropin and/or sex steroid hormones 
is desired. The development of antagonistic LHRH 
analogs with required safety and pharmacodynamic 
characteristics has taken several decades. Since 1972, 
hundreds of LHRH antagonists have been synthesized 
and tested [6, 8, 13, 23, 24]. Early first-generation 
LHRH antagonists were hydrophilic and contained 
replacements or deletions for His in position 2 and Trp 
in position 3 but had a low potency [23, 24]. Later, it 
was found that the incorporation of a d-amino acid 
in position 6 increased the inhibitory activity of the 
second-generation antagonists. [D-Phe2,D-Trp3,D-Phe6]
LHRH was the first antagonist clinically [13, 23, 24] 
active. Insertion of d-arginine or related basic residues 
in position 6 of LHRH antagonists increased the inhib-
itory activity, but the antagonists of this type induced 
histamine liberation resulting in transient edema and 
other anaphylactoid reactions [13, 23, 24].

In the third generation of LHRH antagonists, fur-
ther replacements at positions 1, 10, and other posi-
tions were introduced.

To eliminate the undesirable edematogenic effect, 
new analogs with neutral d-ureidoalky1 amino acids, 
such as D-Cit at position 6, were synthesized in our 
laboratory [31]. Among these antagonists devoid of 
any significant edematogenic effects, [Ac-D-Nal(2)1, 
D-Phe(4CI)2, D-Pal(3)3, D-Cit6, D-Ala10]-LHRH 
(Cetrorelix) had the highest inhibitory activity and 
receptor binding affinity [6, 13, 31, 32].

Other groups have also reported different structural 
modifications that preserve high activity and diminish 
anaphylactoid activity. Antagonists such as antide 
[N-Ac-D-Nal(2)1, D-Phe(4CI)2, D-Pal(3)3, Lys(Nic)5, 
D-Lys(Nic)6, Lys(iPr)8, D-Ala10]-LHRH (103) and 
Nal-Glu antagonist [Ac-D-Nal(2)1, D-Phe(4C1)2, 
D-Pal(3)3, Arg5, D-Glu6(AA), D-Ala10]-LHRH were 
also potent, although antide had low solubility and 
Nal-Glu antagonist caused some clinical side effects 
[13]. Other LHRH antagonists that were developed 
included Azaline B [Ac-D-Nal(2)1, D-Phe(4C1)2, 
D-Pal(3)l3, Aph5(Atz), Aph6(Atz), Ilys8, D-Ala10]-LHRH, 
Ganirelix [N-Ac-D-Nal(2)1, D-p-C1-Phe2, D-Pal(3)3, 
D-hArg(Et

2
)6, L-hArg(Et

2
)8, D-A1a10]-LHRH [33], and 

Abarelix [N-Ac-D-Nal(2)-D-(p-C1-Phe)-D-Pal(3)-  
Ser-NMeTyr-Asn-Leu-Ilys-Pro-Gly-NH

2
] [34]. These 

compounds inhibited ovulation in rats at low doses 
(1–5 mg), were devoid of edematogenic side effects, 
and on chronic administration to rats induced a 

 reversible  suppression in the circulating level of sex 
steroids [31, 35].

Recently, a new powerful LHRH antagonist, 
Degarelix, with a high therapeutic index, and its various 
analogs were synthesized [36] and evaluated experi-
mentally in vivo and in vitro as well as clinically [37]. 
Its chemical structure is: N-acetyl-3(naphtalen-2-yl)-D-
alanyl-4-chloro-D-phenylalanyl-3-(pyridin-3-yl)-D- alanyl-
L-seryl-4((((4S)-2,6-dioxohexahydropyrimidin-4-yl)
carbonyl)amino)-L-phenylalanyl- 4-(carbamoylamino)-
D-phenylalanyl-L-leucyl-N6-(1-methylethyl)-L-lysyl-
L-prolyl-D-alaninamide [36, 37].

The antagonist cetrorelix first made in our labora-
tory [6, 7, 13, 31, 32] and later developed for clinical 
use by Asta-Medica, then Zentaris, Frankfurt, 
Germany, and Ganirelix [33] (Syntex Research), and 
Abarelix (Praecis Pharmaceuticals), USA [34] were 
shown to be safe and effective in patients and have 
already been useful in clinical practice [38]. Because 
parenteral administration of peptide LHRH antago-
nists may be inconvenient for some patients, nonpep-
tide antagonists that can be given orally were also 
recently developed [39].

Principles of Gynecological and 
Oncological Use of LHRH Antagonists

Effects on the Pituitary LHRH Receptors

Because native LHRH stimulates the secretion of both 
gonadotropins, LHRH antagonists were expected to 
inhibit the release of both LH and FSH. While the 
inhibitory effect of LHRH antagonists on LH is imme-
diate in onset, however, that on the FSH is not as 
instantaneous [10–12, 40]. A single injection of an 
LHRH antagonist at a high dose causes an immediate 
and long-lasting suppression of serum LH and a 
smaller and delayed decrease in the FSH levels [10–12, 
40]. Thus, in rats, LHRH antagonists are not able to 
completely block the release of FSH in vivo, and other 
mechanisms may contribute to the regulation of FSH 
secretion. However, extensive clinical findings indi-
cate that chronic treatment with LHRH antagonists at 
high doses results in a profound decrease in both LH 
and FSH as well as a reduction in sex steroid hormone 
levels [6–9, 32].
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The receptor mechanisms through which the LHRH 
antagonists suppress LH and FSH release were eluci-
dated in the laboratory of one of us [35, 41–44]. In our 
initial study [41], male rats were implanted subcuta-
neously with osmotic minipumps releasing Cetrorelix. 
The treatment with Cetrorelix reduced serum LH and 
testosterone levels, but 90 days after cessation of 
 treatment, LH and testosterone returned to control 
levels [41]. Immediately after the discontinuation of 
Cetrorelix, a significant downregulation of the pitu-
itary LHRH receptors was found, but 90 days later, 
this phenomenon was reversed [41]. These findings 
indicate that the recovery of hormonal levels parallels 
the return of pituitary LHRH receptor numbers to 
normal values [41].

In another investigation, a single subcutaneous 
administration of a large dose of Cetrorelix to male 
rats suppressed serum testosterone and LH levels and 
produced a significant downregulation of binding sites 
for LHRH 7 days after administration, but a complete 
recovery in LHRH receptor levels occurred within 
60 days [42].

To determine if the treatment with Cetrorelix 
affects the concentration of measurable LHRH binding 
sites, we used an in vitro method for desaturation of 
receptors based on chaotropic agents such as NH

4
SCN 

[43]. Six hours after the administration of Cetrorelix, 
occupied LHRH receptors represented only 10% of 
total receptors, but later, no occupied receptors could 
be detected. Receptor assays carried out after desatu-
ration of LHRH binding sites demonstrated that 
pituitary LHRH receptors in rats were significantly 
downregulated for at least 72 h after the administration 
of Cetrorelix [43]. The downregulation of LHRH 
binding sites induced by Cetrorelix was accompanied 
by suppression of serum LH and testosterone. These 
results demonstrate that the LHRH antagonist 
Cetrorelix produces a clear downregulation of  pituitary 
receptors for LHRH and not merely an occupancy of 
binding sites [43].

In another study [44], we treated one group of male 
rats daily for 4 weeks with Cetrorelix. Another group 
of rats received a single intramuscular injection of 
4.5 mg of depot Cetrorelix pamoate. An intravenous 
stimulation test with LHRH was performed after 
4 weeks of treatment [44]. LHRH-stimulated LH secretion 
at 30 min was completely suppressed in rats treated 
with either regimen of Cetrorelix. The concentration 

of pituitary receptors for LHRH was reduced in both 
Cetrorelix treated groups by 77–82%. Depot Cetrorelix 
pamoate also led to a 75–80% decrease in the levels of 
mRNA for pituitary LHRH receptors [44]. These 
results demonstrate that administration of the LHRH 
antagonist Cetrorelix causes a marked decrease in the 
levels of LHRH receptors and in the expression of 
the LHRH receptor gene [44].

Using Cetrorelix at high doses in vivo in ovariecto-
mized rats as well as in vitro in the superfused pituitary 
cell system, we demonstrated that LHRH antagonists, 
in addition to the blockade of the pituitary LHRH 
receptors downregulate the mRNA expression for the 
LHRH receptors indirectly, by counteracting the stim-
ulatory effect of endogenous LHRH [10–12]. Thus, in 
the rat pituitary cell system in vitro, which is devoid of 
LHRH, Cetrorelix caused no change in the gene 
expression of the pituitary LHRH receptors [10, 11]. 
However, when Cetrorelix was used in vivo at low 
doses, it suppressed the pituitary–gonadal axis only by 
a competitive receptor blockade but no downregulation 
of the LHRH receptors occurred [12].

Clinical Findings

Extensive clinical data indicate that a downregulation 
of pituitary receptors occurs in a clinical setting under 
a variety of conditions after the administration of 
 agonistic analogs of LHRH [6, 13]. Some clinical 
results suggest that LHRH antagonists may also lead 
to pituitary downregulation. Behre and coworkers [45] 
injected men with a loading dose of 10 mg of Cetrorelix 
for 5 days followed by administration of 1–2 mg of 
Cetrorelix once or twice daily for 3 weeks. Initial 
administration of Cetrorelix suppressed serum levels 
of LH, FSH, and testosterone, and this reduction was 
maintained during the low-dose maintenance therapy 
in all groups [45]. In comparison with the first week, 
lower levels of LH, FSH, and testosterone were 
detected during the second and third weeks [45]. 
Observation that low doses of LHRH antagonist, 
which are ineffective initially can suppress gonadotro-
pins effectively during subsequent treatment suggest 
that LHRH antagonists produce receptor down-
regulation in addition to competitive receptor 
 occupancy [45].
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Receptors for LHRH Type I on Tumors

Besides their actions on the pituitary, LHRH agonists 
and antagonists exert direct effects on tumor cells [6, 13]. 
The evidence for direct action of LHRH analogs on 
tumors is based on the detection of high-affinity bind-
ing sites for LHRH in various cancers, the inhibitory 
effects of analogs on tumor cell lines in cultures [6, 13], 
and clinical findings. Receptors for LHRH have been 
found in various rodent and human cancers [6, 13]. 
Binding sites for LHRH and the expression of mRNA 
for LHRH receptors have been detected in specimens 
of human prostate cancer [46–48] and prostate cancer 
lines [46, 49, 50]. Various investigators have reported 
the presence of LHRH receptors in human mammary 
carcinoma cell lines [51, 52]. We found high-affinity 
LHRH binding sites in 52% of human breast cancer 
specimen [53]. LHRH receptors were similarly detected 
in about 80% of human ovarian epithelial cancer 
 samples, in ovarian cancer lines [54, 55], in nearly 80% 
of human endometrial carcinomas [56], and in endome-
trial cancer lines [54, 57]. The expression of LHRH 
receptor gene in human breast, endometrial, ovarian 
tumors, and the respective cancer cell lines was also 
demonstrated by reverse transcription-polymerase 
chain reaction (RT-PCR) [58–61]. In addition, LHRH 
receptors were also demonstrated in surgical specimens 
of human renal cell carcinomas, lymphomas, and mela-
nomas by immunohistochemistry and/or RT-PCR 
[32, 57]. LHRH receptors on human cancers appear to 
be similar to pituitary LHRH receptors [28]. These 
results provide a rationale for the use of targeted cyto-
toxic LHRH analogs in malignancies in which recep-
tors for LHRH are expressed [15, 16, 18]. In addition, 
the presence of receptors for LHRH on tumors may 
expound the effect of LHRH analogs seen in vitro and 
occasional responses to LHRH agonists in postmeno-
pausal women with breast cancer [6].

Direct Effects of LHRH Analogs on Tumors

LHRH analogs can exert direct effects on prostate, 
breast, ovarian, endometrial and other cancers mediated 
through specific LHRH receptors on tumor cells [5–7, 
13, 14, 46, 49, 51, 52, 58, 61, 62]. Inhibition of growth 
of cultured tumor cells by LHRH analogs supports 
the view of their direct effects. Suppression of human 

mammary, ovarian, endometrial, and prostatic cancer 
cell lines by LHRH agonists and LHRH antagonists, 
such as Cetrorelix in vitro, is now well documented [6, 
7, 13, 51, 52, 58, 61, 63]. These results suggest a regula-
tory role for LHRH in tumor growth. The production of 
an LHRH-like peptide or expression of mRNA for 
LHRH was demonstrated in human prostatic, mammary, 
endometrial, and ovarian cancer lines, suggesting that 
local LHRH may be involved in the growth of these 
tumors [6, 7, 49, 50, 64]. The existence of functional 
regulatory LHRH loops in prostate cancer and ovarian 
cancer has also been postulated [49, 50, 64].

Mechanism of Action of LHRH-I  
and Its Analogs

The actions of LHRH-I are mediated by type I LHRH 
receptors localized on the plasma membranes of the 
pituitary gonadotrophs [3–5, 13, 58]. The initial step in 
the action of LHRH is the binding to its receptors [3, 4, 
65]. The binding causes a microaggregation of recep-
tors and complex formation. The complex formed is 
then internalized and degraded [3, 4, 65]. In the pitu-
itary, the LHRH receptors are coupled to G proteins 
(aq) that activate phospholipase C, which leads to the 
production of inositol phosphates and diacylglycerol 
[3, 4]. This process induces Ca++ mobilization and 
activation of protein kinase C, resulting in the release of 
LH and FSH. However in cancers, after binding of the 
ligand, the LHRH receptors couple to G protein ai and 
activate a phosphotyrosine phosphatase [58, 61, 66–
69], which dephosphorylates epidermal growth factor 
(EGF) receptors. Thus, mitogenic signaling induced by 
binding of EGF to its receptor is abolished leading to an 
inhibition of mitogen-activated protein kinase (MAPK) 
[58, 61] and EGF-induced proliferation [58, 61]. The 
signaling mechanism of type I LHRH receptor has been 
reviewed extensively [3–5, 58, 61, 65, 68].

Clinical Applications  
of LHRH Antagonists

LHRH antagonists can be used in clinical conditions when 
suppression of endogenous gonadotropin/sex steroid 
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levels is indicated. The applications of LHRH antagonists 
include the treatment of nonmalignant tumorous 
conditions such as endometriosis, and leiomyomas 
[70], central precocious puberty [71], as well as of 
BPH, and breast, ovarian, and prostatic cancers [6, 7, 
13, 32, 57, 70, 72–76]. Another important application 
is the prevention of premature LH surge in protocols 
for controlled ovarian stimulation (COS) for assisted 
reproductive technology (ART) used for IVF-ET 
[8, 9, 38]. At this time, LHRH antagonists are 
approved for the use in COS-ART and are in phase III 
trials for BPH. The applications for endometriosis and 
myomas have approval pending.

Use of LHRH Antagonists in BPH

LHRH antagonists should be beneficial for patients 
with BPH since the decrease in testosterone levels by 
LHRH agonists and antagonists leads to reduction in 
prostate size. However, the effects of LHRH agonists 
on BPH are only transient [32, 57, 71–76].

Several studies and clinical trials [74–76] have 
documented that therapy with LHRH antagonist 
Cetrorelix causes a marked and long-lasting improve-
ment in lower urinary tract symptoms (LUTS) in 
men with symptomatic BPH without impairment of 
gonadal function [74–76]. This improvement, includ-
ing the lowering of international prostate symptom 
score (IPSS), reduction in prostate volume, and 
increase in urinary peak flow rate, appears to be 
superior to that achieved with alpha-blockers or 
5-alpha-reductase inhibitors. Low doses of Cetrorelix 
used in current clinical trials cause only a temporary 
downregulation of pituitary receptors for LHRH 
and a partial suppression of pituitary–gonadal axis 
and testosterone levels [32, 57, 77]. The improvement 
in LUTS could be due to direct inhibitory effects of 
Cetrorelix on the prostate exerted through prostatic 
LHRH receptors and possible alterations in levels of 
growth factors. Thus, Cetrorelix appears to reduce 
various growth factors in the prostate, and in doses 
which, do not induce castration levels of testoster-
one, can lower prostate weights. Experimental and 
clinical studies with LHRH agonists, antagonist, 
and cytotoxic analogs in prostate cancer will be 
described separately.

Targeted Cytotoxic LHRH Analogs

Targeted chemotherapy represents a modern oncological 
approach designed to improve the effectiveness of cyto-
toxic drugs and decrease peripheral toxicity. The first 
concept of targeted therapy, so-called Magic Bullets, 
was proposed by Paul Ehrich more than 100 years ago 
(for review see [15]). However, this approach remained 
unexplored for many decades. In the early 1990s, we put 
forward the hypothesis that the receptors for peptide 
hormones on tumor cells could serve as targets for 
peptide ligands linked to various cytotoxic agents [15]. 
On the basis of the presence of specific receptors for 
LHRH on tumor cells, we developed a new class of 
targeted antitumor agents by linking cytotoxic radicals 
to analogs of LHRH and other peptides [15–18].

Therapy with targeted cytotoxic analog therapy can 
produce an accumulation of the cytotoxic agent in the 
cancer cells, thus producing a localized cytocidal effect 
and reducing peripheral toxicity [7, 13, 15–18, 50, 
78–80]. Our early conjugates contained cisplatin, 
methotrexate, or melphalan [15]. Later, we developed 
much more potent LHRH analogs containing doxoru-
bicin or its derivatives [80]. In the targeted cytotoxic 
LHRH analog, AN-152, doxorubicin hemiglutarate 
was coupled to the agonist [D-Lys6] LHRH. Another 
targeted cytotoxic LHRH analog, AN-207, contained 
(2-pyrrolino)-doxorubicin (AN-201) coupled to the 
same [D-Lys6] LHRH carrier. Both cytotoxic analogs 
preserved high binding affinity of the [D-Lys6] LHRH 
to LHRH receptors and the powerful cytocidal activity 
of the cytotoxic agent [13, 79] and exhibited a high 
antitumor activity in various experimental cancer models 
[15–18, 32, 57]. Other groups developed different 
types of cytotoxic LHRH analogs by designing LHRH-
containing chimeric toxic protein complexes, which 
were effective against various cancers [81].

Cytotoxic LHRH analogs are internalized by rat 
pituitary cells as well as by human ovarian, endometrial, 
and breast cancer cells [17, 18]. The binding of AN-152 
to the LHRH receptors, its entry into the cells, and its 
localization in the cytoplasm, followed by appearance in 
the nucleus were demonstrated by confocal laser scanning 
microscopy and by coupling a two-photon-emitting 
fluorophore to the compound [17, 18, 82, 83]. The inter-
nalization process depends on the presence of LHRH 
receptors on cells since it does not occur in cancer cells, 
which do not express LHRH receptors [18].
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LHRH Agonists in Therapy  
of Prostate Cancer

LHRH agonists have had a great therapeutic impact on 
treatment of prostate cancer [6, 7]. Carcinoma of the 
prostate is the most common noncutaneous malignancy 
in the American male and is the second leading cause 
of cancer-related deaths among men [6, 72]. About 
70% of human prostate cancers are androgen depen-
dent [6, 72]. The therapy of advanced prostate cancer is 
based on the androgen dependence of the tumor. 
Previous therapies included orchiectomy and adminis-
tration of estrogens [6, 72, 84]. However, surgical cas-
tration is associated with a psychological impact, and 
diethylstilbestrol has serious cardiovascular, hepatic, 
and mammotropic side effects. About 27 years ago, we 
introduced a new endocrine therapy for advanced pros-
tate cancer based on the use of agonistic analogs of 
LHRH [85, 86]. Medical castration produced by chronic 
administration of LHRH analogs accounts for most 
therapeutic benefits derived from this therapy [6, 72, 
84–86], but LHRH agonists and antagonists also exert 
direct effects on prostate tumor cells [6, 72].

First, in our experimental studies, we demonstrated 
that chronic administration of the agonist [D-Trp6] 
LHRH reduced serum levels of LH, FSH, and testos-
terone and suppressed tumor growth in rats with 
Dunning R-3327-H prostate cancers [85]. This demon-
stration led to clinical trials. The efficacy of palliative 
therapy with the agonistic analog of LHRH in men 
with advanced prostate cancer was first shown in 
1980–1981 in collaboration with Tolis et al. [86] in a 
clinical trial in Montreal. Our study revealed a fall in 
testosterone levels and marked subjective and objec-
tive improvement in patients with advanced prostate 
carcinoma after therapy with agonistic LHRH analogs, 
Decapeptyl and Buserelin [86]. These results were 
confirmed and extended by further clinical trials with 
LHRH agonists in patients with prostate cancer [6, 72, 
87]. The LHRH analogs used clinically for therapy of 
advanced prostate cancer include Decapeptyl, Buserelin, 
Leuprolide, and Zoladex [6, 72, 87]. Initially, agonists 
of LHRH were given daily by the s.c. or even intrana-
sal route. Subsequently, we developed a long-acting 
delivery system for Decapeptyl based on micro-
capsules designed to release 100 µg/day of the peptide 
over a 30-day period [6, 72] after the i.m. injection of 
3.7 mg of the analog in these microcapsules. The 
 efficacy of the slow-release formulation of 

 microcapsules of LHRH agonists in the treatment 
of advanced prostatic carcinoma was documented in 
clinical trials [6, 72] Development of microcapsules 
and other sustained-release formulations, such as 
implants that can be administered periodically, made 
the treatment of patients with prostate cancer more 
convenient, and efficacious [6].

Treatment with agonists of LHRH is now also 
recommended in men with a rising prostate-specific 
antigen (PSA) level after surgery or radiotherapy. LHRH 
agonists can be also used in combination with an anti-
androgen prior to radical prostatectomy or at the begin-
ning of external-beam radiotherapy. Intermittent 
therapy with LHRH agonists may improve the quality 
of life in patients with prostate cancer. The therapy 
with agonists of LHRH is presently the preferred 
method of treatment for men with advanced prostate 
cancer, and in »70% of cases, LHRH agonists are 
selected for primary treatment [6].

Side effects caused by chronic administration of 
LHRH agonists include impotence, loss of libido, and 
hot flushes and are due to androgen deprivation. An 
occasional “flare” in the disease with an increase in bone 
pain in the first few days after administration of LHRH 
agonists has been reported in »10–20% of patients [6, 
72, 87]. This flare can be prevented by pretreatment with 
antiandrogens. Long-term androgen deprivation therapy 
may also be associated with osteoporosis and an increased 
incidence of cardiovascular disease and diabetes.

Total androgen blockade is based on the use of a 
combination of LHRH agonist with antiandrogen for 
the treatment of prostate cancer. Combinations of 
LHRH agonists with antiandrogens, such as nilutamide, 
bicalutamide, or flutamide, are used clinically [88]. The 
benefits of this combination are still controversial as 
antiandrogens are expensive and may be toxic to the 
liver. Moreover, the combination of LHRH agonists 
and antiandrogen cannot prevent an eventual relapse.

Use of LHRH Antagonists  
in Prostate Cancer

The use of LHRH antagonists would avoid the tempo-
rary clinical “flare” of the disease that can occur in 
»10–20% of prostate cancer patients when the LHRH 
agonists are given as single agents [6, 88]. We first 
investigated inhibitory effects of the antagonist 
Cetrorelix on the growth of experimental prostate cancers 
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in rats bearing Dunning R-3327-H prostate carcinoma. 
Cetrorelix caused a greater inhibition of prostate can-
cer growth than [D-Trp6]LHRH [72]. We also treated 
male nude mice bearing xenografts of human andro-
gen-dependent prostate adenocarcinoma PC-82 with 
microcapsules of the agonist [D-Trp6]LHRH or micro-
granules of Cetrorelix. Cetrorelix, again caused a 
greater decrease in tumor weight and volume [72], 
induced more enhanced apoptosis in prostate tumors, 
and lowered serum levels of testosterone and PSA bet-
ter than the LHRH agonist. These studies demonstrated 
the efficacy of Cetrorelix in inhibiting growth of 
androgen-dependent prostate cancers [72].

Clinical trials demonstrated that an inhibition of tes-
tosterone and PSA levels and a decrease in prostate size 
are achieved in patients with advanced prostatic cancer 
treated with the antagonist Cetrorelix [74]. In the first 
study, the responses to 500 µg of Cetrorelix given b.i.d. 
were evaluated in patients with advanced prostatic can-
cer [74]. Therapy with Cetrorelix produced a decrease in 
bone pain, relief in urinary outflow obstruction, reduc-
tion in serum testosterone, and a decrease in PSA levels. 
The second study involved 36 patients with advanced 
prostate cancer with elevated PSA and bone pain [89]. 
Group I consisted of 16 patients, who received 500 µg of 
Cetrorelix b.i.d. for up to 37 months. Thirteen patients 
responded but later five patients relapsed [89]. Group II 
included 20 patients who received a loading dose of 
Cetrorelix, 5 mg b.i.d. for the first 2 days and thereafter 
800 µg b.i.d. for up to 20 months. Nineteen patients 
showed a clinical remission but later three relapsed. Five 
of six patients who were paraplegic due to metastatic 
invasion of spinal cord showed neurologic improvement 
during therapy with Cetrorelix [90]. Cetrorelix may be 
indicated for patients with prostate cancer and metasta-
ses to the spinal cord, bone marrow, and other sites in 
whom the LHRH agonists cannot be used as single drugs 
because of the possibility of flare-up [6, 72, 73, 90].

Other studies have demonstrated that administra-
tion of a depot formulation of the LHRH antagonist 
abarelix produces a faster reduction in testosterone 
levels than is achieved with Leuprolide, with or with-
out concomitant antiandrogens [91, 92]. Leuprolide 
and abarelix were equally effective in maintaining 
serum testosterone at castration levels and in decreasing 
PSA levels [91, 92]. However, some patients treated 
with abarelix experience allergic reactions. Treatment 
of patients with androgen-independent prostate cancer 
with abarelix does not fully suppress serum FSH or 
lower PSA levels [93]. Thus, LHRH antagonists are of 

no therapeutic benefits in patients with relapsed pros-
tate cancer [6, 72].

Clinical phase II trials with a new LHRH antagonist, 
degarelix, in men with prostate cancer indicate that the 
LHRH receptor blocker administered at initial doses of 
200–240 mg and subsequently at monthly maintenance 
doses of 80–160 mg suppresses serum testosterone levels 
to £0.5 ng/ml [37a]. A 90% reduction in PSA was 
achieved in 8 weeks and after 1 year PSA levels were 
decreased by 97–98%. Degarelix shows a similar efficacy 
to Leuprolide but it acts much more rapidly. Degarelix’s 
effectiveness in attaining and maintaining serum testos-
terone suppression to medical castration levels and with 
no evidence of testosterone surge during 12 months of 
treatment in a phase III trial led to its US FDA approval at 
the end of 2008 for the treatment of patients with advanced 
prostate cancer [37b]. Phase I or II studies in men with 
prostate cancer with other LHRH receptor antagonists, 
teverelix, acycline, and ozarelix have been also com-
pleted. Orally active LHRH antagonists are also being 
developed [39]. Because of their prompt action LHRH 
antagonists would be even better suited for intermittent 
therapy than the agonists; however, in men with prostate 
cancer, LHRH antagonists have to be given at larger doses 
than LHRH agonists and thus would entail greater costs.

In conclusion, it has been documented in thousands 
of patients with advanced prostate cancer that LHRH 
agonists provide an effective palliative therapy. LHRH 
antagonists may also find an application for treatment 
of prostate cancer. However, all hormonal therapies 
aimed at androgen deprivation, including castration 
and LHRH agonists or antagonists, provide only a pal-
liation and disease remission with a limited duration, 
and most patients with advanced prostatic carcinoma 
eventually relapse [6, 72, 73].

The treatment of relapsed castration-resistant 
prostate cancer remains a major oncological challenge. 
One of the approaches for improving the therapeutic 
response and its duration could be based on combining 
LHRH agonists or antagonist with other peptides such 
as GHRH antagonists [94, 95] or the use of cytotoxic 
LHRH analogs [18, 96, 97].

Use of Cytotoxic LHRH Analogs  
in Prostate Cancer

Because most of human prostate cancers exhibited 
receptors for LHRH [47], targeted cytotoxic analogs 
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were extensively studied in various models of prostate 
cancer. In rats bearing Dunning R-3327-H or androgen-
independent R-3327-AT-1 prostate cancers, significant 
growth inhibition was observed after administration of 
AN-207 [18]. In PC-82 human prostate cancers xeno-
grafted into nude mice, AN-207 induced a major reduc-
tion in tumor volume and a fall in serum PSA levels 
[18]. Radical AN-201 had only a minor effect and was 
toxic. Cytotoxic analog AN-207 also inhibited growth 
of MDA-PCa-2b human prostate cancers [97]. 
Cytotoxic analog AN-152 also strongly suppressed the 
growth of androgen-sensitive LNCaP and MDA-
PCa-2b prostate cancers and was more effective than 
doxorubicin [96]. In nude mice with androgen-inde-
pendent intraosseous C4-2 prostate cancers, AN-152 
decreased serum PSA levels but doxorubicin had no 
effect [96]. Thus, targeted chemotherapy with cytotoxic 
LHRH analogs should be more efficacious than sys-
temic chemotherapy in patients with relapsed prostate 
cancers, and clinical trials are pending. Cytotoxic ana-
logs of LHRH might also be indicated for primary ther-
apy of patients with advanced prostate cancer [6, 72].

Side Effects

Cytotoxic LHRH analogs have fewer side effects than 
do the respective cytotoxic radicals doxorubicin and 
AN-201. Side effects caused by cytotoxic analogs and 
the cytotoxic moiety that dissociated from the peptide 
carrier in the circulation may affect normal cells 
expressing LHRH receptor. Pituitary cells secreting LH 
and FSH are the principal nontumoral targets of cyto-
toxic LHRH analogs. However, the damage to these 
cells may not be detrimental since patients with hor-
mone-dependent cancers have tolerated treatment by 
hypophysectomy in the past years [6, 15, 16, 18, 50]. 
Furthermore, our investigations showed that treatment 
with AN-207 causes only a transient decrease in levels 
of LHRH receptors or gonadotrophs, and pituitary 
function recovers after cessation of treatment [50, 78, 
98, 99]. These results indicate that the therapy with 
cytotoxic LHRH analogs will not inflict permanent 
damage on pituitary functions. The main side effect of 
cytotoxic LHRH analogs is myelotoxicity [6, 16, 18]. 
In clinical phase I studies, women with gynecologic 
cancers expressing receptors for LHRH were given 
AN-152 by intravenous infusion in escalating doses up 

to 267 mg/m2. Leukocytopenia was observed but it was 
rapidly reversible [100]. Cytotoxic LHRH analog 
AN-152 is now in clinical phase II trials in women with 
ovarian and endometrial cancers. Clinical trials with 
AN-152 in men with relapsed prostate cancers are in a 
planning stage. A new drug, abiraterone, which can be 
used orally and which might better control advanced 
prostatic disease is now in clinical trials in UK.
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Abstract The concept that androgens exert control 
over the prostate and prostate disease dates back to 
the eighteenth century, when the first observations of 
seasonal variations in the size of the prostate gland 
were observed in animals. Since then, a direct link 
between testis-derived androgens and prostate growth 
was established, leading to the seminal study of Charles 
Huggins who demonstrated that surgical or medical 
castration is able to inhibit the growth of metastatic and 
advanced prostate cancer (CaP). Today, more than six 
decades after Huggins’ original groundbreaking report, 
so-called androgen deprivation therapies are still the 
preferred treatment option for CaP patients who do not 
benefit from surgery or radiation therapy. While such 
treatment regimes initially result in a clinical favorable 
response and an overall decrease in tumor burden in a 
majority of patients, disease regression is not complete, 
and androgen deprivation is therefore not curative. 
Recent findings of physiologically relevant tissue levels 
of androgens in castration-recurrent prostate cancer 
(CRPC) have led to a paradigm shift that CaP, which 
recurs following androgen deprivation therapy, is not 
androgen-independent and has rekindled research into 
alternative means of blocking androgen action as a 
therapeutic option during prostate cancer progression. 
Here, we explore the possibility of targeting coregulator 
proteins, which are critical determinants for androgenic 
responses, as an indirect means of blocking androgen 
action in CaP cells.

Keywords Androgen receptor • Androgen • Coactivator 
• Corepressor • Cell proliferation

Introduction

The concept that androgens exert control over the 
prostate and prostate disease dates back to the eigh-
teenth century, when observations of seasonal varia-
tions in the size of the prostate gland were made in 
animals. Since then, several reports established a 
direct link between testis-derived androgens and pros-
tate growth. Investigators proposed and implemented 
androgen ablation strategies as a means to manage the 
prostate (reviewed in [1]). These efforts, combined 
with increased knowledge regarding endocrine 
physiology, and the functional relationships within 
the hypothalamus–pituitary–testes hormonal axis in 
particular, culminated in the seminal study of Charles 
Huggins who demonstrated that surgical or medical 
castration inhibits the growth of metastatic and 
advanced prostate cancer (CaP) [1]. Today, more than 
six decades after Huggins’ original groundbreaking 
report, androgen deprivation therapies are still the 
preferred treatment option for CaP patients who do 
not benefit from surgery or radiation therapy [2] (as 
addressed in more detail in Chap. 9). While such 
treatment regimes initially result in a clinically favorable 
response and an overall decrease in tumor burden in 
the majority of patients, disease regression is not com-
plete. Thus, androgen deprivation is not curative, a 
fact that was recognized by Dr. Huggins [1]. Recent 
findings of physiologically relevant tissue levels of 
androgens in castration-recurrent prostate cancer 
(CRPC) [3] led to a paradigm shift that recurrent CaP 
following androgen deprivation therapy is not andro-
gen-independent [4] and rekindled research into alter-
native means of blocking androgen action throughout 
prostate cancer progression. Here, we explore the pos-
sibility of targeting coregulator proteins, which are 
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critical determinants for androgenic responses, as an 
indirect means of interfering with androgen action in 
CaP cells.

Androgens, the Androgen Receptor,  
and Prostate Cancer

The discovery of the androgen receptor (AR), a 
nuclear receptor that mediates the cellular effects of 
androgens, and the subsequent identification and char-
acterization of critical components of the AR tran-
scriptional complex has considerably increased our 
understanding of the mechanism by which androgens 
affect target cells. Along with the continuously evolv-
ing insights into the synthesis and metabolism of 
androgens in CaP cells, this knowledge may provide a 
template needed for novel therapeutic strategies in the 
fight against CaP.

Androgens: Synthesis and Metabolites

Testosterone is synthesized by the testes and is the 
principal androgen in the male circulation (~95% of 
circulating androgen). The remaining androgens in 
the bloodstream [principally dehydroepiandrosterone 
(DHEA), androstenediol, and androstenedione] are 
either produced by the adrenal cortex and converted 
into testosterone in peripheral tissues or [as is the 
case for dihydrotestosterone (DHT)] are derived from 
peripheral conversion from testosterone [5, 6]. 
Synthesis of androgens is tightly regulated by the 
hypothalamic–pituitary–gonadal axis. Pulsatile 
secretion of luteinizing hormone (LH)-releasing hor-
mone (LHRH) by the hypothalamus stimulates secre-
tion of LH by the anterior pituitary, which in turn 
induces testicular Leydig cells to produce testoster-
one. Testosterone acts through a negative feedback 
loop to prevent LHRH release by the hypothalamus 
and to decrease the sensitivity of the pituitary to 
LHRH. Only 1–2% of circulating testosterone exists 
in an unbound, free form as the majority of testoster-
one in the bloodstream is bound to carrier proteins 
such as sex hormone-binding globulin (SHBG) and 
albumin [5–8].

Basic Mechanism of Androgen Action

Unbound, lipophilic testosterone diffuses into its target 
cell where it is rapidly and irreversibly converted into 
its more potent metabolite DHT by 5a-reductase 
(either type I or II, depending on the target tissue) [9]. 
Both testosterone and DHT exert their activities by 
binding to the AR, a 110-kDa member of the nuclear 
receptor superfamily of ligand-activated transcription 
factors. Since DHT binds the AR with higher affinity, 
its biological activity exceeds that of testosterone by 
up to ten times [10]. In addition, DHT dissociates from 
the AR more slowly than testosterone, and AR bound 
to DHT is more stable [11]. Apart from their local con-
version into more active androgens, adrenal androgens 
can stimulate the AR by direct binding, albeit with low 
affinity [12]. In its basal, unliganded state, the AR is 
found primarily in the cytoplasmic compartment in a 
complex with heat shock proteins (Hsps) and immuno-
philin chaperones. Upon ligand binding, the composi-
tion of this Hsp complex is altered, and the AR 
undergoes a conformational change, which allows 
nuclear translocation of the AR [13]. Inside the nucleus, 
the activated AR binds to specific recognition sequences 
known as androgen response elements (AREs) in the 
promoter and enhancer regions of target genes. Two 
AR monomers in head-to-head conformations bind as 
homodimers to AREs [14], which are direct or indirect 
repeats of the core 5¢-TGTTCT-3¢, or more complex 
response elements harboring diverse arrangements of 
AREs [15, 16]. Activated ARE-bound AR dimers can 
either interact directly with components of the tran-
scription preinitiation complex or recruit other compo-
nents that promote such functional interactions 
(Fig. 3.1) (reviewed in [17]). Coregulators are among 
those critical recruits engaged by the AR to facilitate 
transcription of target genes. As a general definition, 
coregulators are proteins that are recruited by a tran-
scription factor, which either enhance (i.e., coactiva-
tors) or reduce (i.e., corepressors) its transactivation 
but do not significantly alter the basal transcription 
rate and do not typically possess DNA-binding ability. 
Instead, coregulators such as those associated with the 
AR influence transcription by facilitating DNA occu-
pancy, chromatin remodeling, and/or recruitment of 
general transcription factors associated with RNA 
polymerase II at the regulatory sites of target genes. 
Alternatively, coregulatory proteins govern transcription 
by assuring the competency of the AR to directly 
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enhance gene expression. The latter can be achieved 
by modulation of the proper folding of the AR, ensuring 
its stability or correct subcellular localization [17].

The different modes in which coregulators can 
affect AR-mediated transcription are reflected in the 
remarkable functional diversity observed in ~170 
AR-associated coregulators that have been identified 
to date. AR-associated coregulators fulfill activities 
that are directly related to a role in transcription. They 
can alleviate the constraints imposed by the chromatin 
structure (by chromatin remodeling and histone modi-
fications), affect localization, stability, and/or turnover 
of components of the AR transcriptional complex 
(by ubiquitination and sumoylation), induce matura-
tion and processing of transcripts (by roles in the 
 spliceosome and RNA metabolism), or remove and 
repair obstacles and DNA lesions. Interestingly, some 
AR-associated coregulators possess functions that are 
harder to reconcile with active transcription taking 
place in the cell nucleus, such as endocytosis, cytoskel-
etal organization, protein folding, signal transduction 
and integration, scaffolds, and adaptors. The remarkable 
functional diversity displayed by AR-associated pro-
teins and the number of cellular pathways with which 

they are involved offer a glimpse of the extraordinary 
level of complexity of protein–protein interactions 
involved in generating an AR-mediated transcriptional 
response [17].

The Androgen Receptor: Structure  
and Function

Like other members of the nuclear receptor superfam-
ily, the AR consists of four functional domains: an 
N-terminal domain (NTD), a DNA-binding domain 
(DBD), a hinge region, and a ligand-binding domain 
(LBD) [18, 19]. The AR NTD contains the major 
transactivation function (AF) of the AR, termed AF-1. 
AF-1 functions in a ligand-independent manner, that, 
when separated from the LBD, gives rise to a constitu-
tively active AR. The AF-1 domain undergoes induced 
folding when contacted by basal transcription factors, 
resulting in a more compact and active conformation 
that enables coregulator recruitment and transcription 
[20]. In addition, the NTD harbors a variable number 

Fig. 3.1 Mechanism by which androgens regulate the expres-
sion of target genes. Upon transportation by the blood to its 
target tissues, unbound, lipophilic T diffuses into its target cell 
where it can be rapidly and irreversibly converted into a more 
potent metabolite DHT by 5a-reductase (5a-red). Both T and 
DHT bind to their cognate receptor, the androgen receptor (AR), 
which is stabilized by a heat shock (Hsp) complex. Androgen 
precursors of adrenal origin can be converted into more active 
androgens or weakly interact with the AR themselves. Upon 

ligand binding, the AR undergoes a conformational change, 
which allows it to dissociate from components of the Hsp complex 
and translocates to the cell nucleus. Inside the nucleus, the activated 
AR forms homodimers and binds to specific recognition 
sequences known as androgen response elements (AREs) in the 
promoter and enhancer regions of target genes. ARE-bound AR 
interacts with basal transcription factors and recruits coregulators 
to achieve AR target gene transcription, and ultimately, the 
appropriate biological response to the androgenic stimulus



44 H.V. Heemers and D.J. Tindall

of homopolymeric repeats, the most important of which 
is a polyglutamine repeat that ranges from 8 to 31 repeats 
in normal individuals, with an average length of 20. 
Shorter polyglutamine stretches give rise to a more 
transcriptionally active AR and have been suggested to 
be associated with a predisposition for CaP [21].

The centrally located DBD is the most conserved 
region within the nuclear receptor family. This region 
forms two zinc fingers, which determine the specificity of 
DNA recognition and AR dimerization. A C-terminal 
extension of the DBD is important for the overall three-
dimensional structure of the DBD and plays a role in 
mediating the AR selectivity of DNA interaction [15, 22].

The hinge region is involved in DNA binding as 
well as AR dimerization and has been suggested to 
attenuate transcriptional activity by the AR [23, 24]. A 
ligand-dependent bipartite nuclear localization signal 
(NLS) is located in the carboxy terminal part of the 
DBD and the hinge region, implicating the hinge 
region in AR nuclear translocation [25, 26].

Similar to the LBD of other nuclear receptors, the 
AR LBD consists of 12 discrete a-helices. The outer-
most a-helix (helix-12) of the unliganded receptor is 
positioned further away from the ligand-binding 
pocket. Insertion of an agonist into the ligand-binding 
pocket changes the conformation of the LBD in such a 
way that helix-12 folds back on top of the ligand- 
binding site, serving as a lid to retard dissociation of 
the captured ligand. This movement creates a shallow 
hydrophobic groove at the top of the ligand-binding 
pocket, generally referred to as AF-2. AF-2 is the major 
protein–protein interaction surface used by nuclear 
receptors to recruit LXXLL-motif containing coactiva-
tors [27]. The AR, however, differs from other nuclear 
receptors in this respect and interacts with coactivators 
in a unique manner [28]. The hydrophobic pocket 
within the AR LBD facilitates intramolecular and 
intermolecular interaction between the AR NTD and 
its C-terminus and is apparently not readily available 
for coactivator binding. It has been suggested that 
competition exists between these regulatory proteins 
and the NTD for binding to the AF-2. The implications 
of such competition and the association of NTD and 
LBD are not clear, but suggest that additional surfaces 
outside this well-defined coactivator pocket enable the 
AR to interact with its coactivators and that different 
classes of coactivators may interact with different AR 
surfaces. Experiments delineating the various domains 
within the AR with which coregulator proteins interact 

support this hypothesis (reviewed in [17]). Overall, the 
AF-2 in the AR LBD displays relatively weak ligand-
dependent transactivating properties when compared 
to the AF-2 of other nuclear receptors. Nonetheless, 
mutation or deletion of AF-2 markedly reduces tran-
scriptional activation in response to ligand. Noteworthy, 
the two major therapeutic approaches used to achieve 
androgen deprivation in CaP patients, i.e., surgical or 
medical castration, which prevent the production of 
ligands for the AR or administration of AR antagonists, 
which compete with androgenic ligands for binding to 
the AR, are both targeted toward the AR LBD.

Clinical Relevance and Therapeutic 
Potential of the AR Signaling Axis in CaP

The therapeutic potential of the AR signaling pathway 
in hormone-naïve prostate cancer has been evident 
since Charles Huggins’ work established castration as 
a systemic treatment for CaP [1, 2]. Over the last 
decade, several lines of investigation have led to the 
recognition that the AR is a critical determinant for 
CRPC cell proliferation and therefore is an attractive 
target for therapeutic intervention in CRPC, despite 
the castrate levels of circulating androgens in these 
patients [29–31]. Immunohistochemical assessment of 
castration recurrent specimens confirmed the presence 
of the AR in the nucleus of CRPC cells, where it was 
found to be expressed at levels similar to those in 
androgen-stimulated CaP and benign prostate. In addi-
tion, expression profiling of CaP from castration recur-
rent patients has demonstrated high expression levels 
of genes known to be under androgen control, indicating 
activation of the AR transcriptional program in CRPC 
cells. More importantly, several preclinical studies 
using cultured cell and xenograft CaP models demon-
strated that CRPC cells rely on the presence of a func-
tional AR to proliferate. The “reactivation” of the AR 
in CRPC cells has been attributed to mechanisms of 
AR hypersensitivity (AR amplification and/or mutations 
that render the AR more sensitive to lower levels of 
ligands), promiscuous activation of the AR (by adrenal 
androgens, nonandrogenic steroids, and even antian-
drogens), and outlaw AR pathways (AR activated by 
growth factors and cytokines, thereby bypassing the 
need for androgens) [29, 30]. Moreover, measurements 
of physiologically relevant androgen concentrations 
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and observations of overexpression of enzymes, which 
are able to catalyze the conversion of adrenal androgen 
precursors into active androgens in CRPC indicate a 
critical role for intracrine production of androgens in 
CRPC [4, 31]. These findings as well as the realization 
that routinely used continuous androgen deprivation 
therapies are not effective for treating castration recurrent 
disease, and arguably may induce a more aggressive 
phenotype, have led to the concept that alternative means 
of targeting AR-mediated signaling should be explored for 
the treatment of CRPC. In this respect, therapies directed 
against components of the AR transcriptional complex 
that interfere with AR signaling make sense. A growing 
body of literature suggests that AR-associated coregu-
lator proteins could serve as attractive alternative 
targets [32].

Clinical Relevance and Therapeutic 
Potential of Coregulators in CaP

The appreciation of coregulators as potential therapeu-
tic targets in the treatment of CaP stems mainly from 
observations of deregulated coregulator expression in 
CaP. Immunohistochemical analysis of CaP specimens 
has revealed deregulated expression of more than 50 
AR-associated coregulators during disease progres-
sion (Table 3.1). In most cases, such altered coregula-
tor expression involves increased expression of 
coactivators in CaP when compared to benign prostate. 
Using in vitro model systems for CaP, investigators 
have shown that increased coactivator expression con-
tributes substantially to the mechanism of AR activa-
tion in CRPC [32]. Overexpression of most, if not all, 
of the coactivators in CaP is capable of inducing AR 
transactivation in the presence of low levels of andro-
gens, other steroids, and even antiandrogens, irrespec-
tive of the mutational status of the AR. In addition, 
such overexpression has been shown to enhance the 
agonistic properties of antiandrogens (CBP, [33]) and 
to induce coregulator association with AF-2, which is 
not observed during normal androgen-dependent 
AR activation (SRC-2, [34]) resulting in increased 
activity through this otherwise weak activation func-
tion. These observations suggest that elevated coacti-
vator expression in CaP could lead to a more active 
AR signaling pathway, and hence, a more aggressive 
disease. This hypothesis is consistent with data derived 

from clinical studies linking coregulator expression 
with pathological information and patient follow-up 
data. These studies show that deregulated coregulator 
expression correlates with more aggressive disease 
features (such as larger tumor volumes, extraprostatic 
disease at time of surgery, increased cell proliferation 
indices, etc.) and shorter disease-free survival after 
prostatectomy (see Table 3.1). It is tempting to speculate 
that decreases in corepressor expression, such as those 
observed for LATS2/KPM, also result in a more active 
AR signaling axis in CaP. Noteworthy, expression of a 
small number of coactivators has been reported to be 
decreased, rather than increased in CaP specimens. It 
has been suggested that these coactivator proteins are 
selectively involved in the transcriptional regulation of 
genes involved with cell proliferation and apoptosis 
although definite proof for this hypothesis is pending.

Alterations in coregulator expression during pro-
gression of CaP are not only limited to changes in 
expression levels but also can involve shifts in their 
subcellular distribution patterns, for example, the 
evolution in expression patterns of the corepressor 
Hey1 and the coactivator Tip60 during the progression 
of CaP. The immunohistochemical staining profile of 
Tip60 in androgen-dependent CaP varies widely, ranging 
from high expression in both cellular compartments to 
a complete lack of expression. In some specimens, 
solely nuclear or cytoplasmic Tip60 staining is also 
observed. In contrast, Tip60 is expressed almost exclu-
sively in the nucleus in CRPC samples [35]. Hey1, on 
the other hand, colocalizes with AR in the epithelia of 
patients with benign prostatic hyperplasia, where it is 
found in both the cytoplasm and the nucleus. In CaP, 
however, a shift in Hey1 expression is observed, where 
Hey1 is excluded from the nucleus [36]. Thus, altera-
tions in the subcellular localization of coregulators 
may affect their ability to interact with the AR and 
components of the AR transcriptional complex, and 
consequently their capacity to modulate AR-driven 
transcription. It should be noted that the coactivators 
described here not only interact exclusively with the 
AR but also influence transcription mediated by 
numerous other nuclear receptors and transcription 
factors. Thus, overexpression of these coregulatory 
proteins in CaP may also affect expression of genes by 
signaling mechanisms that do not necessarily involve 
the AR. Conversely, some level of intrinsic, nuclear 
receptor-independent activity by individual coactivators 
cannot be excluded at this time.



Table 3.1 AR-associated coregulators that are aberrantly expressed in CaP

Coregulator coA/coR Function CaP expr/loc Aggressive disease References

a-actinin-4 coA/coR cytoskel − [57]
ARA55 coA int/transd Stromal [58]
ARA70 coA Diverse + [46]
ART-27 coA Diverse − [59]
BAF57 coA chrom remod + [47]
BAF155 coA chrom remod + yes [60]
Bag-1L coA (co)chap + yes [61, 62]
BRG1 coA chrom remod + yes [63]
b-catenin coA int/transd + (N,C) yes [64, 65]
CARM1/PRMT5 coA HMT + [66]
Caveolin-1 coA Endocytosis + yes [67]
CBP coA HAT + [33]
cdc25B coA Cell cycle + [68]
Cdc37 coA (co)chap + [69]
cyclin D1 coR Cell cycle + [70]
DJ-1/PARK7 coA Diverse CR development [71]
L-dopa-decarboxylase coA Diverse NE [72]
E6-AP coA ub/prot − [73]
FHL2 coA int/transd + (C–N) yes [74]
GAK/auxillin2 coA Endocytosis CR development [75]
gelsolin coA cytoskel − [76]
Hey1 coR int/transd N–C [36]
HIP1 coA Endocytosis + yes [77]
Hsp90 coA (co)chap + [78]
JARID1B coA HMT + [79]
LATS2/KPM coR Diverse − [80]
LSD1 coA HMT + yes [74]
MED1/TRAP220 coA Diverse + [81]
p44/MEP50 coA RNA met + (N–C) yes [82]
p300 coA HAT + yes [55, 56]
PAK6 coR int/transd + [83]
par-4 coA Apoptosis + [84]
PELP1/MNAR coA int/transd + [85]
PIAS3 coA/coR Sumoylation + [86]
PIRH2 coA ub/prot + yes [87]
PRK1 coA int/transd + yes [88]
Rad9 coR DNA repair + yes [89]
Sam68 coA RNA met + [90]
SENP1 coA Sumoylation + [37]
a-SGT coR (co)chap +(primary), −(met) [91]
SIRT1 coR HAT + [92]
Smad3 coA/coR int/transd + yes [93]
SRC-1 coA HAT yes [34, 94]
SRC-2 coA HAT* yes [34, 40]
SRC-3 coA HAT + yes [95, 96]
STAT3 coA int/transd + yes [97]
Tip30 coA Diverse + yes [98]
Tip60 coA HAT C–N yes [35]
TRIM68 coA ub/prot + [99]
vav3 coA int/transd + [100]

* Belongs to family of HAT proteins although significant HAT activity has not been demonstrated 
coA coactivator, coR corepressor, cytoskel cytoskeleton, int/transd signal integrator or transducer, chrom remod chromatin remodeling, 
(co)chap (co)chaperone, HMT histone methyl transferase, ub/prot ubiquitination/proteasome, RNA met RNA metabolism, HAT 
histone acetyl transferase, − decreased expression, + overexpression, N nuclear, C cytoplasmic, N–C from nucleus to cytoplasm, C–N 
from cytoplasm to nucleus, NE neuroendocrine phenotype, CR castration recurrence, met metastatic CaP, CaP expr/loc coregulator 
expression or localization pattern in CaP, aggressive disease correlation of coregulator expression with aggressive disease
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Potential Approaches to Target 
Coregulators in CaP

Targeting Coregulator Expression

Given the clinical relevance and the therapeutic poten-
tial of coregulators in CaP, a better understanding of 
the factors or circumstances that underlie the increase 
in expression of these critical cofactors in CaP disease 
progression and/or the signaling events that affect their 
activity could lead to novel approaches for treating this 
devastating disease. To our knowledge, no evidence of 
amplification of coregulator genes in CaP has been 
reported. Instead, a growing body of evidence suggests 
that circumstances such as changes in the local CaP 
cell milieu, even treatment-induced changes, could 
affect coregulator expression levels [37–42]. Insights 
into the signals and signaling pathways that mediate 
these effects could lead to valid methods for targeting 
coregulator gene expression. In view of the importance 
of androgens in the natural history of CaP and their 
central role in the approaches for therapeutic interven-
tion in this disease, the impact of androgen signaling 
on coregulator gene expression is increasingly being 
investigated. Thus far, changes in androgen levels have 
been shown to either positively or negatively affect the 
expression of a few coregulators (SENP1 [37], NRIP1 
[38], FHL2 [39], SRC-2 [40], p300 [41], and CBP 
[42], respectively). Interestingly, molecular dissection 
of the mechanisms by which changes in the androgenic 
milieu alter coregulator expression indicates that at 
least three coactivator genes (SRC-2, SENP1, and 
NRIP1) are direct targets for androgen action [37, 38, 
40] as their androgen dependency is mediated through 
interaction of the AR with AREs within the regulatory 
regions of these genes. Thus, identifying mechanisms 
by which androgens control coregulator gene expres-
sion that involve the activity of secondary, intermedi-
ary factors might provide therapeutical potential. 
Recently, our laboratory identified NF-kappaB and 
serum response factor (SRF) as critical determinants 
for androgen-induced downregulation and upregula-
tion, respectively, of the expression of the coactivator 
genes p300 and FHL2 [39, 41]. Importantly, NF-kappaB 
has been implicated in ligand-independent AR signal-
ing in CaP cells and has been reported to bind DNA 
more readily in CRPC xenografts than in androgen-
dependent xenografts [43–45]. In addition, we have 

shown that SRF activity is crucial for the proliferation 
of both androgen-stimulated and CRPC cells [39]. 
Further work is needed to fully understand the molecular 
machinery that coordinates androgen signaling with 
activity of NF-kappaB and SRF. Such studies may 
provide a foundation for targeting coregulator expression 
in treating this disease.

Targeting Coregulator Activity

Apart from strategies directed against coregulator 
expression, efforts to prevent the interaction of the 
coregulator complex with the AR could provide an 
effective means of targeting coregulators of AR in CaP. 
In this respect, an approach aimed at disrupting the 
molecular interaction between the AR and its coregu-
lators or at disturbing coregulator–coregulator interac-
tion, or a combination of both, might be appropriate. 
At least under in vitro experimental conditions, such 
strategies using fragments derived from ARA70 and 
BAF57 show promise. Indeed, an ARA70 fragment, 
harboring its AR interacting motif, has been shown to 
prevent AR N/C termini interaction, as well as recruit-
ment of SRC-2 coactivator to the AR and AR transac-
tivation [46]. Similarly, an inhibitor derived from 
BAF57, termed BAF57 inhibitory peptide (BIPep), 
which blocks AR residence on chromatin and resultant 
AR-dependent gene activation, was sufficient to inhibit 
androgen-dependent CaP cell proliferation [47]. In 
order to be successfully translated into the clinic, drug 
design using AR-coregulator interaction sites as a tem-
plate for the generation of small peptides that interfere 
with and compete for coregulator binding would nec-
essarily depend on a detailed understanding of the 
interaction of individual coactivators with the AR and 
with each other.

Functionally disrupting the AR-coregulator  complex 
may not depend on a mechanical interference as dis-
cussed above. A growing body of evidence  suggests 
that coregulators are subject to posttranslational modi-
fications, which determine their ability to interact with 
the AR and fulfill their role as regulators of AR-mediated 
transactivation. Strikingly, several of these modifica-
tions are executed by signaling pathways and cascades 
that are overly active in CaP. Such modifications are 
under investigating for therapeutic intervention in CaP. 
For instance, serum levels of some growth factors such 
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as epidermal growth factor (EGF) and cytokines such 
as interleukin 6 (IL-6) are elevated in patients with 
CRPC [48]. Stimulation of CaP cells with EGF leads 
to phosphorylation of the AR-associated coactivators 
SRC-2 [49] and MAGEA11 [50]. Moreover, EGF 
stimulation also results in ubiquitination of MAGEA11 
[50]. In addition, IL-6 treatment induces phosphoryla-
tion of SRC-1 [51]. These modifications result in 
stronger AR-coregulator interaction and increased 
AR-mediated transcription. The effects of EGF and 
IL-6 stimulation on coregulator modification are medi-
ated by the MAPK kinase signaling  cascade [49, 51], 
the activity of which is known to be increased during 
CaP progression [48]. MAPK  activity has also been 
shown to lead to phosphorylation of MED1, which in 
turn stimulates the intrinsic coactivation properties of 
MED1 [52]. Another example of the impact of 
cytokine-induced signaling cascades on the composi-
tion and activity of the AR transcriptional complex is 
illustrated by the effects of macrophage-derived 
cytokine IL-1beta on CaP cells. In CaP cells treated 
with AR antagonists, IL-1beta leads to activation of 
MEKK1, MEKK1-mediated removal of the coregula-
tor TAB2 from a corepressor complex interacting with 
the AR NTD, and subsequent recruitment of coactiva-
tor proteins to the AR. In this case, cytokine-mediated 
activation of MEKK1 turns an AR antagonist into a 
potent agonist [53]. Apart from regulating the compo-
sition of the AR-associated coregulator complex, clini-
cally relevant signaling pathways can affect the 
intrinsic enzymatic moieties of coactivators. For 
instance, Src and PKCd signal transduction regulate 
the histone acetyl transferase (HAT) activity of p300 
[54], a coactivator we have shown to be critical for 
CaP proliferation and to correlate with aggressive 
 disease [55, 56]. Several coregulators possess enzy-
matic activities that introduce posttranslational modifi-
cations in the AR and govern its transcriptional activity. 
Inhibition of these signaling cascades could therefore 
represent an attractive therapeutic option to silence 
AR-mediated transcription in CaP cells.

Conclusions and Future Perspectives

The AR is currently under intense investigation as a 
target for novel therapeutic strategies for the treatment 
of CaP. Apart from strategies aimed at targeting the 

expression, stability, or degradation of the AR itself, 
the data presented in the chapter suggest that targeting 
AR transcriptional complex may hold promise for 
therapeutic strategy. A thorough understanding of 
the mechanisms and signaling events that control the 
expression, subcellular localization, and interaction of 
coregulators will be essential to reach the goal of novel 
coregulator-targeted therapies for CaP.
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Abstract Prostate cancer is the most common nonskin 
cancer among American men and the third leading 
cause of cancer deaths. Research data over many 
years of study support the role of androgen in driving 
prostate cancer growth, proliferation, and progression. 
Androgens are steroid hormones that induce the differentia-
tion and maturation of the male reproductive organs. 
Testosterone is the principal androgen in circulation, 
while dihydrotestosterone (DHT) is the primary 
nuclear androgen, and the action of DHT in the pros-
tate is mediated by the androgen receptor. Within the 
prostate, DHT binds to the androgen receptor to form an 
intracellular complex that binds to androgen-response 
elements in the DNA of prostate cells inducing pro-
liferation. Testosterone deficiency is common among 
aging American males, and a number of men suffering 
from testosterone deficiency may be relieved of their 
symptoms, receiving a boost in their quality of life, but 
are often denied treatment due to the fear that the addition 
of higher testosterone from replacement therapy may 
cause growth of occult prostate cancer. Several small 
studies show that, with the right patient population, 
testosterone replacement after curative therapy is safe. 
However, a large placebo-controlled prospective trial 
to provide the definitive study is needed.

Keywords Prostate cancer • Androgens • Testosterone 
• Replacement therapy

Introduction

Prostate cancer is the most common nonskin cancer 
among American men and the third leading cause of 
cancer deaths, behind lung and colorectal cancer [1]. 
Despite its high morbidity and mortality, few risk 
factors have been established other than age, race, and 
family history [2]. Recently, several genome-wide 
association studies (GWAS) have identified a number 
of genomic regions, including several in 8q24, that 
have been consistently linked to prostate cancer risk in 
several populations [3–9], although the function of the 
variants are unclear. Both clinical and laboratory data 
suggest that androgens play a pivotal role in prostate 
growth, maintenance, and carcinogenesis [10, 11]. 
However, data from serum-based epidemiologic studies 
in human are inconclusive [12–14].

Androgen and the Prostate

Biosynthesis and Metabolism  
of Androgens

Androgens are steroid hormones that induce the 
differentiation and maturation of the male reproductive 
organs and the development of male secondary sex 
characteristics. In men, androgens are formed primarily 
in the testes and the adrenal gland, and to a lesser extent 
in peripheral tissues, such as the prostate and skin. 
Biosynthesis of androgens in the endocrine glands 
occurs by well-characterized biosynthetic pathways 
as shown in Fig. 4.1.
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Testosterone (T) is the principal androgen in circula-
tion, while dihydrotestosterone (DHT) is the primary 
nuclear androgen and the most potent androgen in tis-
sue. In the circulation of adult males, roughly 44% of 
testosterone is bound with high affinity to sex hormone 
binding globulin (SHBG), 54% is bound with low 
affinity to albumin, and only 1–2% of testosterone 
exists in a free (unbound) state. About 25% of the DHT 
in the circulation is secreted by the testes while most 
(65–75%) arises from conversion of testosterone in 
peripheral tissue in a reaction catalyzed by the enzyme 
steroid 5a-reductase or from circulating inactive andro-
gens, such as androstenedione, dehydroepiandrosterone 
(DHEA), and DHEA sulfate (DHEAS). In humans, 
two steroid 5a-reductase isoenzymes have been identi-
fied. The type 1 enzyme (encoded by the SRD5A1 
gene) is expressed mostly in skin and hair, whereas the 
type 2 enzyme (encoded by the SRD5A2 gene) is local-
ized primarily in androgen target tissue, including 
genital skin and the prostate [15].

In men, the prostate is a major site of nontesticular DHT 
production from testosterone. Free testosterone in circu-
lation enters prostate cells by passive diffusion, whereas 
albumin-bound testosterone, because of its low affinity for 
albumin, can disassociate from albumin,  allowing it to 
enter prostatic cells. Figure 4.2 shows the metabolic 
 pathways of androgens within the prostate gland.

In androgen-sensitive tissue, including the prostate 
and skin, DHT (see Fig. 4.1), the metabolite of T, is the 
most potent androgen. Intracellularly, T is irreversibly 
metabolized to DHT. DHT is then bound by an 
 intracellular cytosolic receptor, the androgen receptor 
(AR). This complex is translocated to the cell nucleus, 
where it activates transcription of genes with hormone-
responsive elements in their promoters and initiates 
a cascade of androgenic action. DHT can be inacti-
vated in the prostate by further reduction to 3a- or 3b- 
androstanediol. DHT homeostasis is regulated by its 
(1) biosynthesis and (2) degradation (see Fig. 4.1). 
Both processes involve multiple enzymatic steps, 
including the reactions catalyzed by the gene products 
of CYP17A1, HSD17B3, HSD3B2, SRD5A2, CYP3A 
genes, UGT genes, and SULT genes. Variation in these 
genes may be one endogenous source of variation in 
androgen action.

Androgen Action on the Prostate

The action of DHT in the prostate is mediated by the 
AR (see Fig. 4.2). Within the prostate, DHT binds to 
the AR to form an intracellular complex, which binds 
to androgen-response elements in the DNA of prostate 

Fig. 4.1 Androgen metabolism pathways in the endocrine system. Androgen biosynthesis and metabolism within and outside the 
prostate gland
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cells, ultimately inducing proliferation. Though the 
tissue concentration of DHT necessary to initiate the 
androgen cascade is unknown, just a minute amount is 
required to trigger androgenic action in prostate cancer 
patients who have undergone androgen ablation 
 treatment, perhaps because such patients have hyper-
sensitive ARs [16]. In the absence of androgen, nonan-
drogenic hormones including estradiol, vitamin D, and 
insulin-like growth factors (IGFs) can bind ARs, 
 triggering androgenic action [17, 18]. In addition, the 
activity of the AR is modulated by a series of coacti-
vator proteins, including ARA54, ARA55, ARA70, 
ARA160, p160, BRCA1, AIB1, and CBP, which can 
enhance AR transcriptional activity several-fold [9–21]. 
Thus, androgenic action within the prostate is deter-
mined not only by androgen concentration but also by 
numerous other factors, including factors yet to be 
identified. However, no epidemiologic studies have 
directly assessed tissue hormone levels or androgenic 
action within the prostate, due in part to the difficulty 

in collecting prostate tissue from control subjects in 
case–control studies, or from men at baseline in 
cohort studies.

Androgen and Prostate Cancer

Data from animal, clinical, and prevention studies 
support the role of androgen in prostate cancer growth, 
proliferation, and progression. However, serum-based 
epidemiologic studies in human have been inconclusive. 
Part of the inconsistency in these findings stems from 
differences in study population, assay accuracy, intrap-
erson variation, and limited sample size. Recently, in a 
pooled analysis of 18 prospective studies, Roddam and 
the Endogenous Hormone and Prostate Cancer 
Collaborative Group reported no association between 
blood levels of total testosterone and prostate cancer risk 
based on data from 3,886 men with prostate  cancer and 

Fig. 4.2 Androgen action within the prostate cell
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6,438 controls [22]. It is the largest serum-based study 
with the most elegant and comprehensive analysis to 
date to test a central hypothesis in prostate cancer 
 etiology. It is not surprising that the pooled analysis 
did not find a positive link between circulating levels of 
total testosterone and prostate cancer risk since, indi-
vidually, few of the 18 studies included in the pooled 
analysis reported a significant positive association.

Most recently, three prospective studies have each 
evaluated a large number (>500) of cases in their 
nested case–control studies to clarify further the role 
of androgen in prostate cancer [16, 23, 24]. Overall, 
there is no convincing evidence of an association 
between serum androgens and total prostate cancer. 
However, there were suggestive associations between 
serum androgen and prostate cancer in certain disease 
subtypes. The Health Professional’s Follow-up study 
(460 case–control pairs) reported a suggestive association 
between total and free testosterone with an increased risk 
of low-grade disease [23]. The European Prospective 
Investigation into Cancer and Nutrition (EPIC) study 
(with 643 case-control pairs) found a significant inverse 
association of androstenedione concentration and risk 
for advanced prostate cancer, and weak positive asso-
ciations between free testosterone concentration and 
risk for total prostate cancer among young men and 
risk for high-grade disease [16]. The Prostate, Lung, 
Colorectal, and Ovarian (PLCO) Cancer Screening 
Trial (the largest study to date with 727 incident 
Caucasian prostate cancer cases and 889 matched 
controls) found that a higher testosterone-to-SHBG 
ratio (T:SHBG) was related to increased risk primarily in 
men 65 years of age or older [24], but there was no asso-
ciation with total prostate cancer. None of the subtype 
findings appeared in more than one of these three studies.

Several reasons contribute to the mixed results from 
epidemiologic studies. First, serum androgen levels are 
indirect indicators of intraprostatic androgen levels and 
may not be an accurate reflection of androgen action 
within the prostate [25]. In addition, relatively large 
assay variation, intraperson variation, differences in 
study population, and heterogeneity of prostate cancer in 
these studies may contribute to the inability of epide-
miologic studies to replicate results. Furthermore, genetic 
susceptibility in the androgen metabolic and signaling 
pathways may contribute to the effects that androgens 
have on prostate cancer. Therefore, future studies on the 
enigmatic relationship between androgens and prostate 
cancer should take these issues into account.

Testosterone Replacement Therapy  
and the Risk of Prostate Cancer

Since the historic findings establishing prostate cancer’s 
dependence on androgens put forth by Huggins and 
Hodges in 1941, the interaction between testosterone 
and prostate cancer has been at the forefront of prostate 
cancer treatment. This Nobel Prize-winning initial 
work showed that prostate cancer regressed when 
serum testosterone (T) was reduced to castrate levels, 
and that an increase in T caused growth of prostate 
cancer [10]. Based on this discovery, surgical or chemical 
androgen blockade became the mainstay of hormonal 
treatment of prostate cancer.

Since this landmark discovery, the idea that higher 
serum T levels in patients cause an increase in prostate 
cancer growth has been ingrained in the minds of phy-
sicians and researchers, and it seems that this entrenched 
idea may have clouded a more important connection 
between low serum T and prostate cancer. The theory 
of increased T causing increased prostate cancer 
growth appears to be based on the idea that, because a 
reduction of T during castration causes regression of 
prostate cancer growth, then an increase in T should 
cause prostate cancer cells to grow. If this were true, 
the literature would be full of reports showing that tes-
tosterone replacement therapy (TRT) is associated 
with prostate cancer. However, a review of the present 
literature has failed to provide any evidence to support 
this theory. This belief in the unproven serum T 
“dogma” has, in turn, made TRT in hypogonadal 
men at risk for prostate cancer a rarely used treat-
ment option.

Testosterone deficiency, also known as androgen 
deficiency of the aging male (ADAM), late-onset 
hypogonadism (LOH) and andropause, is common 
among aging American males, present in up to 39% of 
men between the ages of 45 and 85 [26]. This condi-
tion has been characterized by low serum testosterone, 
depression, a decrease in libido, lack of energy, 
decreased muscle mass, changes in bone mineral den-
sity, anemia, and cardiovascular risk factors (reviewed 
by Tostain and Blanc) [27]. A large number of men 
suffering from T deficiency who might be relieved of 
their symptoms and could also receive a boost in their 
quality of life are often denied treatment, if they are 
thought to be at risk to develop prostate cancer due to 
the fear that the addition of higher T from TRT may 
cause growth of occult prostate cancer. However, 
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several reports have shown that there is no direct 
 correlation between levels of T in serum, and the risk 
of developing prostate cancer [28, 29], and that 
 ethnicities with lower incidence of prostate cancer 
have higher serum T levels [30, 31]. Actually, it has 
been shown that low, not high, levels of T are associated 
with prostate cancer [26, 32–34], high Gleason grade 
cancer, advanced stage at initial presentation, and 
decreased survival [35–38]. Another argument against 
high levels of serum T and an association with pros-
tate cancer can be made with the epidemiology of 
prostate cancer. Clinical diagnosis of carcinoma of 
the prostate is rare in young men (in their 20s and 30s) 
when serum T levels are at their highest but are much 
more common in aging men when serum T levels are 
much lower.

In the last 10 years, there have been many published 
reports investigating the treatment of hypogonadism in 
males using different formulations of testosterone, and 
for varying amounts of treatment and time of follow-
up, and none of these studies has shown an increased 
risk of developing prostate cancer ([39–43], and reviewed 
by Rhoden and Morgentaler [44]). One example of these 
studies is the work done by Rhoden and Morgentaler 
in patients thought to be at high risk due to prostatic 
intraepithelial neoplasia (PIN). The authors reviewed 
charts of 75 men (20 with PIN and 55 without PIN), 
who presented with hypogonadal symptoms, and had a 
documented low serum T level. All 75 men reviewed 
had been on TRT for 1 year. Prostate cancer was diag-
nosed in only one man in the PIN arm, and none were 
diagnosed in the hypogonadal men without presence 
of PIN [43]. This 1% detection rate in the study group 
is similar to that found in screening trials [44, 45]. 
In addition, PSA values have not been shown to 
increase significantly [40, 46], nor has there been a 
change in concentration of DHT within the prostate 
following TRT [47].

Testosterone Replacement Therapy 
Following Treatment for Prostate Cancer

While there have not been any large studies with long-
term follow-up looking at the effects of TRT after pri-
mary treatment for prostate cancer, there has been 
several small studies. In the first study, Kaufman and 

Graydon identified seven men who had undergone a 
radical prostatectomy and had clinical symptoms of 
hypogonadism [48]. In all seven men, including four 
who had received T supplementation prior to prostate 
cancer diagnosis, all men had serum T levels in the 
eugonadal range prior to diagnosis, and were graded 
with Gleason 6 or 7 scores. At the time of publication, 
TRT had been shown to be safe, with no reported 
recurrences or metastases in a follow-up period that 
ranged from 1 to 12 years [48].

Agarwal and Oefelein also presented their findings 
of ten men, with clear symptoms of hypogonadism, 
who were treated with TRT following a radical 
prostatectomy for organ confined disease [49]. These 
ten men had no postoperative evidence of disease or 
rising PSA, but suffered from symptoms that included 
decreased libido, erectile dysfunction, and decreased 
quality of life. Upon determination of baseline PSA 
and serum T, all were started on T supplementation. 
The patients were routinely followed for both clinical 
and quality of life measurements. While all patients 
had the intended rise in serum T, none of these men 
had a detectable PSA. The median follow-up was 19 
months and there was not a single recurrence observed. 
The authors noted that patients responded well to 
the increase in serum T with an increase in sexual 
function and overall energy level, and a reduction in 
hot flashes [49].

The third study evaluated TRT after brachytherapy 
for early prostate cancer [50]. In this study, Sarosdy 
retrospectively reviewed 31 patients who had under-
gone TRT for hypogonadism following brachyther-
apy for prostate cancer. The TRT was initiated from 
0.5 to 4.5 (median 2.0 years) following radioactive 
seed implantation. These patients received TRT for 
0.5–8.5 years (median 4.5 years) and were followed 
for 1.5–9.0 years (median 5.0 years). None of the 31 
patients stopped TRT due to cancer recurrence or 
progression [50].

All authors of the above-mentioned studies agreed 
that while controversial, a history of prostate cancer 
should not absolutely preclude one from TRT as long 
as the patient has no detectable prostate cancer, and/or 
has had prior curative therapy. In all cases, the patients 
who are to receive TRT should be carefully selected, 
and should be at a low risk for recurrence. Hypogonadal 
candidates for TRT after therapy should only include 
those with minimal initial disease, possess low Gleason 
scores, and a negligible PSA. Monitoring of these patients 
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should be more frequent, a PSA and total T determination 
every 1–3 months, at least for the first year has been 
suggested [49].

While the above studies showing positive results 
after radical prostatectomy and brachytherapy have 
been completed, no similar study has been done on 
patients who were treated with radiation alone. It has 
been suggested that TRT following radiation may not 
be a viable approach due to the residual prostatic tissue 
that remains following radiation therapy, which could 
be more susceptible to T supplementation [49]. These 
small studies together show that, with the right patient 
population that TRT after curative therapy is safe, and 
they show the need for a large placebo-controlled 
prospective trial to provide the definitive study.

Conclusion

While there is a large amount of evidence regarding 
the role of testosterone in the growth, proliferation, 
and progression of prostate cancer, more information 
is still needed. Mixed results in clinical studies have 
been inconsistent due to differences in the study popu-
lation, accuracy issues in serum-based assays, sample 
size, and sample acquisition and storage. More  uniform 
standards would enhance epidemiological studies in 
the future. Also, there is a great need for a definitive 
study investigating testosterone replacement, both to 
fully understand the risk of prostate cancer associated 
with this treatment, and recurrence after primary  therapy 
for prostate cancer, in order to convince clinicians that 
TRT is a viable option for patients in need of testoster-
one replacement.
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Abstract Androgens are essential development and 
survival factors for prostate epithelial cells. Prostate 
cancer cells retain androgen dependence and, for some 
period of time, are suppressed by androgen deprivation. 
Castration-resistant prostate cancer (CRPC) arises after a 
period of androgen withdrawal and represents the most 
advanced stage of the disease. CRPC is mediated by the 
reactivation of androgen receptor activity in the castrate 
patient. Androgen receptor is reactivated in CRPC by a 
variety of mechanisms, the breadth of which underscores 
the importance of androgen receptor for prostate cancer 
cell proliferation at all stages of the disease. Androgen 
receptor gene may be affected by the amplification of the 
locus on the X chromosome or by the activation of muta-
tions. Androgen receptor protein may be phosphorylated 
by a variety of kinases to enhance its activity in the pres-
ence of subphysiologic concentrations of ligand. The 
cancer cells themselves may produce sufficient levels of 
androgenic steroids to sustain receptor activation. 
Androgen receptor activity may also be enhanced by the 
overexpression of coactivator proteins that allow the for-
mation of the transcriptional complex after the androgen 
receptor binds to DNA. Lastly, androgen receptor 
mRNA may be subjected to alternative splicing that 
may generate ligand-independent truncated forms of 
activated androgen receptor protein. Thus CRPC cells 
reactivate androgen receptor as a critical pathway towards 
cancer progression.

Keywords Prostate cancer • Androgen receptor • Androgen 
• Mutation • Coactivator • p160 • Beta-catenin

The androgen receptor (AR) is a member of the nuclear 
hormone receptor family. Androgens are essential for 
prostate epithelial development and sustenance. 
Malignant prostate epithelium retains, to some degree, 
the dependence on AR that characterized the normal 
prostate epithelium from which it arose. Early in pros-
tate cancer development, androgens activate the 
TMPRSS2 gene promoter that is often recombined 
with the ERG transcription factor gene or, less fre-
quently, other members of the ETS family to drive the 
invasiveness of the majority of prostate cancers [1, 2]. 
In advanced prostate cancer, androgen ablative therapy 
targets AR, but it is eventually overcome by AR reac-
tivation in castration-resistant prostate cancer (CRPC). 
The reactivation of AR in CRPC occurs by a wide 
range of mechanisms. The molecular oncology of AR 
is the focus of this chapter.

Like the epithelium from which they arise, prostate 
cancer cells retain responsiveness to and dependence 
on androgens. It has been known for more than half a 
century that prostate cancer in most cases retains 
androgen responsiveness and undergoes regression in 
response to androgen deprivation [3, 4]. Over 80% of 
men with disseminated prostate cancer show some 
clinical response to androgen ablation. Still, there is no 
way to predict which patients will not respond or how 
long the responding patients will benefit from initial 
androgen deprivation. Androgen responsiveness in 
prostate cancer does not correlate with either the 
presence or the levels of androgen receptor in cancer 
tissues [5–10].

In nearly all instances, recurrent and metastatic 
prostate cancer escapes from the effects of androgen 
ablation and becomes castration-resistant. Preclinical 
models of castration resistance using both hormone-
dependent cultured cells and tumor lines were ana-
lyzed using expression array analysis to determine 
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gene expression changes common to a number of 
 different hormone-independent derivative lines. It was 
surprising and paradigm-setting to find that the only 
expression change common to androgen independence 
of seven different cell lines and tumors was the 
increased expression of AR [11]. AR overexpression 
alone not only conferred androgen independence to 
cultured cells but also sensitized cells to picomolar 
concentrations of androgens and conferred AR ago-
nism to the potent anti-androgen bicalutamide.

AR Structure

The three-dimensional structure of the AR ligand-
binding domain is similar to that of other steroid hor-
mone receptors. Ligand binding induces conformational 
changes that initiate translocation from the cytoplasm 
to the nucleus and also allows the AR to interact with 
coregulator proteins that mediate transcription initi-
ated by AR binding to its cognate DNA sequences. 
The coactivators play a fundamental role in the activity 
of AR. Alterations in the structure or levels of coacti-
vator proteins can therefore greatly impact AR tran-
scriptional activity. Mutations in the AR, whether 
hereditary or sporadic, have been implicated in the 
development and growth of prostate cancer. Moreover, 
tumor suppressors, growth factors, and their receptors 
may also regulate the activity of AR [12–20].

The AR is located on the X chromosome at Xq11-
12 [21, 22]. It is therefore a single-copy gene in males, 
allowing phenotypic expression of mutations without 
the influence of a wild-type codominant allele. Numerous 
spontaneous mutations of the human AR have been 
described, and the exploration of the effects of these 
mutations on AR activity has helped to elucidate the 
nature of the functional domains of the AR protein. 
Loss or attenuation of AR function results in complete 
or partial androgen insensitivity, respectively. Indivi-
duals who have complete androgen insensitivity 
 syndrome are phenotypic, but sterile, females. 
Interestingly, they do not manifest sexual identity dis-
cordance, underscoring the fact that AR plays a role in 
the configuration of the male CNS as well as in mor-
phologic development [23].

The AR gene consists of eight exons that encode a 
~2,757-base pair open reading frame within a 10.6-kb 
mRNA [24–27]. Like the other members of the steroid 

hormone receptor family of genes, the exons of the AR 
gene code for functionally distinct regions of the pro-
tein that correspond to the exonic organization of other 
steroid hormone receptor genes suggesting a modular 
genetic composition that facilitated gene duplication 
and divergence during evolution. The AR genomic 
organization and location on the X chromosome is 
conserved in mammals and may reflect a developmen-
tally significant association of AR with other syntenic 
genes [28]. The first exon codes for the N-terminal 
domain (NTD), which serves as the transcriptional 
regulatory region of the protein. Exons 2 and 3 code 
for the central DNA-binding domain. Exons 4–8 code 
for the C-terminal ligand-binding domain.

Segments of the AR gene have been conserved 
throughout evolution, implying that these regions are 
critical for the activity of the molecule. The DNA-
binding domain is most highly conserved across spe-
cies. Other regions of the gene striking in their degree 
of sequence conservation include much of the hinge 
region and the ligand-binding domain. A large number 
of conserved ligand-binding domain residues that are 
targets for mutations, which result in androgen insen-
sitivity syndrome, are conserved from frog to man. 
The NTD is encoded by the first exon and does not 
demonstrate a high degree of sequence conservation, 
from frog to rodent to human, upstream of codon 539 
in the human sequence. However, the sequence com-
parison of AR NTDs from primates reveals that codons 
1–53 and 360–429 generate conserved protein seg-
ments across a broad evolutionary spectrum [29]. 
These regions are important for dimerization of human 
AR, and their genetic conservation reflects similarity 
in function for primate AR molecules.

Even though the AR ligand-binding domain 
shares only 20% sequence similarity with other ste-
roid  hormone receptors, the three-dimensional struc-
ture resembles that of other steroid hormone receptors 
[30–35]. Many steroid hormone receptor ligand-
binding domains fold into 12 helices, three of which 
form a ligand-binding pocket. When an agonist is 
bound, helix 12 folds over the pocket to enclose the 
ligand. In the unbound state or in the presence of an 
antagonist, helix 12 is repositioned away from the 
pocket in such a way that the coactivator binding is 
impeded [32]. There is evidence to suggest that 
ligand-bound AR dimerizes in vivo, suggesting that 
the N-terminal region of AR is important for protein 
dimerization [36–38].
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The NTD is the primary effector region of AR and 
plays a key role in transactivation. Deletion of the 
ligand-binding domain from AR results in a residual 
N-terminal fragment with transcriptional activity nearly 
equal to that of the ligand-bound, full-length protein, 
suggesting that the NTD is fully capable of initiating 
the assembly of the transcriptional complex, including 
binding to AR coactivators. The first 140 amino acids 
are not essential for transcriptional activity. Their dele-
tion results in a receptor with nearly wild-type levels 
of activity. However, deletion of the regions between 
amino acids 210 and 337 markedly reduces the receptor 
activity [39].

The first exon contains a polymorphic region that 
influences the interindividual variation in AR activity 
and prostate cancer risk. The main cause of this vari-
ability lies in a CAG nucleotide triplet repeat that 
begins at codon 58 and extends for an average of 21 
repeats [40]. The CAG repeat region encodes a poly-
glutamine region, similar to those found in other tran-
scription factors such as CREB. This region is thought 
to mediate AR interactions with various coregulators 
[41]. Indeed, as the CAG repeat length increases, the 
interaction of AR with its coactivator ARA24 decreases 
[42]. Similarly, increased CAG length seems to dimin-
ish AR interaction with members of the p160 family of 
coactivators [43]. CAG repeat lengths are prone to 
variation because DNA polymerase is subject to slip-
page in the regions of multiple CAG nucleotide trip-
lets. CAG repeat length in AR ranges from 14 to 35 
repeats and varies with ethnicity. Variations in the 
repeat length impact AR transcriptional activity, pros-
tate growth, and prostate cancer risk [44]. Ethnic dif-
ferences have been noted in CAG repeat lengths, and 
these differences are inversely related to prostate can-
cer incidence [44, 45]. Shorter CAG length and 
increased incidence of prostate cancer has been dem-
onstrated in diverse populations including Indian, 
Brazilian, and Mexican men [46–49], whereas longer 
CAG repeat length is associated with low prostate can-
cer incidence in Greenland [50].

In one instance of advanced prostate cancer, AR 
underwent insertional mutagenesis that interrupted the 
CAG repeat, effectively shortening it and increasing the 
AR transcriptional activity. This single example not 
only further underscores the importance of AR activa-
tion to prostate cancer progression but also shows the 
influence of CAG repeat length on AR activity [51]. 
Variations of CAG repeat lengths have been  engineered 

in the AR and shown to regulate AR  transcriptional 
activity in reporter assays [51]. Variations in CAG 
repeat length have also been engineered into transgenic 
mice that have been subjected to introduction of the 
human exon 1 to replace the murine exon 1. Shorter 
CAG repeat lengths have been shown to favor prostatic 
hyperplasia with advancing murine age [52].

Alterations of the Androgen Receptor  
in Prostate Cancer

AR Gene Amplification

It has been well established in a few studies that a com-
mon finding in patients with CRPC is the amplification 
of the AR gene that accounts for some instances of 
increased AR expression in tumor samples [53–56]. 
Since gene amplification requires continued selective 
pressure for the maintenance of the amplification, the 
finding is a compelling argument that AR overexpres-
sion is essential for some cases of CRPC. Interestingly, 
amplification of the AR gene is also an adaptive response 
to high-dose anti-androgen monotherapy, consistent 
with the in vitro findings that overexpression of a wild-
type AR protein confers an agonistic response to bical-
utamide [57]. AR gene amplification is associated with 
downstream overexpression of AR protein; however, 
AR overexpression is found in CRPC without AR gene 
amplification and thus may be achieved via alternative 
mechanisms [56].

AR Mutations

Androgen deprivation therapy, and particularly treat-
ment with anti-androgens, may result in the selection 
of malignant cell clones with AR gene mutations [58, 
59]. Primary prostate cancer may have a high back-
ground of clones with AR mutations available for 
selection in response to androgen deprivation [60]. AR 
mutations found in CRPC often affect the ligand- 
binding domain and alter the AR response to anti-
androgens and may broaden the spectrum of ligand 
agonists conferring greater activity to adrenal andro-
gens [61]. A number of investigators have detected AR 
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mutations in prostate cancer tissue [58, 62–69]. 
Consistent with the notion of clonal selection, these 
AR mutations are very rare in patients with primary 
prostate cancer and are found with a higher frequency 
in patients with advanced disease [62].

The functional importance of AR mutations in 
CRPC is underscored by the finding that the mutations 
cluster in three regions of the molecule [17]. Mutations 
in the LBD affect the ligand-binding pocket and liber-
alize the spectrum of AR agonists to a wider range of 
steroid hormones and pharmaceutical anti-androgens 
[58, 61, 70]. AR mutations that affect the ligand-bind-
ing pocket, except for a single residue, are mutually 
exclusive of those that cause androgen insensitivity 
[30]. Mutation of methionine 740 to valine has been 
found in several individuals with complete or severe 
partial androgen insensitivity syndrome [71–75] and in 
prostate cancer mutated to isoleucine [76, 77].

AR mutations in CRPC also cluster in the region 
874–910 that flanks the AF-2 domain, the region that 
affects the binding of p160 coactivator molecules to 
AR [78]. Mutations in the region of 874–900 affect 
the ligand-binding pocket and particularly allow anti-
androgens to be recognized as agonists. Mutations 
that affect residues C-terminal to amino acid 880 may 
affect interactions with coactivators or subcellular 
localization of AR [79, 80]. Mutations are also found 
in the AR hinge region that borders the DNA-binding 
and ligand-binding domains [30, 81]. The hinge region 
appears to be targeted because it affects AR interactions 
with corepressors and thereby diminishes the efficacy 
of anti-androgens and may explain the sensitization of 
AR to ligand interactions in late-stage prostate cancer 
[81]. Just as steroid hormone receptors initiate tran-
scriptional signals that have to be amplified by coacti-
vators, the signals can be silenced by corepressors 
[82]. The hinge region of AR between the DNA bind-
ing and ligand-binding domains is frequently affected 
by mutations in prostate cancer. The mutation target 
region 668QPIF671 lies between the hinge and the 
ligand binding domain [17, 81, 83]. The four residues 
form a hydrophobic cleft that potentially mediates 
interactions with other proteins, perhaps corepressors. 
Deletion of the hinge region amino acids 628–646 
results in significant activation of AR and marked 
enhancement of LXXLL-dependent ligand-dependent 
coactivation [84]. It is also possible that the hinge 
region may modulate N-terminal binding to the ligand 
binding domain via the FXXLF motif in the NTD. 

Binding between the N-terminal and ligand-binding 
domains can interfere with p160 coactivator binding 
to the AF-2 groove of the ligand-binding domain and 
modulate the activity of the AR signaling complex 
[85].

All the reported AR mutations found in prostate 
cancer are catalogued in the Androgen Receptor Gene 
Mutations Database of the Lady Davis Institute for 
Medical Research. The URL for The Androgen 
Receptor Gene Mutations Database World Wide Web 
Server is http://www.mcgill.ca/androgendb/.

Posttranslational Modification of AR

AR activity can be enhanced by the HER family of 
kinases, which effect AR binding to DNA, AR stabil-
ity, and interaction with the p160 coactivator TIF-2 
[86, 87]. AR has not been shown to be a substrate of 
the HER kinases but rather is a target for phosphoryla-
tion by kinases activated downstream of the HER 
kinases. HER2 and 3 activation by heregulin activates 
ACK1, which directly affects AR activity [87, 88]. The 
inhibition of HER2 signaling decreases AR transcrip-
tional activation [89], and ACK1 has been shown to 
phosphorylate AR in the NTD to enhance AR tran-
scriptional activity [90]. HER kinase activation also 
results in the phosphorylation of AR at serine 578 in 
the DNA-binding domain. Loss The loss of serine 578 
abrogates the effect of HER kinase on AR and alters 
the subcellular distribution of AR, demonstrating the 
importance of HER activity in AR regulation [91].

AR also interacts with and binds to the inner mem-
brane tyrosine kinase SRC. In the cytoplasm, ligand-
bound AR activates SRC via interaction with the AR 
N-terminal proline-rich domain. SRC, in turn, phos-
phorylates and activates the p85alpha subunit of PI3-
kinase [92]. The interaction of AR and SRC also results 
in the phosphorylation of AR on tyrosine 534 in the 
NTD. SRC expression and levels of AR phosphory-
lated on tyrosine 534 are increased in CRPC. AR is 
activated by SRC phosphorylation, a modification that 
can facilitate the growth of prostate cancer xenografts 
in castrated mice [93]. Moreover, levels of SRC are 
increased in tissues from patients with CRPC.

AR transcripts have been shown to occur in various 
isoforms that result from alternative splicing events. 
Although these findings are to date restricted to cell 
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lines, it has been shown that AR isoforms lacking the 
ligand-binding domain can be found in 22Rv1 cells 
and can drive transcription in a ligand-independent 
manner [94]. These findings are particularly important 
because if found in tumors, C-terminal truncated AR 
would be unaffected by anti-androgens and would be 
independent of all therapeutic measures that target 
ligand availability.

Ligand Availability

CRPC has been shown to overcome androgen depriva-
tion by altering ligand availability through androgen 
synthesis by malignant epithelial cells. For example, in 
locally recurrent prostate cancer after androgen abla-
tion, intracellular levels of dihydrotestosterone reach 
physiologic concentrations, theoretically providing 
sufficient ligand for the local activation of AR [95]. 
Tissues in CRPC have also been shown to increase the 
expression of genes coding for enzymes that convert 
adrenal steroids into androgens [96]. Moreover, the 
malignant cells of CRPC may activate more than 
one enzymatic pathway to synthesize androgens and 
are fully capable of converting two-carbon precur-
sors to testosterone [97]. The potential of cancer 
cells to increase their own supply of ligand in CRPC 
argues for the application of drugs that inhibit adrenal 
 steroidogenesis and androgen synthesis. These data 
explain, in part, the transient clinical effects of keto-
conazole [98–100] and the early phase clinical effects 
of abiraterone acetate, a high-affinity inhibitor of cyto-
chrome P450 CYP17 [101, 102].

AR Coregulators

AR interacts with hundreds of proteins that have the 
potential to act as coregulators to inhibit or enhance 
AR transcriptional activity. Variation in the expres-
sion or structure of these coregulators can greatly alter 
the transcriptional activity of AR and thereby affect 
the development of both the normal prostate and pro-
static neoplasia.

The paradigmatic family of AR coactivators is the 
p160 family, a group of three 160 kDa proteins SRC-
1, TIF-2, and SRC-3/AIB1, with substantial sequence 

homology. These proteins bind to the AR at a region 
called TAU-5 in the NTD as well as at AF-2 in the 
ligand-binding domain at a groove created by the 
rotation of helix 12 after ligand binding [103]. P160 
family coactivators amplify the transcriptional signal 
initiated by AR binding to DNA and in doing so 
recruit secondary coactivators and regulatory proteins 
to the transcriptional complex. Overexpression of 
each of the p160 proteins has been observed in pros-
tate cancer [104].

SRC-1 and TIF-2 overexpression have been dem-
onstrated in androgen-insensitive prostate tumors as 
compared with androgen-sensitive tumors and BPH 
specimens [105]. SRC-1 is required for normal pros-
tate growth, and it is overexpressed in CRPC. SRC-1 
has been demonstrated to potentiate AR activity even 
at very low hormone levels [106]. SRC-1 interacts 
with AR at the LBD via LXXLL motifs. In addition, 
SRC-1 can exert its influence independently of the 
C-terminal LXXLL motifs by acting at a glutamine-
rich region of the AR’s C-terminal [107]. A second 
p160 coactivator, TIF-2, when overexpressed in 
prostate cancers is associated with early recurrence 
and a more aggressive clinical behavior [108]. High 
levels of AIB1/SRC-3 have been correlated with 
high tumor grade and stage. Overexpression of AIB1/
SRC-3 has also been shown to be correlated with 
increased prostate cancer cell proliferation as well as 
decreased levels of apoptosis [109].

A number of other proteins that can potentiate AR 
transcription in vitro have been found to be overex-
pressed in prostate cancer. ARA-70 is a transcriptional 
coactivator that can interact with AR. ARA-70 is over-
expressed in high-grade prostate cancer tissues and 
prostate cancer cell lines. ARA-70 interacts with AR 
via the N-terminal FXXLF domain and thereby can 
attenuate the inhibitory effects of anti-androgens [110]. 
Tip60 interacts with AR as well as ER and PR and is 
found in the nuclei of progressive and castration-resis-
tant prostate cancer. Tip60 is upregulated as a response 
to androgen deprivation and accumulates in the nucleus 
[111]. Cdc25B is a member of the Cdc25 family of 
phosphatases. It activates cyclin-dependent kinases 
and enhances the transcriptional activity of the AR by 
binding directly to AR. Overexpression of Cdc25B is 
associated with poorly differentiated tumors as well as 
with high-grade disease [112]. CBP/p300 is involved 
in chromatin remodeling as well as the recruitment of 
TFIIB and TBP. A high level of expression is noted in 
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advanced and castration-resistant prostate cancer 
[113]. ART27 is another AR-coactivating protein 
whose expression is altered in prostate cancer. It inter-
acts with AR at the NTD. Normally found in prostate 
and breast tissue epithelium, ART27 expression is 
decreased in prostate cancer [114]. ARA55 enhances 
AR transactivation by binding to the C-terminal LIM 
domain [115]. PYK2 kinase targets ARA55 and 
thereby decreases interaction with AR. PYK2 expres-
sion levels decrease during prostate cancer progression 
thereby allowing a sustained interaction of ARA55 
and AR [116].

The multifunction oncogene beta-catenin functions 
as an AR coactivator by interacting with the AR ligand-
binding domain. The importance of beta-catenin in 
prostate cancer is suggested by the rare mutational 
activation in prostate cancer [117, 118]. A more com-
mon pathway toward beta-catenin activation in pros-
tate cancer is via methylation of APC, the gene that 
codes for the colon cancer suppressor that complexes 
with beta-catenin in the cytoplasm and mediates phos-
phorylation and ubiquitination to modulate the intrac-
ellular levels of beta-catenin [119–121]. In addition, 
GSK3beta is inactivated in advanced prostate cancer 
[122]. GSK3beta is a key kinase for the beta-catenin 
NTD that activates ubiquitination on proteasomal deg-
radation [123]. In advanced prostate cancer, calpain 
cleaves beta-catenin causing an N-terminal truncation. 
This is, potentially, another mechanism for beta-
catenin activation during late stage disease [124]. 
Beta-catenin activates AR transcriptional activity, 
translocates AR to the nucleus, and shifts the ligand 
response curve to the left [125–128]. Beta-catenin 
interacts with the AF-2 domain of AR and forms a 
three-way complex with AR and TIF-2 as it also binds 
to TIF-2 [129, 130].

AR is negatively regulated by corepressor proteins 
that bind to AR to inhibit transcriptional activation 
when AR is located in the nucleus. SMRT and the 
closely related NcoR repress the AR by direct interaction 
with it. They also serve as competitors with the p160 
coactivators [131]. Although some AR ligands activate 
binding to corepressors [132, 133], anti-androgens like 
bicalutamide mediate disruption of coactivator binding 
and do not appear to work by increasing corepressor 
binding [134]. Alteration of corepressor expression 
has not been reported in prostate cancer and does not 
appear to be a mechanism by which AR is activated in 
neoplastic prostate epithelial cells.

Summary

Prostate cancer cells depend on AR activity at all 
phases of tumor progression. Androgen deprivation 
therapy introduces a selective pressure that results in a 
wide range of genetic changes and biochemical modi-
fications to restore sufficient AR activity for cell pro-
liferation. More successful therapy for advanced 
prostate cancer may require combinations of treat-
ments for patients with metastatic castration-sensitive 
disease to decrease the likelihood of development of 
castration-resistance. The availability of new higher 
affinity anti-androgens, more effective inhibitors of 
androgen synthesis, and new kinase inhibitors have the 
potential to achieve prolongation of control of prostate 
cancer proliferation and improved survival.
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Abstract Androgen receptor (AR) antagonists used 
clinically include steroidal (cyproterone acetate) and 
nonsteroidal antagonists (bicalutamide, flutamide, and 
nilutamide), with the latter nonsteroidal compounds 
being the only ones in general use in the United States. 
AR antagonists are used as single agents or in con-
junction with surgical or medical castration (combined 
androgen blockade) for the initial systemic treatment 
of prostate cancer (CaP). AR antagonists are somewhat 
less effective than castration but may be preferred in 
some patients due to potentially fewer side effects. 
Combined androgen blockade is more effective than 
castration alone based on rapid declines in serum 
prostate-specific antigen (PSA) levels and the lower 
nadir PSA levels, but this translates into only a very 
small survival advantage. Patients treated with single 
or combined therapies invariably relapse with CaP that 
has been termed castration-resistant prostate cancer 
(CRPC). Significantly, the AR is expressed at high 
levels and is transcriptionally active in most cases of 
CRPC, and a subset of these CRPC patients respond to 
AR antagonist treatment. However, these responses are 
generally partial and transient. Molecular mechanisms 
that contribute to AR reactivation in CRPC and 
impair the activity of AR antagonists are described 
in this chapter. Understanding these mechanisms is 
critical for the development of strategies to overcome 
resistance and for the generation of more effective AR 
antagonists.

Keywords Prostate cancer • Androgen receptor • Steroid 
• Steroid receptor • Testosterone • Dihydrotestosterone  
• Antagonist • Bicalutamide • Flutamide • Nilutamide

Steroidal and Nonsteroidal AR 
Antagonists

Androgen receptor (AR) antagonists used clinically 
for prostate cancer (CaP) include steroidal (cyproter-
one acetate) and nonsteroidal antagonists (flutamide, 
nilutamide, and bicalutamide), which all function as 
competitive inhibitors of AR binding to endogenous 
androgens (testosterone and dihydrotestosterone, DHT) 
(Fig. 6.1). The nonsteroidal compounds are the only 
ones that have been in general use in the United States, 
but cyproterone acetate has been used extensively in 
other countries. The disadvantages of steroidal antago-
nists include lack of specificity, with cyproterone ace-
tate being an agonist for the progesterone receptor that 
can suppress gonadotropin release when used as a single 
agent [1]. Steroidal AR antagonists such as cyproter-
one acetate and mifepristone also have partial agonist 
activity, which may limit their ability to suppress AR 
activity [2].

The nonsteroidal AR antagonists in clinical use 
(flutamide, nilutamide, and bicalutamide) are all 
chemically related (substituted toluidides) [3, 4], and 
do not interact with other steroid receptors. Moreover, 
they function as relatively pure AR antagonists, 
although hydroxyflutamide (the active metabolite of 
flutamide) and nilutamide have some weak agonist 
activity at high concentrations. Flutamide is rapidly 
metabolized in vivo to hydroxyflutamide, which 
has about a tenfold higher affinity for AR compared 
to flutamide [4, 5]. Nilutamide is an analogue of 
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flutamide, and its affinity for AR is approximately 
the same as that of hydroxyflutamide [6]. Nilutamide 
has a longer half-life than flutamide; so it can be 
administered once per day (150–300 mg) as against 
the standard flutamide dose of 250 mg three times 
per day. The side effects of both drugs include diar-
rhea, nausea, and rarely hepatotoxicity, but nilut-
amide also frequently causes decreased darkness 
adaptation and rarely severe interstitial pneumonitis, 
which have limited its use [7]. Bicalutamide is 
administered as a mixture of two isomers, with the 
R-isomer having both the longest in vivo half-life 
and highest affinity for AR (about fourfold higher 
affinity than hydroxyflutamide) [8]. Due to its higher 
affinity, longer half-life (allowing once per day dosing 
of 50 mg), and more favorable side effect profile, 
bicalutamide has become the most commonly used 
AR antagonist. However, it should be emphasized 
that all of these compounds are still relatively weak 
AR antagonists, with the affinity of bicalutamide for 
the AR being ~50-fold lower than that of DHT in 
direct radioactive ligand competition binding assays 
[9]. Moreover, in cellular transcription assays, 
~1,000-fold excess of bicalutamide is required to 
inhibit AR activation by DHT [10].

Mechanisms of AR Antagonist Action

AR Activation by Agonist Binding

The AR is a steroid receptor member of the large 
nuclear receptor superfamily. Similar to other steroid/
nuclear receptors, the AR has an N-terminal domain 
(NTD) that mediates transcriptional activity, a C-terminal 
domain that binds androgen and can also stimulate 
transcription (ligand binding domain, LBD), a central 
domain that mediates sequence-specific DNA binding 
(DNA binding domain, DBD), and a hinge region 
between the DBD and LBD that regulates AR 
nuclear localization and degradation [11]. In contrast 
to other steroid/nuclear receptors, the AR NTD is 
larger and makes a major contribution to transcrip-
tional activity through recruitment of multiple coacti-
vator proteins.

The overall structure of steroid receptor LBDs, with 
12 a-helices, and the way their structures are altered 
by ligand binding are very similar. In the absence of 
ligand, the AR associates with heat shock protein 90 
(Hsp90) and a complex of additional chaperone 
proteins, which maintain AR in a conformation that 

Fig. 6.1 Structures of DHT and AR antagonists
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permits ligand binding. Binding of agonist ligands 
(testosterone or DHT) shifts the position of the most 
C-terminal helix (helix 12), which moves towards a 
surface generated by helices 3–5. This movement of 
helix 12 has two consequences: First, it caps the ste-
roid binding pocket to prevent the release of the bound 
testosterone or DHT, resulting in a slow off rate for 
agonist binding and a very high overall binding affin-
ity. Second, helices 3–5, and 12 combine to generate a 
hydrophobic cleft (the coactivator binding site) that 
can bind transcriptional coactivator proteins via leu-
cine-X-X-leucine-leucine (LXXLL) motif containing 
peptides. Multiple copies of the LXXLL motif (also 
termed nuclear receptor boxes or NR boxes) are found 
in the p160 family of coactivator proteins (SRC-1–3) 
and in several other proteins that contribute to the tran-
scriptional activity. The agonist-liganded AR then 
binds as a dimer to specific DNA sequences in andro-
gen-regulated genes (termed androgen responsive ele-
ments or AREs), where it recruits multiple coactivator 
and chromatin modifying proteins and ultimately RNA 
polymerase II, resulting in gene expression.

A further unique feature of AR is that its coactivator 
binding site, generated by helices 3–5, and 12, has a 
relatively low affinity for the LXXLL motifs found in 
most coactivator proteins. Instead, the AR coactivator 
binding site is specialized for binding to an LXXLL-
like motif in the NTD (amino acids 23–27, FQNLF), 
and this interaction between the AR NTD and LBD 
further stabilizes helix 12 in the agonist position and 
ligand binding [12–15]. As a result of this reduced 
affinity of the AR LBD for LXXLL motif peptides, the 
AR NTD plays a more substantial role in the recruit-
ment of transcriptional coactivator proteins (including 
the p160 coactivators that can interact with both the 
AR NTD and LBD).

Structural Changes in AR Mediated  
by Antagonist Binding

All characterized steroidal and nonsteroidal AR antag-
onists bind to the steroid binding pocket in the LBD 
and function as competitive inhibitors of androgen 
binding. Significantly, crystal structures of the wild-type 
AR bound to antagonists have not yet been success-
fully generated. However, certain mutations in the AR 
LBD can convert AR antagonists into agonists, and 

crystal structures of these antagonist-liganded mutant 
AR LBDs have been obtained [16–20]. Moreover, 
crystal structures of other steroid receptors bound to 
antagonists can be used to model AR. Overall, these 
studies reveal two general mechanisms by which 
antagonists may inhibit AR transcriptional activity.

One mechanism is by distortion of the ligand-binding 
pocket. Binding of hydroxyflutamide (HF, the active 
metabolite of flutamide) forces repositioning of a 
threonine residue at codon 877 in the ligand-binding 
pocket. This is presumed to distort the LBD, preventing 
the movement of helix 12 into the agonist position 
and the generation of the coactivator binding site. 
Indeed, the HF liganded AR LBD does not bind to 
LXXLL motif containing coactivators and does not 
interact with the FQNLF peptide in the AR NTD. A 
threonine to alanine mutation in codon 877 can gener-
ate increased space to accommodate HF binding, so 
the T877A mutant AR is strongly stimulated by HF 
(but not by bicalutamide). Significantly, this T877A 
mutation is found with increased frequency in CRPC 
patients who were treated initially with flutamide [21] 
(see below). Nilutamide and cyproterone acetate 
appear to function in a manner similar to HF by dis-
torting the ligand binding pocket, and their agonist 
activity is enhanced by T877A and related mutations.

Bicalutamide still inhibits the T877A mutant AR, 
but an AR with a tryptophan 741 to leucine mutation is 
strongly stimulated by bicalutamide. This W741L 
mutation has also been identified in patients treated 
with bicalutamide and in LNCaP cells adapted to grow 
in the presence of bicalutamide [22, 23]. The crystal 
structure of the bicalutamide-liganded W741L mutant 
AR LBD indicates that bicalutamide makes direct 
contact with this residue, and likely forces tryptophan 
(in the wild-type AR) to move into a position where it 
directly or indirectly prevents the appropriate position-
ing of helix 12 [24] (Fig. 6.2). As mentioned above for 
HF, the bicalutamide-liganded wild-type AR LBD 
cannot effectively recruit coactivator proteins or mediate 
binding of the AR NTD [10].

A second mechanism of antagonism is best 
exemplified by the tamoxifen and raloxifene liganded 
ERa. Rather than distorting the steroid binding pocket, 
crystal structures of the tamoxifen- and raloxifene-
liganded ERa show that bulky side groups of these 
drugs stick out from the ligand-binding pocket and 
directly block the surface that would be occupied by 
helix 12 in response to agonists, forcing helix 12 into 
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alternative nonagonist positions [25, 26]. As a result, 
the LXXLL motif-binding cleft is not generated, and 
the ERa does not effectively recruit coactivator proteins. 
With respect to AR, this is the likely mechanism for 
antagonism by mifepristone, which is also an antag-
onist for the glucocorticoid and progesterone receptors 
[27], and for a recently synthesized AR antagonist [28].

As noted above, an important consequence of ago-
nist-induced positioning of helix 12 is that it caps the 
ligand-binding pocket, which prevents ligand dissocia-
tion and thereby increases the affinity for agonist 
ligands. In contrast, it is presumed that the alternative 
positioning of helix 12 in response to antagonists does 
not stabilize antagonist binding, resulting in a more 
rapid dissociation rate and lower overall affinity for 
the antagonist. Significantly, this fundamental differ-
ence in agonist- versus antagonist-induced positioning 
of helix 12 may limit the ability to develop potent 
competitive antagonists for testosterone and DHT.

Role of Transcriptional Corepressors  
in AR Antagonist Action

In the absence of ligand, nonsteroidal nuclear receptors 
such as thyroid and retinoid receptors repress transcription 
by recruiting the corepressor proteins NCoR and SMRT, 

which are associated with histone deacetylase 3. Binding 
of these corepressor proteins is mediated by extended 
LXXLL-like motifs (L-X-X-I/H-I-X-X-X-L/I), termed 
corepressor nuclear receptor boxes (CoRNR boxes), 
which are located in the C-terminal half of NCoR and 
SMRT. The positioning of helix 12 away from helices 
3 to 5 in unliganded nuclear receptors opens the 
LXXLL site to accommodate these larger CoRNR 
boxes, which make three helical turns (versus two 
turns for LXXLL motifs). While the nonsteroidal 
nuclear receptors bind DNA in the absence of ligand 
and actively repress transcription via NCoR and SMRT 
recruitment, DNA binding by steroid receptors is gen-
erally ligand-dependent and mediated physiologically 
by agonist ligands. Nonetheless, certain steroid hor-
mone receptor antagonists (or partial agonists) can 
stimulate DNA binding and recruitment of NCoR or 
SMRT. This appears to contribute to the action of the 
ERa antagonists tamoxifen and raloxifene. As noted 
above, the crystal structures of the tamoxifen- and 
raloxifene-liganded ERa show that the side groups of 
these drugs force alternative nonagonist positions for 
helix 12 [25, 26]. In addition to impairing recruitment 
of coactivator proteins, this repositioning of helix 12 
allows corepressor binding. Significantly, the tissue-
selective activities of these drugs (antagonists in breast 
cancer and agonists in bone and other tissues) appear 
to reflect the relative levels of transcriptional coactiva-
tors versus corepressors in the respective tissues [29]. 

Fig. 6.2 Structure of bicalutamide-liganded W741L mutant 
AR versus DHT-liganded wild-type AR. The substitution of leu-
cine for tryptophan at residue 741 allows bicalutamide to bind 
and helix 12 to fold into the agonist position. In contrast, based 

on the positioning of tryptophan in the wild-type DHT-liganded 
AR (inset), it appears that bicalutamide binding to the wild-type 
AR would force the repositioning of tryptophan 741 and either 
distort helix 4 or directly interfere with helix 12
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Biochemical studies of mifepristone similarly indicate 
that its antagonist activity against the glucocorticoid 
and progesterone receptors as well as AR is enhanced 
by the recruitment of NCoR or SMRT [30–34].

In contrast to other steroid receptors, the agonist-
liganded AR interacts with NCoR and SMRT [35–37]. 
The interaction between AR and these corepressors is 
complex as NCoR and SMRT interact with both the 
AR LBD (via CoRNR boxes) and the AR NTD (via 
direct interactions and indirectly through an adaptor 
protein, TAB2) (see below) [34, 36, 38, 39]. Moreover, 
RNAi approaches have shown that NCoR and SMRT 
function at physiological levels as negative regulators 
of androgen stimulated AR transcriptional activity [34, 
40, 41]. AR recruitment of NCoR, as assessed by chro-
matin immunoprecipitation (ChIP), is increased by AR 
antagonists or partial agonists including bicalutamide, 
hydroxyflutamide, and cyproterone acetate, although 
mifepristone appears to mediate more robust NCoR/
SMRT recruitment [33, 34]. Consistent with NCoR/
SMRT recruitment, downregulation of these corepres-
sors by RNAi or other mechanisms can increase the 
agonist activity of AR antagonists such as hydroxyflu-
tamide that have partial agonist activity [34, 40, 42–
45]. Loss of NCoR/SMRT may also stimulate the 
agonist activity of the bicalutamide-liganded AR, 
though additional factors may be required to augment 
coactivator activity (see below).

Clinical Applications of AR  
Antagonists in CaP

AR antagonists are used as single agents or in con-
junction with suppression of testicular androgen 
synthesis (surgical castration or medical castration by 
administration of an LHRH superagonist) for the 
initial systemic treatment of CaP. AR antagonists are 
also used in CaP that recurs after initial castration 
therapy. These recurrent tumors have been termed 
hormone refractory, androgen-independent, or castra-
tion-resistant prostate cancers (CRPC), the latter 
being the currently preferred term as it does not have 
mechanistic implications. However, as outlined 
below, the efficacy of AR antagonists in each of these 
settings and how their use may be optimized remain 
as important questions.

AR Antagonist Monotherapy  
in Previously Untreated Patients

Flutamide (with or without finasteride) and nilutamide 
as single agents have efficacy in previously untreated 
CaP but have not been directly compared to castration 
in clinical trials and are not commonly prescribed as 
monotherapy. Bicalutamide at a standard dose (50 mg/
day) is less effective than castration, and at a higher 
dose (150 mg/day) it was less effective than castration 
in terms of survival in men with metastatic CaP [46]. 
In contrast, bicalutamide at 150 mg/day appears to be 
equivalent to castration in terms of time to progression 
and overall mortality in previously untreated men with 
nonmetastatic locally advanced disease [47, 48]. Another 
trial compared initial bicalutamide monotherapy 
(150 mg/day) and castration at disease progression 
with up front combined goserelin plus flutamide and 
found no difference in disease-specific or overall mortal-
ity [49]. However, an unexplained increase in overall 
mortality was observed in a subgroup that was treated 
only with bicalutamide. Further studies of 150 mg/day 
bicalutamide versus primary therapy (radical prostate-
ctomy, radiation, or watchful waiting) in men with 
early stage CaP showed no improvement in pro-
gression-free survival for the bicalutamide group, and 
a small increase in nonprostate-specific mortality was 
observed in the bicalutamide versus watchful waiting 
group [50]. Bicalutamide monotherapy has not been 
approved by the U.S. Food and Drug Administration 
for use in CaP but is commonly prescribed outside 
the U.S.

While AR antagonists as single agents appear infe-
rior to castration, particularly in men with more 
advanced CaP, they have advantages with respect to 
side effects. Recent studies have clearly established 
the negative metabolic consequences of castration, 
which include weight gain, increased cardiovascular 
mortality, bone and muscle loss, and glucose intoler-
ance [51, 52]. In contrast, these effects are not observed 
in patients treated with single agent nonsteroidal 
antagonists [53, 54]. This likely reflects the differences 
in effects on steroid hormone levels, with testosterone 
and estradiol being decreased in response to castration 
versus modestly increased in patients treated with non-
steroidal AR antagonists (GnRH levels are decreased 
by cyproterone acetate due to its progestin activity). In 
some patients, the maintained or increased sex steroid 
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levels after treatment with nonsteroidal AR antagonists, 
possibly in conjunction with lower CNS levels of these 
drugs, also results in less loss of libido and sexual 
function compared to castration.

Combined Castration and AR Antagonist 
Therapy (Combined Androgen  
Blockade, CAB)

The pioneering work of Huggins and others showed 
that bilateral surgical adrenalectomy or hypophysec-
tomy to ablate adrenal androgen production resulted in 
objective responses in about one-third of patients and 
pain relief in more than two-third of them. This surgi-
cal approach to ablate adrenal androgens was later 
replaced by medical adrenalectomy with aminoglute-
thimide or ketoconazole (both suppress adrenal andro-
gen synthesis), which yielded similar results. While 
most responses to suppression or ablation of adrenal 
androgen production in CRPC were partial and tran-
sient, they suggested that adrenal androgens were pro-
viding some stimulus for CRPC and that blocking 
adrenal androgens at an earlier stage may be benefi-
cial. This led to a series of clinical trials that compared 
castration alone (orchiectomy or LHRH superagonist 
monotherapy) versus castration plus an AR antagonist 
(flutamide, bicalutamide, cyproterone acetate, or nilut-
amide) to block AR stimulation by residual adrenal 
androgens (combined androgen blockade, CAB).

Although the combined therapies resulted in more 
rapid responses and lower nadir PSA levels, the results 
of the largest trial and meta-analyses of the multiple 
other trials showed that the addition of AR antagonists 
caused only a very small (approximately 2%) improve-
ment in survival [55, 56]. Importantly, the conclusion 
that can be drawn from these studies is that the avail-
able AR antagonists do not have substantial activity 
against the tumor cells that survive castration and 
emerge as CRPC. Consistent with this conclusion, the 
majority of CRPC that occur after orchiectomy or 
LHRH superagonist monotherapy do not respond to 
secondary treatments with AR antagonists, including 
high dose therapy (150–200 mg/day) with bicalut-
amide (see below) [57–59]. The efficacy of CAB will 
need to be readdressed as more effective AR antago-
nists or other approaches to suppress AR activity are 
developed (see below).

AR Antagonist Withdrawal Responses

Responses to the withdrawal of nonsteroidal AR 
antagonists were first observed when flutamide was 
discontinued in patients who relapsed after combined 
castration plus flutamide treatment [60, 61], and have 
since been documented for withdrawal of bicalutamide 
and nilutamide [62–65]. In a recent multi-institutional 
prospective trial, withdrawal responses (>50% decline 
in PSA) were observed in 24, 13, and 25% of patients 
after discontinuing flutamide, bicalutamide, and nilut-
amide, respectively [66]. Median progression-free 
 survival was only 3 months, but prolonged responses 
(>1 year) were observed in 19% of responders. Longer 
duration of AR antagonist use was a predictor of 
response and progression-free survival.

The molecular basis for these withdrawal responses 
remains unclear but likely reflects multiple adaptations 
by the tumor cells that can enhance the partial agonist 
activities of these antagonists, including mutations in 
the AR LBD (see below). Interestingly, two studies 
found that withdrawal responses could be enhanced by 
suppression of adrenal androgen synthesis, suggesting 
that adrenal androgens (or intratumoral synthesized 
androgens, see below) are stimulating all or a subset of 
tumor cells in these patients after AR antagonist with-
drawal [67, 68]. However, a randomized trial compar-
ing anti-androgen withdrawal combined with adrenal 
androgen suppression (ketoconazole/hydrocortisone) 
to sequential anti-androgen withdrawal followed by 
adrenal androgen suppression at progression demon-
strated no significant clinical benefits [68].

AR Antagonists in CRPC

AR and AR-regulated genes are still expressed at high 
levels in CRPC, indicating that AR transcriptional 
activity is reactivated in these tumors and that AR 
remains a therapeutic target [69–73]. Consistent with 
this conclusion, patients with CRPC who were not 
treated with an AR antagonist during their initial 
androgen deprivation therapy may respond to treatment 
with an AR antagonist (or to a switch to another AR 
antagonist), though response rates (>50% PSA decline) 
are generally low (15–40%) and transient (3–6 months) 
[58, 59, 74, 75]. Understanding why AR antagonists 
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do not substantially enhance responses to castration 
therapy in the initial therapy of CaP and why these 
drugs are relatively ineffective in CRPC is clearly criti-
cal for the development of more effective AR antago-
nists. Therefore, the section below outlines mechanisms 
that may contribute to their loss of function in CRPC.

Mechanism Mediating AR Reactivation 
and Resistance to AR Antagonists in CRPC

Increased AR Expression

AR mRNA is consistently increased in CRPC (though 
protein levels may be more variable) with AR gene 
amplification in approximately one-third of cases [70, 
72, 73, 76, 77]. Increased AR protein would presum-
ably amplify residual AR activity and may enhance the 
agonist activity of bicalutamide by unclear mecha-
nisms [78]. A recent study investigated bicalutamide 
resistance in C4–2 cells, which are derived from a 
LNCaP xenograft that relapsed after castration. 
Bicalutamide did not have AR agonist activity in these 
cells, but it was unable to inhibit basal AR NTD tran-
scriptional activity, suggesting that uncoupling of the 
NTD from inhibition by the LBD (by unclear mecha-
nisms) may contribute to bicalutamide resistance in 
CRPC [79].

Expression of Antagonist  
Activated Mutant ARs

AR mutations identified in CRPC can enhance AR acti-
vation by weak androgens, other steroid hormones, or 
AR antagonists [77, 80]. While the overall frequency 
of AR mutations in patients treated with castration 
alone was low [22], mutant ARs that were stimulated 
by hydroxyflutamide were more frequent (~one-third 
of cases) in patients who relapsed after combined 
androgen blockade with flutamide, indicating that 
there is positive selection for these mutations [21]. 
Moreover, these flutamide-activated mutant ARs are still 
inhibited by bicalutamide, and patients who relapse 
with CRPC after combined castration plus flutamide 
therapy have increased responses to bicalutamide [21, 

58, 59]. A mutant AR (W741C) that is activated by 
bicalutamide has also been found in patients treated 
with bicalutamide [22] and in LNCaP CaP cells 
adapted to grow in the presence of bicalutamide [23].

Increased Intratumoral  
Androgen Synthesis

Direct measurements of intraprostatic androgens in 
castrated men with locally recurrent CRPC have shown 
that levels are increased compared to those in prostate 
soon after castration and are not significantly lower 
than levels prior to castration, indicating that increased 
testosterone uptake or synthesis by tumor cells may be 
a mechanism for reactivation of AR activity [71, 81, 
82]. Moreover, a recent study has found that testoster-
one levels in metastatic CRPC samples are actually 
higher than in prostate from eugonadal men, despite 
castrate levels of serum androgens [73]. Gene expres-
sion studies in CRPC have revealed increased levels of 
multiple enzymes that mediate synthesis of weak 
androgens (DHEA and androstenedione) from choles-
terol (including CYP17A), and enzymes mediating 
synthesis of testosterone and DHT from weak andro-
gens [70, 72, 73, 83]. Importantly, the efficacy of AR 
antagonists, which are weak competitive inhibitors of 
testosterone and DHT binding, would clearly be 
impaired by high levels of intracellular androgens. The 
synthesis of weak androgens (by the adrenals and, 
presumably, the tumor cells) can be suppressed by 
CYP17A inhibitors including ketoconazole and by a 
more potent inhibitor, abiraterone, which is currently 
in phase III clinical trials [84]. Therefore, it will be 
of interest to determine whether the efficacy of AR 
antagonists can be enhanced by these or other inhibitors 
of androgen synthesis.

Altered Expression of Transcriptional 
Coactivator Versus Corepressor Proteins

Data from several groups indicate that expression of 
transcriptional coactivator proteins is increased in 
CRPC, which would increase residual AR activity and 
may enhance partial agonist activity of AR antagonists 
[85, 86]. With respect to corepressors, NCoR and SMRT 
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are recruited as part of a complex containing HDAC3, 
TBL1, TBLR1, and TAB2 [45, 87–90]. TAB2 phos-
phorylation by MEKK1 in response to inflammatory 
signals has been shown to result in loss of the NCoR/
HDAC3 complex from the AR and has also been 
reported to convert bicalutamide to an agonist [45, 91]. 
Using RNAi approaches, we have failed to detect 
bicalutamide agonist activity in response to NCoR or 
SMRT downregulation [41], but loss of NCoR via the 
MEKK1/TAB2 mechanism versus NCoR downregula-
tion by siRNA may result in functionally distinct com-
plexes, with MEKK1 possibly having additional effects 
that enhance coactivator recruitment by the bicalut-
amide-liganded AR. In any case, further analyses of 
links between inflammation and AR antagonist resis-
tance are clearly warranted.

Enhanced Responses to Low Androgen 
Levels Mediated by Activation  
of Kinase Signaling Pathways

Studies in cell culture and xenografts indicate that CaP 
cells can adapt to markedly enhance their responses to 
low (subnanomolar) androgen concentrations, which 
would presumably increase their resistance to weak 
competitive AR antagonists. This AR hypersensitivity 
may occur in response to activation of certain kinases, 
including protein kinase A, ErbB2, Ras, c-Src, Cdk1, 
and the PI3 kinase/Akt pathway. The molecular basis 
for AR activation by these kinases is unclear but may 
include direct phosphorylation of AR or coactivator 
proteins. Further studies are needed to determine the 
extent to which these pathways contribute to AR 
activation and antagonist resistance in CRPC.

New AR Antagonists and Future 
Directions

While it may be possible to enhance the efficacy of 
available AR antagonists by targeting one or more of 
the mechanisms outlined above, it seems clear that 
there is a need for new AR antagonists that are more 
potent or function by novel mechanisms. BMS 641988 
represents a chemically novel class of nonsteroidal AR 

antagonists [92]. This compound is ~tenfold more 
potent than bicalutamide and is currently in phase I 
evaluation. MDV3100 is a nonsteroidal AR antagonist 
that functions by a novel mechanism (blocking nuclear 
transport), and it is about to enter phase III testing. 
Additional promising approaches are the development 
of antagonists that enhance AR degradation [93] or 
recruitment of corepressor proteins [33, 34, 94].
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Abstract Androgenic effects in prostate cancer cells 
depend on the synthesis and metabolism of hor-
mones and the presence of androgen receptor. 5-alpha 
reductase isoenzymes I and II differ in chromo-
somal localization, pH optimum, enzyme kinetics, 
and expression in benign and malignant prostate 
 tissue. In prostate cancer tissues, there is an increased 
expression of the isoenzyme type I. The possibilities 
for pharmacological intervention include drug(s) that 
inhibit both isoforms such as dutasteride or extract 
from Serenoa repens or type II inhibitors such as 
finasteride. 5-alpha reductase inhibitors are used in 
benign prostate hyperplasia therapy, and it has been 
postulated that they may also be beneficial in preven-
tive strategies for prostate cancer. Due to its dual effect 
on 5-alpha reductase inhibition, dutasteride may be 
preferred over finasteride for prostate cancer preven-
tion. Data from large clinical studies have indicated 
that these inhibitors reduce the risk of prostate cancer; 
however, there are concerns that should be discussed. 
Importantly, there may be an increased number of 
high-grade Gleason tumors in patients treated with 
finasteride.

Keywords 5-alpha reductase • Dutasteride • Finasteride  
• Izoenzyme • Prostate cancer

Introduction

Prostate cancer (CaP) dependency on androgenic 
 stimulation has been well known since the early work of 
Huggins and Hodges in the twentieth century. Therapies 
for advanced prostate cancer are therefore based on 
 inhibition of androgenic stimulation but are palliative 
only. A number of paracrine and autocrine factors that 
stimulate the growth of CaP have been identified, and 
some novel experimental therapies have been considered 
in combination with antiandrogen treatment. The two 
most important androgenic steroids are testosterone and 
dihydrotestosterone (DHT). They both bind to the 
androgen receptor (AR). Conventional nonsteroidal anti-
androgens, such as hydroxyflutamide and bicalutamide, 
are effective for a certain time period and cause a tempo-
rary control of tumor growth. It was shown that these two 
antiandrogens may act as agonists under certain condi-
tions [1, 2]. In particular, a prolonged treatment with an 
antiandrogen may lead to appearance of receptor muta-
tions. If mutant ARs are stimulated by antiandrogens, one 
could understand that the tumor growth is paradoxically 
promoted by the drug. It should be kept in mind that AR 
expression and transcriptional activity may increase 
during long-term androgen ablation. The data obtained in 
several laboratories indicate that the inhibition of the 
ligand–receptor axis of AR may be reasonable in a sub-
group of patients who present with a late stage tumor [3, 4]. 
On the other hand, there is experimental evidence show-
ing the role of the AR in maintaining  differentiation 
 function of the prostate gland. Prostate-specific antigen 
(PSA) is thus induced by some nonsteroidal agents such 
as interleukin-6, phenylbutyrate, and phenylacetate [5, 6]. 
Current therapies cannot unfortunately distinguish 
between the inhibition of proliferation and differentiation 
mediated by the AR. In this chapter, there is a focus on 

Chapter 7
5-Alpha Reductase Inhibitors in Prostate Cancer

Zoran Culig 

Z. Culig () 
Department of Urology, Innsbruck Medical University, 
Innsbruck, Austria 
e-mail: zoran.culig@l-med.ac.at



84 Z. Culig

therapeutic inhibition of the androgen–AR axis by 
 interfering with production of the ligand DHT.

Androgens and Androgen Receptor

There is a major difference between testosterone and 
its derivative DHT in the binding affinity for the AR. It 
has been shown that the binding affinity of testosterone 
is about one-third of that of DHT. Consequently, higher 
concentrations of testosterone are required to achieve 
the same effect. In many in vitro experiments, the syn-
thetic androgens such as methyltrienolone (R1881) or 
mibolerone are used because of their low metabolic 
rate in comparison with natural androgens. Binding of 
androgens to the receptor leads to receptor transloca-
tion to the nucleus where the ligand–receptor complex 
is recruited onto DNA sequences of promoters of tar-
get genes. Importantly, testosterone and DHT regulate 
the proliferation in a biphasic manner thus stimulating 
cellular growth at lower concentrations. It is known 
that this effect is mostly mediated through stimulation 
of cyclin-dependent kinases and cyclins [7]. At higher 
androgen concentrations, the inhibitors of cell cycle 
such as p27 or p21 are induced. There is a growing 
body of evidence clearly showing that AR-associated 
coactivators are required for optimal action of andro-
gens. The knowledge on coactivators whose expres-
sion has increased in prostate cancer is being improved 
recently. It is, however, not known whether there are 
preferential coactivators for DHT and testosterone in 
benign and malignant prostate cells. Some of the 
coactivators are being considered targets for therapy 
because of their high expression in CaP and promotion 
of agonistic activities of antiandrogens and stimulation 
of proliferation and migration [8, 9]. Interestingly, it 
was shown that the transcriptional integrator p300 may 
even replace the AR in induction of expression of spe-
cific genes in prostate cancer cells [10].

Conversion of Testosterone  
to DHT: 5-Alpha Reductase

The 5-alpha reductase enzyme, which is membrane-
associated and NAPDH-dependent, exists in two 

 isoforms in the human body: type I (SRD5A1), which 
is expressed in the liver and skin, and type II (SRD5A2), 
which is predominant in the prostate [11]. Chromo-
somal localization of these two isoforms differs; while 
the gene encoding the type I 5-alpha reductase is 
located on chromosome 5, the gene for the 5-alpha 
reductase II is situated on chromosome 2. The two 
 isoforms do have a dissimilar homology and enzyme 
kinetics. The pH optimum for the isoenzyme I is 
between 6 and 8 and for the isoenzyme II between 
5 and 6. The type II isoform has a higher affinity for 
testosterone than the type I isoform. 5-alpha reductase 
type I requires a higher steroid substrate concentration 
to achieve a half maximal rate of DHT production.

In the organs of the genitourinary system, the 
5-alpha reductase I isoenzyme is expressed in prepu-
tial skin, whereas stromal cells in the seminal vesicle 
are type II-positive. A clinical syndrome of 5-alpha 
reductase deficiency is not associated with the type I 
isoenzyme. A genetic mutation of the type II 5-alpha 
reductase was discovered in a male population of the 
Dominican Republic [12]. Due to this somatic muta-
tion, affected subjects present with ambiguous genita-
lia at birth and rudimentary prostate. Partial virilization 
is sometimes observed in males during puberty because 
of an increased expression of the type I enzyme. 
Defects in virilization were also reported in male mon-
keys that were treated with an inhibitor of type II 
5-alpha reductase . In individuals with 5-alpha reductase 
II mutations, there is no development of benign pros-
tate hyperplasia (BPH) or prostate cancer. In the 
 prostate gland, 5-alpha reductase type II was detected 
in both epithelial and stromal cells.

The Role of 5-Alpha Reductase in the 
Nonmalignant Disease of the Prostate

Androgens regulate vasculogenesis in both benign and 
malignant prostate tissue. The underlying mechanism 
involves upregulation of vascular endothelial growth 
factor [13]. Since BPH is characterized by increased 
blood flow, the inhibitors of 5-alpha reductase may 
provide some relief in this disorder. In addition, the 
inhibitors of 5-alpha reductase could be used for 
 prophylaxis of BPH complications. However, it is 
 generally accepted that these drugs should not be used 
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in individuals who have severe BPH symptoms [14]. 
If the medication is discontinued, the symptoms  usually 
reappear.

5-Alpha Reductase and Cancer

With the development of specific anti-5-alpha reductase 
antibodies, it has become possible to perform isotype-
specific immunohistochemical and Western blot anal-
yses. In general, these studies yielded the consensus 
that the relationship between the enzyme isoforms 
I and II may change in prostate tumor development 
and carcinogenesis. Moreover, it was confirmed by 
 steroid 5-alpha reductase in vitro assays that the activity 
of 5-alpha reductase I increases in prostate cancer [15]. 
Thus, the isoform I may become, for reasons which are 
not completely clear, the predominant isoform in high-
grade prostate intraepithelial neoplasia and malig-
nancy. It has been speculated that under conditions in 
which the hypoxia-inducible factor 1 alpha is elevated, 
the promoter of carboanhydrase 9, a tumor-associated 
transmembrane enzyme that influences intracellular 
pH towards increased activity of the isoenzyme type I, 
becomes more active. Since Mohler’s group demon-
strated that the intraprostatic androgens are present at 
sufficient levels to stimulate growth of recurrent 
tumors, the presence of the 5-alpha reductase in  clinical 
specimens is clinically relevant [16]. Testosterone lev-
els of 3.75 pmol/g tissue were measured in recurrent 
tumors, whereas its content in androgen-stimulated 
benign prostate was 2.75 pmol/g. When 5-alpha 
reductase was compared between different grades of 
localized prostate tumors by immunohistochemistry, it 
was shown, however, that there is an increase of either 
5-alpha reductase isoenzyme with a higher Gleason 
grade [17]. It is also interesting that Habib and associ-
ates reported the loss of both 5-alpha reductase iso-
forms in metastatic lymph node and bone lesions of 
CaP [18]. This finding is important and undoubtedly 
leads to some novel questions related to the generation 
of androgens in the metastatic lesions of CaP. In pros-
tate cancer, there is either the presence of AR in meta-
static lesions or its absence due to epigenetic changes 
in the promoter of the gene [19, 20].

Somatic 5-alpha reductase mutations may occur in 
prostate cancer tissue. Makriadis and associates 

reported that such mutations could be detected in about 
two third of CaP patients [21]. These mutations may 
lead to either increased or decreased activity of the 
enzyme, or they may not change its activity. The muta-
tions with increased 5-alpha reductase activity appear 
to be more common than those with an opposite effect. 
The presence of 5-alpha reductase mutations should be 
taken into consideration when discussing the respon-
siveness of individual patients to therapy with 5-alpha 
reductase inhibitors. Most mutations of the coding 
region of the 5-alpha reductase gene occurred early in 
prostate cancer development. A49T mutation of the 
5-alpha reductase gene has increased the risk of 
African-American men by 7.2-fold and of men of 
Hispanic origin in Los Angeles by 3.6-fold [22]. The 
higher risk may be due to an increased conversion of 
testosterone into DHT.

5-Alpha Reductase Inhibitors

5-alpha reductase inhibitors lead, in general, to 
 inhibition of DHT serum concentration, whereas the 
testosterone serum levels are elevated. Intraprostatic 
levels of DHT, however, remain significantly lower 
after treatment with an 5-alpha reductase inhibitor. 
Pharmacological inhibitors of 5-alpha reductase 
 discussed in the chapter are finasteride and dutasteride. 
There is no specific 5-alpha reductase type I isoform 
inhibitor available in the market. The first compound 
is a product of Merck that was developed earlier and 
inhibits the type II isoform. Several years after the 
development of finasteride, GlaxoSmithKline developed 
dutasteride, a drug that inhibits both enzyme isoforms 
and causes a stronger inhibition of intraprostatic DHT 
expression. Dutasteride is approved at a dosage of 
0.5 mg/day orally for the treatment of BPH. A higher 
percentage of primary cultures of prostate cancer cells 
was inhibited by dutasteride than finasteride [23]. 
Dutasteride was found to exert a more potent effect on 
the H rat prostate Dunning tumor that contains 
increased levels of the type I enzyme. In preclinical 
research with LNCaP xenografts, the effects of 
 finasteride and dutasteride were compared by Xu and 
associates [24]. They reported a double advantage 
for dutasteride, causing an inhibition of xenograft 
growth that is more effective than that caused by 
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 castration alone. The effect of dutasteride was also 
more pronounced than that of finasteride. Dutasteride 
has been also identified as a molecule that inhibits 
enzyme fatty acid synthase that is overexpressed in 
CaP and correlates with a poor prognosis. The genes 
involved in metabolism and catalytic activity are 
strongly influenced by treatment with dutasteride 
in vitro [25]. Dutasteride also upregulated the expres-
sion of caspases 3 and 7 and genes involved in the 
 pro-apoptotic pathway of FasL/tumor necrosis factor 
alpha. Thus, experimental data have indicated that dual 
5-alpha reductase inhibitor(s) may be more appropriate 
for prevention and/or therapy than a single type inhibi-
tor. Since the treatment with dutasteride will not 
 eliminate all androgenic actions in prostate cancer, the 
addition of an antiandrogen to a therapy regimen may 
be appropriate. Finasteride, in combination with 
 intermittent androgen withdrawal, improved survival 
of mice bearing LNCaP tumor [26]. On the other hand, 
it was found that finasteride has a favorable effect on 
the Bcl-2/Bax ratio and also decreases Bcl-x. The same 
authors showed that finasteride increases the effect on 
caspase 3, thus confirming induction of apoptosis. 
In other studies, it was reported that finasteride may 
prevent the progression of rat prostate cancer to 
 macroscopic disease [27].

Clinical Studies with 5-Alpha Reductase 
Inhibitors in Prostate Cancer

Different study endpoints have been considered in 
clinical studies with 5-alpha reductase inhibitors. Some 
investigators follow a decrease in serum PSA parameters. 
This section focuses on the proposed role of finasteride 
in prevention of prostate cancer and discusses the reasons 
for the controversial findings reported. In an early 
 clinical study, finasteride treatment over 6 weeks was 
associated with a decrease in PSA in individuals who 

did not present with a positive bone scan [28]. Similar 
findings were obtained in another study in which the 
most notable response was that of PSA [29]. However, 
it should be kept in mind that PSA is not a useful 
 endpoint for a study with finasteride since it is known 
that finasteride itself has a negative regulatory effect on 
PSA. Finasteride inhibits complex formation between 
steroid receptor-binding consensus and nuclear proteins 
as a consequence of AR expression inhibition [30]. 
In this context, it is worthwhile to note that the phyto-
therapeutic agent Serenoa repens has an effect on 
5-alpha reductase inhibition in the growth of prostate 
cancer cell lines without affecting PSA protein expres-
sion [31]. Thus, Serenoa repens, a dual 5-alpha 
reductase inhibitor, does not interfere with expression 
or transcriptional activity of the AR. Prostate cancer 
cells treated with Serenoa repens show accumulation 
of lipids in the cytoplasm and damage of mitochon-
drial and nuclear membranes. However, it should 
be pointed out that the strong effects of Serenoa 
repens were not observed by all researchers and may 
be cell context-dependent. In addition to inhibition of 
5-alpha reductase, alternative mechanisms such as anti-
inflammatory action by which Serenoa repens inhibits 
tumor growth are being discussed.

In much larger studies, such as Prostate Cancer 
Prevention Trial (PCPT) study, medical therapy of 
prostate symptoms (MTOPS), and the phase IIIa pro-
gram for dutasteride, the focus was on (a) treatment of 
BPH and (b) prevention of cancer development 
(Table 7.1). Male individuals with high levels of PSA 
(>10 ng/ml) were excluded from the studies because of 
the likelihood of the presence of prostate cancer. At 
present, it is rather difficult to distinguish between 
clinically indolent and significant cancers detected in 
large prevention studies, especially if the Gleason 
score is intermediate. Considerable effort has been 
taken to better distinguish between these two groups 
on the basis of genomic and proteomic analyses; how-
ever, there are remarkable differences between the 
results reported from different centers.

Table 7.1 Large clinical studies with  
5-alpha reductase inhibitors in prostate 
diseases

Study
Number of 
subjects

End of 
the study

Effect on cancer 
incidence

Higher gleason 
score

PCPT 1,300 Yes Yes Yes
MTOPS 18,882 Yes
IIIa for dutasteride 1,908 Yes
Reduce 8,000 No
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In the MTOPS study, which was designed to assess 
the effects of finasteride alone or in combination with 
the blocker of alpha 1-adrenoreceptor doxazosine, 
more than 1,300 men participated [32]. It was evident 
that the percentage of prostate cancer-positive biopsies 
decreased in patients who were treated with finasteride. 
It was found that finasteride treatment had provided 
beneficial effects on BPH symptoms. One of the issues 
that cause controversies in discussions on the impact 
of finasteride treatment for prostate cancer is an 
increasing number of tumors detected with a higher 
Gleason score (i.e., 7–10) [33]. In the dutasteride study, 
there was no evidence for increased risk of high 
Gleason score cancer following inhibition of 5-alpha 
reductase. There is a concern that most studies cited in 
this paragraph are more relevant to BPH rather than 
cancer biology, and the results regarding cancer histol-
ogy could not be accepted with confidence.

The largest number of patients (n = 18,882 subjects) 
in a single study was recruited in the PCPT study 
 performed between 1994 and 2004 [34]. The study 
 subjects had normal digital rectal examination and 
serum PSA level lower than 3 ng/ml. The patients were 
randomized to take either finasteride or placebo. The 
difference in the cancer prevalence between 24.4% 
 (placebo group) and 18.4% (finasteride group) was 
found to be statistically significant. Considering the 
clinical stage, most of the tumors detected in the study 
were T1 and T2. In the finasteride group, most tumors 
were less likely to be bilateral. At the same time, the 
percentage of high Gleason score tumors (7–10) was 
37% after finasteride treatment in contrast to 22% in the 
placebo group. However, the validity of these results 
was questioned because of a fewer number of biopsies 
performed in the group of patients who received finas-
teride. Other arguments against the causative role of 
finasteride include the lack of divergence over time, 
increase in PSA levels in patients receiving placebo 
only, and lack of assessment of prostate cancer status in 
men treated with finasteride. An “effect” of finasteride 
on the increase in the percentage of high-grade tumors 
might, in fact, be masked by a decrease in the percent-
age of low-grade tumors. For the REDUCE trial, 8,000 
individuals with increased risk of prostate cancer devel-
opment have been selected on the basis of clinical evalu-
ation and biopsy [35]. The running time of the REDUCE 
study is 4 years, and the study is international, multi-
centered, randomized, double-blinded, and placebo-
controlled.

Both finasteride and dutasteride have an impact on 
reduction of prostate volume. Thus, the detection of 
prostate cancer may, in fact, increase since the tumors 
might be easily diagnosed due to a smaller volume of 
the prostate [36]. Dutasteride was applied in combina-
tion with bicalutamide prior to brachytherapy, and it 
was show to display an inhibitory effect on prostate 
volume comparable to that caused by luteinizing hor-
mone-releasing hormone [37].

Histologically, the effects of 5-alpha reductase 
inhibitors in prostate caused changes similar to those 
caused by androgen ablation therapy [38]. However, 
they were milder compared to those caused by andro-
gen withdrawal. Signs of atrophy and involution, exis-
tence of smaller nuclei and nucleoli, increased 
apoptosis, and reduced density of microvessels were 
seen. There is a consensus that Gleason grading could, 
therefore, not be appropriately determined after pros-
tate cancer treatment, with either anti-androgens or 
5-alpha reductase inhibitors. At present, there are sev-
eral novel molecules proposed to be used as markers 
for prostate cancer. They may be used in further stud-
ies with finasteride as well.

Some additional effects of finasteride treatment in 
prostate cancer may include impaired sexual function 
in these men, and in rare cases, disturbances such as 
depression or neurotoxicity.

In summary, although there is some clinical evi-
dence supporting the use of 5-alpha reductase inhibi-
tors in prostate cancer prevention, several additional 
studies seem to be justified. Further studies may be 
designed also with the aim of including information on 
the preventive effects of finasteride or dutasteride in 
ethnic groups with different levels of prostate cancer 
risk. The effectiveness of finasteride or dutasteride 
may be compared with that of some other agents being 
currently used such as selenium or resveratrol.
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Abstract It is well recognized that the vast majority 
of prostate cancers rely on testosterone for growth. 
Even after medical or surgical castration, a significant 
number of men will unfortunately experience disease 
progression manifested as an increasing prostate- 
specific antigen (PSA) or objective tumor growth. Left 
untreated, castration-resistant prostate cancer (CRPC) 
is uniformly fatal. It causes close to 30,000 deaths 
annually in the United States, with most men living 
only 2–4 years from the time castration resistance 
develops. In recent years, research has shown that 
despite castration resistance these tumors still retain 
sensitivity to low levels of circulating testosterone and 
other androgens. By inhibiting androgen synthesis, 
targeted adrenal androgen synthesis inhibitors slow 
the growth of castration-resistant tumors. The major 
agents in use today include corticosteroids, ketocon-
azole, aminoglutethimide, estrogens and progestins, 
as well as the novel CYP17 inhibitors abiraterone 
acetate, TAK-700 and TOK-001. The following article 
reviews the clinical data supporting the use of each of 
these adrenal androgen synthesis inhibitors in advanced 
prostate cancer, including the dosing, schedules, and 
common side effects.

Keywords Secondary hormonal therapy • Adrenal 
androgens • Androgen-independent prostate cancer  
• Hormone refractory prostate cancer • Phase I clinical 
trial • Pharmacokinetics

Introduction

For over 60 years, it has been recognized that testoster-
one plays a critical role in promoting the growth of 
adenocarcinoma of the prostate. Huggins and Hodges 
received the 1967 Nobel Prize for their discovery that 
surgical or medical castration could produce a striking 
regression of metastatic prostate cancer (CaP) and 
improve bone pain, lower urinary tract symptoms, and 
quality of life [1, 2]. Since then, hormonal suppression 
therapy has become the mainstay of treatment for men 
with metastatic prostate cancer at diagnosis or for men 
with  rising PSA or recurrent CaP after definitive sur-
gery or radiation. As surgical castration has become a 
less popular option in recent years, there has been 
growing interest in agents that can effectively deprive 
the  growing tumor of androgenic stimulation.

In the United States, there currently exist three major 
anti-hormonal classes of agents to suppress the growth of 
prostate cancer. These include the GnRH or LHRH ana-
logs leuprolide, goserelin, histrelin, degarelix, and trip-
torelin, the androgen receptor antagonists flutamide, 
bicalutamide, and nilutamide, and lastly the inhibitors of 
adrenal androgen synthesis, a heterogeneous group 
including corticosteroids, ketoconazole, and aminoglu-
tethimide. More recently, abiraterone acetate, a specific 
inhibitor of 17 alpha-hydroxylase-17, 20-lyase (CYP17), 
has generated significant interest in clinical studies and is 
currently being evaluated in phase III studies. Two other 
inhibitors of CYP17, TAK-700 and TOK-001 have also 
begun early phase clinical testing. Estrogens may also be 
included in the category of androgen synthesis inhibi-
tors, though they exert effects both in the adrenal gland 
as well as directly in the prostate cancer cell.

Given the wide array of agents available to treat 
patients with advanced prostate cancer, (defined as 
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 metastatic disease at diagnosis, or a rising PSA, or 
 recurrent disease after definitive surgery/radiation) the 
choice of initial, second-line, and in many cases third- 
and fourth-line agents can be confusing to the practitio-
ner. Particularly, when and where should adrenal 
androgen synthesis inhibitors be used? How effective 
are they at slowing the growth of prostate cancer? What 
are the major side effects of these therapies? To answer 
these questions, a review of the role of androgens in pro-
moting the growth of prostate cancer will be helpful.

The Role of Androgens

It has been long recognized that androgenic stimulation 
is the major factor promoting the growth and the malig-
nant transformation of prostatic tissue. Androgens are a 
group of chemically related 19-carbon steroid hormones 
produced in the adrenal cortex, testis, and ovaries; all are 
derived from cholesterol, a common precursor. 
Androgens exert their effect on prostate cell primarily 
via interaction with the androgen receptor (AR); this 
interaction promotes growth and cell division, while at 
the same time inhibits apoptosis. Among the androgens, 
testosterone and its derivative dihydrotestosterone (DHT) 
are the most potent in terms of prostate tumorigenesis 
and growth stimulus, though androgens arising from the 
adrenal gland such as androstenedione, dehydroepi-
androstenedione (DHEA), and DHEA-sulfate are capa-
ble of binding to and activating the AR [3]. It is important 
to remember that approximately 95% of all circulating 
testosterone is derived from the testes; the remainder is 
produced by the adrenal cortex. Thus, therapies targeting 
the adrenal glands can have an important role in further 
suppressing testosterone secretion.

Initial Therapy for Advanced Prostate 
Cancer: Orchiectomy and GnRH/LHRH 
Analogs

The fact that prostate cancer is uniquely sensitive to 
androgenic stimulation provides a clear rationale for anti-
hormonal therapy to slow the growth of prostate cancer. 
Androgen deprivation therapy (ADT) is the initial treat-
ment of choice for advanced prostate cancer and aims to 

inhibit signals for growth and development provided by 
androgens and, in particular, by testosterone. ADT was 
traditionally accomplished via either bilateral surgical 
orchiectomy or the use of estrogens, particularly diethyl-
stilbestrol (DES). While clinical trials proved DES to be 
as effective as orchiectomy in slowing tumor growth, the 
significant cardiovascular and thromboembolic toxicity 
associated with DES spurred the development and use of 
relatively less toxic GnRH/LHRH analogs. These agents 
markedly reduce circulating testosterone levels and 
induce state of castration, with fewer side effects than 
DES. The development and use of GnRH/LHRH analogs 
has since obviated the use of DES as a frontline therapy.

GnRH/LHRH therapy and orchiectomy can markedly 
improve bony pain in up to 90% of patients with  metastatic 
disease and can significantly slow objective tumor growth 
and PSA rise. A meta-analysis of ten  trials encompassing 
1,908 patients showed equivalence in overall survival 
between these two modalities [4]. Furthermore, several 
studies have demonstrated that ADT concurrent with or 
adjuvant to local therapies such as radiation or radical 
prostatectomy can improve disease-specific survival [5]. 
Guidelines issued by the American Society of Clinical 
Oncology currently  recommend surgical castration or the 
use of a GnRH/LHRH analog as the initial treatment for 
advanced prostate cancer [6].

An important aspect of LHRH therapy is that 
 testosterone levels decline by approximately 90%, 
leaving a small amount in the circulation that would be 
capable of stimulating a tumor that is hypersensitive to 
these low levels.

Second-Line Therapies for Advanced 
Prostate Cancer: Anti-Androgens and 
Anti-androgen-Withdrawal

The vast majority of patients with advanced prostate 
cancer treated initially with ADT in the form of LHRH 
agonist-based therapy will respond with a significant 
decrease in serum PSA and a reduction in radiographi-
cally evident disease. Despite this benefit, castration-
resistant prostate cancer is likely to develop within a 
range of 18–24 months in most patients [7].

Moderate incremental benefit can be achieved with 
either the immediate or deferred addition of oral 
 anti-androgens such as flutamide, bicalutamide, or nilu-
tamide, in what is termed combined androgen blockade 
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(CAB). The addition of anti-androgens results in clini-
cal response and improvement in quality of life in a 
majority of men; however, there is little data to suggest 
any overall survival benefit. With progression of disease 
and amplification (see below) of the androgen receptor 
(AR), the receptor may be paradoxically  activated [8], 
and thus withdrawal of anti-androgens (anti-androgen 
withdrawal or AAWD) has, in some cases, resulted in a 
short-lived PSA decline and an improvement in clinical 
symptoms [9, 10]. After AAWD, some patients will 
benefit from using a second, or even third anti-androgen; 
the likelihood of response to second-line anti-androgen 
is generally higher if the patient exhibited a PSA decline 
with AAWD [11].

Progressive Disease: Mechanisms

Persistent AR signaling is widely recognized to be a com-
mon molecular event underlying disease progression 
despite castrate levels of testosterone (commonly defined 
as serum testosterone <50 ng/ml) and is referred to as 
castration-resistant prostate cancer or CRPC. This sig-
naling occurs through multiple mechanisms, including 
amplification of the AR itself, increased sensitivity of the 
AR to low levels of circulating androgens produced by 
the adrenal context or by the tumor itself, or by increased 
sensitivity of the AR to nonandrogen stimulators such as 
epidermal growth factor, insulin-like growth factor-1, and 
keratinocyte growth factor [3]. Taken together, these data 
suggest that the combination of persistent and alternative 
androgens coupled with a tumor that is hypersensitive 
to androgen stimulation play a major role in the develop-
ment of tumor progression in the castrate state.

Adrenal Androgen Synthesis Inhibitors

While many of the mechanisms discussed here play a 
role in promoting growth in the castrate environment, 
it has become clear that despite castration resistance, 
CRPC still remains responsive to “secondary” hormonal 
manipulation. This was recognized early, and clinical 
trials using surgical adrenalectomy for advanced prostate 
cancer clearly showed that tumor growth can be slowed 
by decreasing circulating testosterone and nontes-
tosterone androgens [12]. The understanding of the 

stimulatory effect of these nontesticular androgens on 
CRPC provides the rationale for the ongoing use and 
development of inhibitors of adrenal androgen synthesis.

Broadly defined, several agents are available that 
exert inhibitory effects on the interaction of adrenal 
androgens and the AR, including corticosteroids, the 
antifungal agent ketoconazole, estrogenic compounds 
such as DES, the rarely used drug aminoglutethimide, 
and more recently, abiraterone acetate, TAK-700, and 
TOK-001. The common thread linking all of these 
agents is their net effect on decreasing androgen syn-
thesis by the adrenal cortex, either through direct inhi-
bition of enzymes involved in androgen synthesis 
(ketoconazole, aminoglutethimide, abiraterone acetate, 
TAK-700, and TOK-001) or through feedback inhibi-
tion of the hypothalamic/pituitary axis (corticosteroids 
and estrogens). Each of these agents is variably effec-
tive at slowing down prostate tumor growth, and each 
carries its own side effects and toxicities.

Adrenalectomy

Bilateral surgical adrenalectomy was demonstrated to 
have a clear antitumor effect in the 1940s [12, 13]. Due 
to the high morbidity of surgery, the need for lifelong 
corticosteroid replacement, and better outcomes with 
medical approaches, its use has been largely aban-
doned in favor of medical therapies that more directly 
target adrenal androgen biosynthesis pathways.

Corticosteroids

Corticosteroids function in a wide range of physiologic 
systems and are involved in the regulation of blood pres-
sure, inflammation, the systemic immune response, serum 
electrolytes, and in protein and carbohydrate metabolism. 
Like the androgens, they are all synthesized in the adrenal 
cortex from the common precursor cholesterol.

Corticosteroid production is regulated by a complex 
feedback loop involving the hypothalamus, pituitary 
gland, and the adrenal glands. Exogenous use of corti-
costeroids causes a disruption in this hypothalamic–
pituitary–adrenal axis; high levels of circulating 
corticosteroids cause a decrease in coticotropin-releasing 
hormone (CRH) secretion by the hypothalamus. This 
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leads to decreased secretion of corticotropin (ACTH) by 
the pituitary gland. Low circulating ACTH levels then 
lead to adrenal cortical atrophy and reduction in endog-
enous corticosteroid production. A side effect of this 
adrenal atrophy is a decrease in endogenous androgen 
production, making corticosteroid therapy a potential 
tool for treatment of advanced prostate cancer.

Besides inhibiting tumor growth by indirectly down-
regulating adrenal androgen production, corticosteroids 
may directly inhibit tumor growth through disruption 
of intracellular signaling pathways and suppression of 
tumor lymphangiogenesis [14–17]. While not yet fully 
characterized, this direct cytotoxicity likely exerts a 
modest effect in suppressing tumor growth in CRPC. 
As single agents, corticosteroids have been tested in 
multiple clinical trials in men with CRPC. In one study, 
37 patients with CRPC were treated with daily oral 
prednisone at doses of 7.5–10 mg. After one month of 
therapy, improvements in quality of life were noted in 
38% of patients, and in 19% of patients, the effect was 
maintained for a median of 4 months [18]. Similar 
results have been noted in other small studies, with 
PSA decreases of >50% reported in anywhere from 16 
to 61% of patients. The two largest randomized trials 
incorporating corticosteroid-only control arms showed 
a 22 and 16% response rates respectively [19, 20]. 
Median duration of response in many of these studies 
was short, in the order of 4 months. Small studies have 
suggested that dexamethasone may be the most potent 
of the corticosteroids, with data suggesting that 0.75 mg 
of dexamethasone given orally three times a day may 
have higher antitumor activity than prednisone or 
hydrocortisone [21]. Taken together, the data from clin-
ical trials using single-agent corticosteroids as therapy 
for prostate cancer show that they have, at best, modest 
activity in the disease. One possible explanation of the 
mechanism of resistance to or lack of activity of corti-
costeroids may come from the peripheral conversion of 
exogenous glucocorticoids into androgens or androgen 
precursors, which then stimulate tumor growth.

The systemic side effects of glucocorticoids gener-
ally limit high-dose or long-term therapy. They include 
hypertension, hyperglycemia, hypercholesterolemia, 
immune suppression, osteoporosis, cataract develop-
ment, weight gain, anxiety and mood instability, and 
others. Careful attention should be paid to the discon-
tinuation of therapy as abrupt cessation of long-term 
therapy can lead to corticosteroid withdrawal and pre-
cipitate an Addisonian crisis.

Despite their modest activity as single-agent therapy, 
corticosteroids still play significant role in palliation of 
bony pain attributable to metastatic disease. In low 
doses, they are frequently used to supplement other 
adrenolytic therapies such as ketoconazole or abirater-
one acetate and can additionally help palliate nausea 
and other side effects of chemotherapy. More impor-
tantly, corticosteroids, particularly prednisone, have 
consistently been used as a control arm in clinical trials 
of chemotherapies for prostate cancer. Phase III studies 
of mitoxantrone/prednisone vs. prednisone, satraplatin/
prednisone vs. prednisone, and now abiraterone/
prednisone vs. prednisone attest the widespread recog-
nition that corticosteroids exert some benefit to patients 
with CRPC, likely, in part, due to their ability to 
decrease adrenal androgen synthesis.

Aminoglutethimide

Aminoglutethimide was one of the first recognized orally 
available nonsteroidal inhibitors of adrenal androgen 
synthesis. Aminoglutethimide blocks the first step in 
adrenal hormone synthesis via inhibition of CYP11A1 
(P450 side-chain cleavage enzyme), an enzyme that 
forms pregnenolone from cholesterol (Fig. 8.1). At higher 
doses, aminoglutethimide is also an inhibitor of CYP11B1 
(3-beta hydroxylase) and CYP19 (aromatase) (Table 8.1).

Clinical data supporting the effectiveness of aminoglu-
tethimide show that approximately half of the patients 
achieve an 80% decline in PSA level when aminoglute-
thimide is administered concomitantly with replacement 
dose hydrocortisone along with flutamide withdrawal 
[22]. Another similar study showed a greater than 50% 
PSA decrease in 37% of patients with CRPC treated with 
1,000 mg aminoglutethimide daily and 40 mg hydrocorti-
sone daily with a median duration of response of 9 months 
and median survival of 23 months. A more recent phase 
III randomized controlled trial comparing vinorelbine plus 
hydrocortisone vs. hydrocortisone alone in which indi-
vidual centers could choose to add aminoglutethimide to 
hydrocortisone failed to demonstrate improvement with 
aminoglutethimide in either group [23].

Aminoglutethimide is dosed 250 mg orally three times 
daily for 3 weeks and then increased to four times daily. 
Due to its inhibition of glucocorticoid synthesis, it is usu-
ally given with either prednisone or an equivalent gluco-
corticoid. The use of aminoglutethimide has been largely 
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Fig. 8.1 Adrenal androgen synthesis cascade. Black highlighted boxes represent enzymes inhibited by abiraterone acetate. DHEA, 
dehydroepiandrosterone

Table 8.1 Adrenolytic agents that act through direct inhibition of enzymes involved in androgen synthesis

Agent

Major toxological 
target and inhibition 
coeffictent (nM)

Minor toxological targets 
and selected inhibition 
coeffictents (nM) Clinical effect Side effects

Ketaconazole CYP51 (430), 
CYP11B1 (127), 
CYP11B2 (67)

CYP11A1, CYPA4 (72), 
CYP19 (2,000),  
CYP17 (2,380)

Decrease in androgen, 
corticosteroid, & 
mineralocorticoid 
synthesis

Nausea, vomiting, diarrhea, 
hepatitis, adrenal insuffi-
ciency, rash pruritis, 
impotence, photosensitivity, 
breast tenderness or 
enlargement, headache

Abiraterone acetate CYP17 (72) CYP11A1 (1,608), 
CYP11B1 (1751), 
CYP11B2 (2,704)

Decrease in androgen  
& corticosteroid 
synthesis

Hypertension, fatigue, hepatitis, 
anorexia, edema, adrenal 
insufficiency, hypokalemia

Aminoglutethimide CYP11A1  
(~20,000)

CYP11B1, CYP19 (600) Decrease in androgen, 
corticosteroid, & 
mineralocorticoid 
synthesis

Lethargy, drowsiness, rash, 
anorexia, nausea, vomiting, 
dizziness, adrenal insuffi-
ciency, hypotension, 
headache
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superseded by ketoconazole, which can achieve a similar 
effect in decreasing circulating androgens but has been 
shown to be more effective in preventing tumor growth 
in clinical trials and is moderately less toxic. 
Aminoglutethimide, nonetheless, remains an alternative 
for patients who have either failed or are unable to tolerate 
ketoconazole, abiraterone, estrogens, or chemotherapy, 
and are not interested in a clinical trial. The side effects 
associated with aminoglutethimide are relatively mild and 
are usually limited to rashes, lethargy, somnolence, adre-
nal dysfunction, hypothyroidism, LFT and thyroid abnor-
malities, and occasional nausea and vomiting.

Ketoconazole

Ketoconazole is a synthetic oral imidazole antifungal, first 
developed and marketed in the 1970s. Like all members of 
the imidazole antifungal class, it was designed to disrupt 
fungal cell membrane function via inhibition of the syn-
thesis of ergosterol, a critical  component of the fungal cell 
membrane. Ketoconazole specifically inhibits CYP51A 
(cytochrome P450 14a-demethylase), an enzyme which 
catalyzes ergosterol synthesis from lanosterol. The net 
effect of ketoconazole in the fungal cell is depletion of 
ergosterol from the membrane, leading to altered mem-
brane  fluidity, altered signaling, increased permeability, 
and inhibition of growth and replication [24]. Of all the 
imidazole antifungals, ketoconazole has the highest affin-
ity for mammalian cytochrome p450 enzymes. Thus, 
humans taking ketoconazole experience inhibition of 
CYP51A and, with varying degrees of potency, CYP11A1, 
CYP11B1, CYP11B2, CYP17, and CYP19, leading to a 
marked decrease in adrenal functioning [25].

The use of ketoconazole impairs the adrenal gland’s 
ability to synthesize adequate levels of glucocorticoids, 
mineralocorticoids, and androgens. This relatively 
toxic side effect was recognized early and spurred the 
development of newer imidazole antifungals (flucon-
azole, itraconazole) with less affinity for mammalian 
cytochrome p450 enzymes. This same mechanism has 
been exploited, however, as a means to decrease 
 circulating androgens in patients with CRPC.

Recent studies have shown that ketoconazole 
clearly has activity in CRPC. In a pilot study, 20 
patients with progressive disease despite combined 
androgen  blockade were treated with ketoconazole 
400 mg TID orally and hydrocortisone while 
undergoing AAWD. Eleven of these patients (55%) 

experienced a >50% decrease in PSA, with a median 
duration of response of 8.5 months [26]. When stud-
ied after AAWD,  high-dose ketoconazole resulted in 
a PSA decrease of >50% in 30 of 48 (62.5%) evalu-
able patients. In this study, 48% of patients exhibited 
a >80% decrease in PSA [27]. Low-dose ketocon-
azole (200 mg tid orally) was subsequently studied 
prospectively in 28 patients. This dose was found to 
be well tolerated, and a PSA decrease of >50% was 
seen in 46% of patients. The median time of response 
based on PSA values was >30 weeks. At the time of 
progression, 16 patients were subsequently treated 
with high-dose (400 mg tid orally) ketoconazole, but 
there was no patient response [28].

Based on the results of previous studies, a randomized 
phase III trial of AAWD alone or in  combination with 
high-dose ketoconazole, with replacement doses of hydro-
cortisone, was undertaken and reported in 2004 [29]. In 
this study, the proportion of PSA response in those who 
underwent AAWD alone was 10% compared to 32% in 
the combination arm (p < 0.001). Fourteen percent of 
patients treated with ketoconazole and AAWD experi-
enced objective responses compared with 7% of subjects 
who underwent AAWD alone. Because of the high pro-
portion of patients randomized to AAWD who ultimately 
crossed over to therapy with ketoconazole, an overall sur-
vival difference was not detected in this study. Nevertheless, 
a critical observation that emerged from this study was 
that patients who had experienced a 50% decline in PSA 
while on ketoconazole showed a survival of 41 months, 
compared to 13 months in those who had not (p<0.001). 
Similarly, subsequent analysis showed that patients with 
high baseline circulating androstenedione levels are more 
likely to benefit from therapy with ketoconazole than 
patients with low circulating androstenedione levels, lead-
ing to the hypothesis that potential responders could be 
prospectively identified by determination of baseline cir-
culating androgen levels. A similar observation from this 
study is that most patients who develop sustained responses 
to ketoconazole have “early” PSA declines within 
3 months of initiating therapy, giving physicians a ratio-
nale for discontinuing therapy if no PSA response is seen 
at 3 months [30]. Taken together, these data suggest that 
ketoconazole is an active drug in a substantial proportion 
of patients with progressive disease on an anti-androgen 
and may be considered an acceptable secondary hormonal 
agent in this clinical context.

Ketoconazole is dosed at 400 mg orally three times  
a day and is given with replacement hydrocortisone, 
usually 5-10 mg orally twice a day. Common side effects 
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include nausea, vomiting, diarrhea, and elevations in 
hepatic transammonases; other side effects include rash/
pruritis, impotence, photosensitivity, breast  tenderness 
or enlargement, or headache. Close attention should be 
paid to possible drug-drug interactions, as well as to the 
development of adrenal insufficiency even with corti-
costeroid replacement; stress-dose steroids should be 
considered in the event of serious illness.

Abiraterone Acetate

The development of a novel targeted androgen synthesis 
inhibitor, abiraterone acetate, has renewed interest in 
using secondary hormonal agents in the management of 
CRPC. Abiraterone acetate is an orally available 
prodrug of abiraterone, an inhibitor of CYP17 (17alpha-
hydroxylase/C17,20-lyase). In contrast to the nonselec-
tive nature of ketoconazole, abiraterone acetate was 
developed as a highly selective, highly potent, irrevers-
ible inhibitor of CYP17, an enzyme that catalyzes key 
steps in the synthetic pathway of adrenal androgens (see 
Fig. 8.1). Preclinical animal studies of abiraterone ace-
tate showed significant reduction in testosterone levels, 
as well as reductions in prostate, seminal vesicle, and 
testicular size. Phase I testing has shown that abirater-
one acetate suppresses testosterone and DHEA-S levels, 
and causes increases in plasma ACTH, 11-deoxycorti-
costerone, and corticosterone, consistent with upregula-
tion of “upstream” signals.

The effect of abiraterone acetate on PSA was 
 evident in the Phase I testing in the United States, with 
a >50% decline in PSA after 3 months occurring in 12 
of 25 patients completing the initial 28 days of treat-
ment [31]. Additionally, seven of the 16 patients who 
had received prior ketoconazole showed a >50% PSA 
response. A similar trial in the United Kingdom showed 
a >50% decline in PSA in 57% of men, with five out of 
eight patients with measurable disease at the outset of 
therapy experiencing partial tumor shrinkage [32].

A Phase II study conducted in the UK showed that 
60% of chemotherapy-naïve men with CRPC experi-
enced a >50% decline in PSA, and eight out of 15 men 
with bone metastases experienced a partial response 
[33]. Median time to progression (TTP) was approxi-
mately 8 months. Addition of dexamethasone 0.5 mg 
daily suppressed ACTH and reversed resistance in six out 
of 18 patients. Another Phase II trial using  abiraterone 
acetate for patients with CRPC and  progression after 

docetaxel-based chemotherapy  confirmed many of the 
Phase I findings [34]. In this study, 41% of patients 
experienced >50% decline in PSA from baseline after 
12 weeks of treatment. Additionally, 24% experienced 
radiologic partial response or stable disease. This study 
serves as a proof of the principle that patients who 
experience disease progression despite docetaxel-
based chemotherapy may continue to derive benefit 
from the additional androgen blockade, thus forming 
the basis for the ongoing Phase III studies.

The major side effects associated with abiraterone 
are due to inhibition of CYP17. This inhibition leads to 
a reduction in cortisol and androgen levels; however, 
it does not affect circulating mineralocorticoid levels 
(as CYP17 is not required for mineralocorticoid 
 synthesis). The reduction in circulating corticosteroid 
levels caused by abiraterone leads to upregulation of 
ACTH secretion by the hypothalamic–pituitary axis. 
This, in turn, stimulates further mineralocorticoid 
 synthesis; the major clinical effect of this excess 
 mineralocorticoid secretion is hypertension and 
hypokalemia. The administration of low-dose corti-
costeroids can suppress ACTH secretion and improve 
hypertension in these patients. Anti-aldosterone agents 
such as spironolactone may be effective, as well, in 
treating the hypertension induced by abiraterone 
 acetate; however, they are generally avoided as they 
may stimulate the AR [32]. Other common side effects 
of abiraterone include fatigue, transammonitis, 
anorexia, and edema. Partly due to the fact that replace-
ment corticosteroids are given with abiraterone acetate, 
adrenal insufficiency is not commonly associated with 
abiraterone acetate use. Abiraterone acetate is dosed at 
1,000 mg orally daily with prednisone 5 mg orally 
twice-daily in the current Phase III trials.

While abiraterone acetate has shown much promise 
in early testing, the optimal timing or use of abirater-
one among the many therapies that exist for prostate 
cancer has still not been established. Should it be used 
in combination with LHRH analogues? What is the 
 efficacy of this agent in patients who have received 
prior therapy with ketoconazole? Should it be used by 
itself as a secondary hormonal agent? Should it be 
used before, after, or concurrently with chemotherapy? 
While a series of studies are underway to explore these 
questions, evidence indicates that patients who previ-
ously received either ketoconazole or DES therapy 
benefit from abiraterone acetate therapy, suggesting 
that the mechanism of action and resistance to these 
therapies may be nonoverlapping [31].
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Based on the evidence of activity in men who have 
previously received chemotherapy, a multicentered, mul-
tinational, double-blinded, randomized, placebo-con-
trolled, Phase III study is currently underway to evaluate 
abiraterone acetate in this setting. The primary endpoint 
of the study is overall survival. If positive, this study 
would be the first to demonstrate a true  survival benefit 
to secondary hormonal therapy, though it may not address 
the issue of the optimal timing of the use of this agent. 
To test the efficacy of abiraterone before chemotherapy, 
a similar multicentered, double-blinded, randomized, 
placebo-controlled Phase III study is also underway in 
men with metastatic CRPC who have not yet received che-
motherapy, with overall survival as the primary endpoint.

Alternative CYP17 Inhibitors

Two different CYP17 inhibitors, TAK-700 and TOK-001, 
are similar to abiraterone acetate in their method of action 
and are currently in early stage clinical development. 

TAK-700, an orally available, selective CYP17 
inhibitor, has shown efficacy and tolerability in a Phase 
I/II study [35]. In Phase I testing TAK-700 was shown to 
be safe at doses of 400-600 mg BID when administered 
with prednisone 5 mg BID, with 4 out of 26 patients 
(15.4%) experiencing ≥ Grade 3 fatigue or nausea. Test- 
osterone and DHEA-S levels significantly decreased, 
and all patients treated at doses ≥300 mg had PSA 
declines. Of the 14 patients who received TAK-700 
≥300 mg and for ≥3 cycles, 11 (85%) had PSA reductions 
≥50% and 4 (31%) had PSA reductions ≥90%. 

TOK-001 is a similar small molecule inhibitor of 
CYP17, however the compound also has AR antagonistic 
properties, and in preclinical models has been shown to 
decrease AR levels in prostate tumors. Phase I/II clinical 
trials to test clinical safety and efficacy began in 2010.

Estrogens and Progestins

Estrogens are structurally related steroid hormones 
derived from androstenedione and testosterone; their 
synthesis is catalyzed by CYP19 (aromatase). While 
the majority of circulating estrogens in women are 
produced in the ovaries, in both sexes the adrenal gland 
has the ability produce estrone and estradiol either 

directly from androstenedione or from conversion from 
testosterone. Similarly, CYP19 can convert circulating 
precursors to estrogens in peripheral tissues.

Exogenous estrogen administration is thought to dis-
rupt the hypothalamic–pituitary–adrenal axis by causing a 
decrease in LHRH synthesis and a concomitant decrease 
in circulating testosterone and DHEA-S levels [36]. While 
estrogen receptors are known to be expressed in prostate 
carcinoma, whether estrogen administration has a direct 
role in promoting tumor growth and spread is not known.

Diethylstilbestrol (DES) is an inexpensive synthetic 
estrogen that has been in use since 1965 and has been the 
most widely studied estrogenic agent in prostate cancer. 
Although phase III trials showed DES to be equivalent to 
orchiectomy as frontline therapy for  hormone-sensitive 
prostate cancer, its excessive  cardiovascular and throm-
boembolic toxicity, as well as the advent of the less toxic 
GnRH/LHRH analogs, have made it an unacceptable 
first-line agent in  prostate cancer.

In the advanced setting, DES has shown modest 
efficacy in several studies. In a phase II trial of men 
with CRPC, 43% had a significant PSA response when 
treated with DES 1 mg orally daily, with only one out 
21 patients experiencing a thromboembolic complica-
tion (deep venous thrombosis) [37]. In another study, 
21% of patients had a >50% decline in PSA in response 
to DES 3 mg daily plus 2 mg warfarin [38]. A third 
study randomly assigned subjects to DES 3 mg orally 
daily with low dose warfarin or to PC-SPES, an herbal 
supplement withdrawn from the market. PSA declines 
of >50% were observed in 24% of patients receiving 
DES [39]. Median response duration in this trial was 
3.8 months for DES with a median time to progression 
of 2.9 months. Response rates to DES have varied in 
other studies between 15 and 33%. Taken together, the 
data suggest that estrogen agonists have some activity 
in patients with CRPC, though there is no likelihood of 
a significant dose response effect with DES [40].

Other synthetic estrogenic compounds such as the 
conjugated estrogens, ethinyl estradiol and chlorotri-
anisene have been evaluated in the treatment for CRPC; 
however, they have neither demonstrated significantly 
more activity nor shown significantly less toxicity, 
compared to DES. Recent testing has shown that trans-
dermal estradiol administration can induce castrate 
 levels of circulating testosterone and result in PSA 
responses; however, it is unclear at present whether this 
mode of administration will be more efficacious or less 
toxic than DES [41]. Estramustine, a synthetic estrogen 
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conjugated to a nitrogen mustard, has little activity as a 
single agent but may have significant activity when 
combined with taxane-based chemotherapy [42].

Because of an association with vaginal clear cell 
carcinoma and other reproductive abnormalities in 
females exposed to DES in utero, DES is no longer 
directly marketed in the US but must be obtained 
through a dedicated pharmacy. When prescribed, it is 
usually given with low dose warfarin (2–3 mg orally 
per day) to mitigate the prothrombotic risk.

Side effects of all estrogens include increased risk 
of myocardial infarction, stroke, venous thrombosis/
pulmonary embolism, other cardiovascular events, 
nausea, vomiting, weight gain, and edema. There is 
clear evidence, however, that estrogens improve bone 
density, and thus these agents may be a reasonable 
choice for men with severe osteoporosis. Gynecomastia 
induced by estrogens may be decreased by prophylac-
tic irradiation of the breasts.

Progestins

Progestational agents such as megestrol and medroxy-
progesterone acetate, while lacking the toxicity of the 
estrogens, have shown limited efficacy in prostate  cancer. 
Megesterol acetate is thought to suppress LHRH, to 
lower testosterone, to block the conversion of  testosterone 
to DHT, as well as to contribute to AR blockade. Only 
10–15% of patients receiving megesterol in clinical stud-
ies have had >50% PSA declines, with no observed dif-
ferences between low dose (160 mg/day) and high-dose 
(640 mg/day) groups [43, 44]. Despite this limited activ-
ity, the progestins may have a role in palliation of bony 
pain when corticosteroids are contraindicated.

Conclusion

The inhibitors of adrenal androgen synthesis comprise a 
diverse group including corticosteroids, ketoconazole, 
aminoglutethimide, estrogenic and progestin compounds 
such as DES, megestrol, medroxyprogesterone acetate 
and more recently, abiraterone acetate, TAK-700, and 
TOK-001. The common thread linking these agents is 
their net effect on decreasing androgen synthesis by the 
adrenal glands. From large clinical studies, it is clear that 

secondary hormonal manipulations are effective at depriv-
ing CRPC of growth signals. More recent evidence has 
emerged that they can be effective even after tumors have 
developed resistance to chemotherapy. Of all the thera-
pies discussed here, abiraterone acetate is the most prom-
ising new adrenolytic agent, and the results of the current 
phase III studies are eagerly anticipated. Continued 
research will help to develop novel hormonal strategies to 
slow the growth of advanced prostate cancer.
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Abstract Androgen deprivation therapy (ADT) is 
the upfront systemic therapy for advanced prostate 
cancer. ADT is administered medically or through 
surgical castration, and it suppresses serum testoster-
one levels. Furthermore, ADT may be given alone or 
in combination with an androgen receptor antagonist. 
Adverse effects include hot flashes, sexual dysfunc-
tion, increased risk of fracture, metabolic  syndrome 
and increased risk of cardiovascular events. The tim-
ing of administration of early versus late ADT is 
still contentious and under active debate. Intermittent 
ADT may be an alternative to continuous testoster-
one depletion; although intermittent therapy decreases 
adverse effects, the comparative efficacy of each is 
still under active study. The study of germline genetic 
determinants in response to ADT is in its early phase. 
However, these studies have the potential to allow for 
patient selection for the type and timing of ADT.

Keywords Androgen deprivation therapy • Androgens 
• Prostate cancer • Testosterone

Introduction

Survival and proliferation of prostate cancer is entirely 
dependent on the availability of androgens and 
 expression of the androgen receptor (AR). The testes 
are the primary source of androgens and release testos-
terone into systemic circulation [1]. Once serum 

 testosterone reaches prostatic tissue, it is converted 
into dihydrotestosterone, the chief and most potent 
natural ligand and stimulus for AR [2, 3]. The molecular 
basis of signaling through the AR transcription factor 
is discussed in further detail in Chap. 5 and is beyond 
the scope of this section. The near-ubiquitous expression 
of AR in prostate cancer cases provides the foundation 
for the efficacy of androgen deprivation therapy (ADT) 
as the frontline treatment for advanced prostate cancer. 
ADT is defined herein as androgen depletion with 
medical or surgical castration. The beneficial effects of 
ADT with surgical castration and the administration of 
estrogens were first noted by Huggins and Hodges in 
1941 [4]. Although the science behind the understand-
ing of hormonal therapy has made remarkable progress, 
the efficacy of standard hormonal therapy for meta-
static prostate cancer has not changed significantly for 
over nearly 70 years. However, recent investigations 
into the timing and context of ADT, progress with 
novel agents in clinical trials, and a better understanding 
of the predisposition of some patients to castration-
resistance promise the development of a standard of 
care that will deliver improved survival and better out-
comes for prostate cancer patients.

Androgen Deprivation Therapy

ADT, in current practice, is administered through 
 medical or surgical castration [5]. Surgical castration 
with orchiectomy is generally a low surgical risk 
 procedure [6]. However, it is not favored by many men, 
given the psychological impact and the availability of 
a medical alternative. Medical castration is attained 
with the administration of gonadotropin-releasing 
 hormone agonists (GnRH-As). Leuprolide acetate and 
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goserelin acetate are two commonly used GnRH-As 
that are equally effective for the induction of medical 
castration [7]. The hypothalamus releases endogenous 
GnRH in a pulsatile manner and its corresponding 
receptor is expressed in the anterior pituitary [8]. 
GnRH receptor stimulation induces the release of 
luteinizing hormone (LH) from the anterior pituitary 
into the systemic circulation, which then acts upon the 
testes to induce testosterone secretion. The stimulatory 
effect of GnRH on LH release from the anterior 
 pituitary is dependent on the pulsatile nature of GnRH 
secretion. Therefore, continuous stimulation of the 
anterior pituitary by administration of exogenous 
GnRH-As effectively inhibits LH release, which, in 
turn, suppresses testosterone release from the testes 
(Fig. 9.1) [6, 9].

Although GnRH-As generally lead to castrate lev-
els of serum testosterone by 3 weeks after starting 
therapy, the initiation of drug administration leads to 
an initial stimulatory effect on the pituitary and gener-
ates a testosterone surge. A GnRH-A induced surge 
may lead to a twofold increase in testosterone, become 
evident from 2–3 days after initiation of therapy, and 
last up to 20 days [10]. This surge of androgens 

induces a growth-stimulatory effect on prostate cancer 
cells and may lead to a detrimental “flare” reaction in 
patients who have metastatic disease, which can 
increase bone pain at sites of metastasis. Furthermore, 
patients with vertebral metastases may develop spinal 
cord compression; those at risk may develop urinary 
obstruction, and cardiovascular events may occur due 
to hypercoagulability [11]. Concomitant administra-
tion of an AR antagonist with the initiation of GnRH-A 
and continuation for 2–4 weeks will block the effects 
of the testosterone surge and the “flare” reaction that 
follows [12]. The testosterone surge may also be 
avoided by the use of GnRH antagonists as an alterna-
tive to  agonists [10].

Serum testosterone levels less than 50 ng/dL 
(1.7 nmol/L) are generally accepted as being in the 
range of castration [13]. However, the current under-
standing of AR- and androgen-signaling-dependent 
growth of prostate cancer [1, 14, 15] dictates that men 
should achieve a testosterone level as low as possible 
to optimize therapy. Most men will attain a testoster-
one level below 20 ng/dL (0.7 nmol/L), which has also 
been suggested as an alternative lower level that should 
be achieved for optimal therapy [16].

Fig. 9.1 Hormonal interventions and endocrine axis in prostate 
cancer. DHT indicates dihydrotestosterone and LH, luteinizing 
hormone. Asterisk indicates that it is no longer available for new 

patients in the United States. Illustration based on the original 
concept by Lydia Kibiuk. Reprinted from [5]. Copyright ©2005 
American Medical Association. All rights reserved
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Timing of ADT

While considering the initiation of any form of ther-
apy, the relative balance of risks and benefits must be 
weighed. These risks and predispositions to adverse 
events must be similarly considered before the com-
mencement of ADT. The risks of ADT include hot 
flashes [17], osteoporosis with an increased risk of 
fracture [18], the metabolic syndrome [19, 20], sexual 
dysfunction [21], and an increased risk of cardiovas-
cular events [22]. The potential benefit of early  ADT 
is that treatment is initiated with a lower tumor  burden, 
with a correspondingly lower number of cells that 
have the capacity for being resistant to therapy. Early 
ADT can be defined in several clinical contexts, 
 including (1) metastatic disease before symptoms 
arise, (2) biochemical recurrence after local therapy 
with prostate-specific antigen (PSA) rise without 
 evidence of metastatic disease, (3) watchful waiting 
for patients with local disease who are not candidates 
for local therapy, and (4) pelvic lymph node involve-
ment at radical prostatectomy. In addressing the debate 
between early and late ADT in the metastatic setting, 
the Medical Research Council conducted a random-
ized trial of immediate ADT versus deferred treatment 
until an indication arose for 934 men with locally 
advanced or asymptomatic metastatic prostate cancer 
[23]. Men in the immediate ADT arm had a lower 
probability of death from prostate cancer (62% vs. 
71%; P = 0.001) and lower rates of extraskeletal 
metastasis (7.9% vs. 11.8%; P < 0.05), pathological 
fracture (2.3% vs. 4.5%; not statistically significant), 
ureteral obstruction (7.0% vs. 11.8%; P < 0.025), and 
spinal cord compression (1.9% vs. 4.9%; P < 0.025). 
Although outcomes were more favorable in the imme-
diate ADT arm, a weakness of this study is that 29 
men in the deferred ADT arm died without treatment 
with ADT.

Pelvic lymph node involvement without bone 
metastasis for men who have had surgical removal of 
the prostate is another clinical context of early ADT. 
Messing et al. [24, 25] completed a randomized clinical 
trial of immediate adjuvant ADT versus observation of 
men who underwent radical prostatectomy and were 
found to have disease involving the pelvic lymph 
nodes. A significantly higher proportion of men who 
were randomized to observation died compared to men 
in the immediate ADT arm with a median follow-up of 
10 years (51% vs. 28%; P = 0.025). This suggests the 

possibility that early ADT with lower, minimal tumor 
burden may provide a treatment advantage.

Three recent randomized clinical trials of early versus 
deferred ADT have been completed in the setting of 
men who were not candidates for local therapy or who 
did not get local therapy because of the presence of 
pelvic lymph node involvement. EORTC 30846 
included 302 patients with node positive disease and 
showed a trend for increased survival with early ADT 
[26]. However, this study was underpowered and the 
survival difference was not statistically significant. 
The SAKK 08/88 study enrolled 197 patients who 
were not candidates for local therapy and showed a 
non-statistically significant difference in deaths due to 
prostate cancer (P = 0.09) in the immediate ADT group 
versus the deferred ADT group (76% vs. 63%), with 
no difference in median overall survival (5.2 vs. 
4.4 years; P = 0.96) [27]. EORTC 30891, which 
enrolled 985 patients who were not candidates for local 
therapy, did show an increase in overall survival for 
patients treated with immediate ADT, with an overall 
survival hazard ratio of 1.25, 95% CI, 1.05–1.48 [28]. 
Perplexingly, this difference seemed to be due to non-
prostate cancer related deaths. One fourth of the men 
in the deferred ADT arm died without ever requiring 
ADT. A large population-based cohort study involving 
19,271 men who did not receive definitive local therapy 
found that primary ADT is not associated with 
improved survival [29], and similar to EORTC 30891, 
men with lower risk cancer treated with early ADT 
may have a worse cancer-specific survival.

Yet another clinical scenario is that of patients who 
have a PSA recurrence only, after failure of surgery or 
radiation for the treatment of localized disease. A single-
institution study of men with PSA recurrence only 
after radical prostatectomy suggests that these men 
have a relatively indolent history, with a median actu-
arial time to metastasis of 8 years after PSA recurrence 
[30]. However, about half of the men in this study with 
a Gleason score of 8–10 who had a biochemical recur-
rence within 2 years were free of metastasis at 3 years. 
The shorter time to metastasis in patients with high 
Gleason scores suggests that a subgroup of men with 
biochemical recurrence who have a more aggressive 
clinical course may potentially benefit from early treat-
ment. Nonetheless, there are no data from prospective 
randomized clinical trials to guide the treatment of 
men with PSA recurrence after the failure of local 
 therapy. Furthermore, the 2007 American Society of 
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Clinical Oncology Practice Panel does not make a 
strong recommendation for the institution of early 
ADT for patients with metastatic or progressive 
 prostate cancer (Table 9.1) [31].

Androgen Deprivation Therapy,  
AR Antagonist, or Both?

In principle, two ways of preventing stimulation of 
AR-mediated growth are to deplete levels of the ligand 
or directly block AR with competitive antagonists. 
Bicalutamide, nilutamide, and flutamide are three 
 nonsteroidal AR antagonists in clinical use [5]. 
Although there is, without question, a mechanistic 
 difference between these two methods of blocking 
androgen function, comparisons of ADT versus 
 monotherapy with nonsteroidal anti-androgens do not 
show a significant difference in overall survival [32]. 
However, nonsteroidal anti-androgens may have a 
more desirable side-effect profile than ADT. ASCO 
practice guidelines suggest that nonsteroidal anti-
androgen monotherapy may be discussed as an alter-
native to ADT [33].

The concomitant use of ADT and therapy with AR 
antagonists to both suppress testicular androgen pro-
duction and directly antagonize AR at the level of the 
tumor is termed combined androgen blockade (CAB). 
Numerous clinical trials have compared the utility of 
ADT alone versus CAB. A meta-analysis of 27 
 randomized trials comparing ADT with CAB shows 
that there is a 2–3% 5-year survival benefit with the 
use of CAB [34]. However, this benefit is limited to 
the use of nonsteroidal antiandrogens, and it was found 
that the sum total of the data on CAB with the steroidal 

anti-androgen, cyproterone acetate, suggested less 
favorable outcomes. A recent study of GnRH-A versus 
CAB in Japanese men showed a significantly improved 
overall survival (63.4% vs. 75.3%; P = 0.0425) at a 
median follow-up of over 5 years [35]. The survival 
benefit of CAB with nonsteroidal anti-androgens 
comes at a significant cost, which amounts to a price of 
$1 million per quality-adjusted life-year [33]. However, 
the most recent ASCO practice guidelines suggest that 
CAB should be considered as an alternative to ADT 
alone [31]. Although numerous well-conducted 
 randomized trials have been done to compare ADT 
with CAB and the benefit of CAB has been analyzed 
with varying methods, the issue of CAB is almost certain 
to become once again unsettled. Novel and more potent 
AR antagonists are in early clinical trials [36–38], and 
as these agents undergo further clinical development, 
the issue of the utility of CAB with these new agents 
will undoubtedly be revisited. Furthermore, the devel-
opment of new and more potent agents that inhibit 
androgen synthesis, such as abiraterone acetate [39], 
offer the opportunity to apply these agents at earlier 
stages, along with ADT. If these agents provide benefit 
when given concomitantly along with ADT, they may 
serve to redefine the meaning of CAB.

Intermittent Androgen Deprivation

An alternative to continuous ADT with GnRH-A is 
intermittent androgen deprivation by alternating between 
periods of testosterone depletion and testosterone 
recovery. Such an approach is feasible, and testoster-
one recovery for limited periods of time may allow the 
patient to enjoy a lessening of adverse effects associated 

Table 9.1 2007 updated American society of clinical oncology practice guidelines for initial hormonal management of androgen-
sensitive metastatic, recurrent, or progressive prostate cancer

Question Recommendation

What are the standard initial treatment options? Bilateral orchiectomy or GnRH agonist
Are AR antagonists as effective as orchiec-

tomy or GnRH agonist?
Nonsteroidal antiandrogen monotherapy, but not steroidal antiandrogen 

monotherapy may be discussed as an alternative
Is combined androgen blockade better than 

androgen deprivation therapy alone?
Combined androgen blockage should be considered as an alternative

Does early androgen deprivation therapy lead 
to better outcomes than deferred androgen 
deprivation?

There is no overall survival advantage for early androgen deprivation therapy,  
and hence, the panel cannot strongly recommend early treatment

Is there a role for intermittent androgen 
deprivation therapy?

There are insufficient data to recommend use of intermittent androgen 
deprivation outside clinical trials
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with ADT [40]. A randomized prospective study of 
intermittent versus continuous CAB with GnRH-A 
plus bicalutamide was conducted with 335 patients 
with disease involving lymph nodes or distant meta-
stasis [41]. Off treatment periods were greater than 
40% in the intermittent ADT arm, and this was associ-
ated with more favorable sexual activity. There was no 
significant difference in median time to death between 
the two treatment arms (P = 0.658). SWOG 9346 is an 
ongoing trial of 1,345 men with metastatic prostate 
cancer who received induction ADT with GnRH-A and 
bicalutamide for 7 months [42]. 965 men who achieved 
a PSA level of 4 ng/mL or less have been randomized to 
continuous ADT or intermittent ADT. While this study 
is ongoing and the outcomes with continuous versus 
intermittent ADT have yet to be determined, it is clear 
that PSA nadir is a strong predictor of survival. PSA 
nadirs of <0.2, <4, and >4 ng/mL are associated with 
median survival times of 75, 44, and 13 months [42]. 
Thus, PSA nadirs after induction ADT may eventually 
be used to select patients for a specific therapy [43]. 
However, the final results of this trial are awaited before 
determining the exact  utility of this prognostic value.

Genetic Determinants of Response  
to Androgen Deprivation

Prostate cancer is a heterogeneous disease, and variables 
attributable to a specific patient take part in determining 
the course of the disease and the response to therapy. 
The response and response duration to ADT is tremen-
dously variable. Ultimately, it would be desirable to 
administer hormonal therapy that is tailored for a patient 
and the specific molecular features of an individual 
prostate tumor. It is clear that after ADT is administered 
for metastatic prostate cancer, the evolution of the tumor 
into castration-resistant disease involves the reactivation 
of AR [15, 44]. However, it is difficult to apply the 
delineation of these somatic genetic or  epigenetic 
changes that occur within the tumor to prognosticate 
response or response duration to ADT. In contrast, 
defining germline genetic polymorphisms that bear 
some responsibility in determining the response to ADT 
may have utility in stratifying patients in terms of the 
likelihood of response [45]. One would suspect that ger-
mline genetic factors would play some part in defining 
the response to ADT, and there is recent evidence to 

suggest that this is indeed the case. One study examined 
polymorphisms associated with 20 genes that are impli-
cated in androgen metabolism in 529 patients who 
underwent ADT for advanced prostate cancer [46]. 
Three single nucleotide polymorphisms (SNP) that are 
associated with genes involved in androgen metabolism 
were found to be associated with the duration of response 
to ADT. These SNPs were found upstream of or within 
the introns of these genes and therefore are not known 
protein coding sequences. The significance of these 
polymorphisms may be an involvement in the regulation 
of gene expression. The first gene is CYP19A1, which 
encodes for aromatase, which converts testosterone to 
estradiol [47]. The second gene is HSD3B1, which is 
involved in the generation of androstenedione and tes-
tosterone from adrenal precursors [48]. The third gene is 
HSD17B4, which regulates the interconversion of active 
to inactive androgens and estrogens [49].

A second study of 68 patients began with the obser-
vation that a testosterone transporter has protein  coding 
SNPs that confer changes in cellular testosterone uptake 
activity [50]. The SLCO1B3 gene encodes for the 
OATP1B3 transporter protein and has two amino acid-
changing SNPs that are in complete linkage disequilib-
rium. It is important to note that the SLCO1B3 SNPs 
associated with increased testosterone uptake are found 
more frequently in African-Americans compared to 
Caucasians [51] and that because of the small numbers, 
the analysis in this study on duration of response to 
ADT was limited to Caucasian patients. OATP1B3 is 
overexpressed in prostate cancer compared to benign 
prostate [50]. Patients with advanced prostate cancer 
treated with ADT, who have one or two germline  copies 
of the more active OATP1B3 transporter, have a shorter 
time to castration resistance compared to patients who 
have two copies of the less-active transporter [52].

Both of these studies that suggest germline polymor-
phisms of genes involved in androgen metabolism and 
transport influence of the response duration to ADT, 
require confirmation in independent patient cohorts. If 
confirmed, such data can be used not only to determine 
the likelihood of response to ADT, but also to tease out 
a subset of patients who would benefit from early hor-
monal therapy tailored to their specific germline. For 
example, the patients who have more active testosterone 
import activity may be the ones who specifically benefit 
from CAB with upfront AR antagonist because they 
have higher intracellular testosterone concentrations 
despite castrate levels of serum testosterone.
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Conclusions

ADT with medical or surgical castration is the mainstay 
of the treatment of advanced prostate cancer. There may 
be a small benefit of CAB with the use of nonsteroidal 
AR antagonists, and this method may also be considered. 
However, AR antagonists with increased AR binding 
affinity and potency are in early clinical trials and may 
redefine the role of CAB. The debate on administering 
early vs. late ADT for advanced prostate cancer contin-
ues. Although there is no data for the use of ADT in 
patients with biochemical relapse after local therapy, the 
rationale for delaying ADT for patients with asymptom-
atic metastatic disease is more tenuous and may only be 
considered for select patients with careful monitoring for 
disease progression. Although there is data to support the 
use of intermittent androgen deprivation for patients with 
advanced disease, a large ongoing trial is poised to pro-
vide more definitive results and may also identify those 
patients who are appro priate candidates for this alterna-
tive to continuous ADT. The study of germline genetic 
polymorphisms in the androgen pathway that contribute 
to determining the response to ADT is just beginning. 
Future directions should lead to the matching of a patient’s 
molecular features and other prognostic factors with a 
specific type and timing of hormonal therapy to optimize 
the benefits and minimize adverse effects of treatment.
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Abstract Androgens are steroid hormones  responsible 
for the development, growth, and maintenance of mas-
culine characteristics, including the prostate. It has 
been known for decades that they are very important 
in the development and progression of prostate cancer 
(CaP). The most common treatment for CaP is based 
on androgen deprivation therapy. There are preventive 
strategies that seem to act on the same pathway, such 
as finasteride, dutasteride, selenium, and vitamin E. 
Various genes in androgen synthesis and metabolism 
have been studied in relation to the predisposition and 
progression of CaP, such as several members of the 
steroid 5a-reductase (SRD5A), 3b-hydroxysteroid 
dehydrogenase (HSD3B), and 17b-hydroxysteroid 
dehydrogenase (HSD17B) families, androgen recep-
tor (AR), cytochrome P450 17 (CYP17), and cyto-
chrome P450 19A1 (CYP19A1). However, most of 
them have not been biochemically evaluated, or the 
studies are  contradictory. For example, the expression 
reports about CYP19A1 indicate positive and negative 
results for both benign and carcinogen prostate. There 
is a need for extensive research in response to prostate 
carcinoma prevention as well as treatment. Studies 
have shown that other genes, such as the solute car-
rier organic anion transporter 1B3 (SLCO1B3), and 
gene fusions may be involved in CaP personalized 
medicine, but the results are inconclusive since the 
number of reports is small, and there is a lack of 
replication in larger samples. Pharmacogenetics is 
the key to future  medicine,  especially for cancer and 

 personalized medicine. More investigations should be 
done to evaluate the role of these genes in prostate 
cancer biochemistry, prevention, progression, devel-
opment, and treatment.

Keywords Multifactorial disease • Prostate cancer  
• Androgen • Treatment • Prevention • Pharma­
cogenomics

Androgens and Prostate Cancer

Androgens are steroid hormones that are widely 
accepted to be responsible for the development, 
growth, and maintenance of the prostate (Fig. 10.1). 
Although they can be formed by peripheral tissues, 
such as skin and prostate, the adrenal gland and the 
testes are  fundamentally responsible for their pro-
duction in males. The pathway comprising the for-
mation of androgens is well described (Fig. 10.1). 
Testosterone, the major male androgen in circula-
tion, and dihydrotestosterone (DHT), the principal 
androgen in tissues and the most potent one, are the 
two most important androgens in adult men. They 
both bind to the androgen receptor (AR), which 
mediates the physiologic effects of androgens by 
binding to specific DNA sequences that influence the 
transcription of androgen-responsive genes (for 
review, see [1]). DHT has a higher binding affinity 
for AR and induces transcriptional activity 2–10 
times more than testosterone [2]. The importance of 
these hormones in male sexual  differentiation is sup-
ported by the clinical observation that the deficiency 
of  steroid 5a-reductase (SRD5A) or 17b-hydroxys-
teroid dehydrogenase (HSD17B) can lead to male 
pseudohermaphroditism (for review, see [3]).
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Prostate cancer (CaP) is the most common cancer 
diagnosis in males and is highly prevalent in many 
countries [4, 5]. Androgens are very important to CaP 
development and progression. It was observed that the 
prostate atrophies with withdrawal of androgenic hor-
mones, and eunuchoid individuals do not develop the 
disease [6]. In an animal model, early castration testi-
fied to significantly reduce prostate tumor growth [7]. 
Also an in vitro model showed that there is a molecular 
mechanism of androgen action in cell cycle regulation 
and growth in prostate carcinoma [8]. Moreover, 
androgen deprivation therapy (ADT) is the most com-
mon and efficient therapy currently in use for metastic 
CaP (for review, see [9]).

In this chapter, we will review significant polymor-
phisms, especially single nucleotide polymorphisms 
(SNPs), found in various androgen metabolic genes, 
and we will evaluate their contribution to CaP chemo-
prevention and treatment.

Prostate Cancer and Androgen  
Therapy and Prevention

Treatment of Prostate Cancer

Several different treatments for metastatic CaP are 
 currently available, such as androgen ablation therapy, 
estrogen therapy, and steroidal and nonsteroidal anti-
androgens (for review, see [10]). We will review here 
those that are involved in the androgen metabolism 
and are already in use therapeutically in CaP patients.
Since the early 1940s, ADT has been the main treatment 
for metastatic CaP, first reported with the removal of the 
prostate [11]. Nowadays, chemical treatment is the most 
popular choice, with the use of gonadotropin-releasing 
hormone (GnRH) agonists (for review, see [9]). Other 
medications called antiandrogens, such as flutamide, 
bicalutamide, nilutamide (nonsteroidal  antiandrogens), 
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Fig. 10.1 Biosynthesis and metabolism of androgens and target 
genes for prostate cancer prevention and treatment. Genes 
involved in the androgen pathway are in bold. They are dis-
cussed in the text. AR androgen receptor, CYP cythocrome P450, 
DHEA dehydroepiandrosterone, DHT dihydrotestosterone, HSD 

hydroxysteroid dehydrogenase, MES methylseleninic acid, 
SARM selective AR modulators, SLCO1B3 solute carrier 
organic anion transporter family member 1B3, SRD5A steroid 
5a-reductase (type I, II, or III), VES a-tocopheryl succinate 
(vitamin E)
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and cyproterone acetate (steroidal antiandrogens), block 
the action of androgens within CaP cells [10] (see 
Fig. 10.1). They inhibit the binding of testosterone and 
DHT to specific receptors in tumor cells.

Prevention of Prostate Cancer

Diverse substances have been studied as potential 
chemopreventives for CaP. Here, we will review only 
the ones that are in phase III trials or for which trials 
have been concluded and shown substantial effects. 
For more information about prevention of CaP, see 
Chap. 31 of this book.

Finasteride is a potent SRD5A type II inhibitor [12, 
13] utilized in the prevention of prostate cancer. A large 
7-year study called the Prostate Cancer Prevention 
Trial (PCPT) showed that men who had regular doses 
of finasteride had a decreased risk of CaP by 24.8% 
[14]. It was observed, however, that the same group 
had a higher incidence of high-grade CaP compared 
with placebo [14]. Interestingly and importantly, this 
original finding has recently become controversial [15, 
16]. Finasteride, in the meantime, seems to facilitate 
the detection of CaP and to inhibit low-grade cancers 
instead of increasing their rates [15, 16]. Avoiding 
DHT synthesis through SRD5A2 inhibition could be a 
useful strategy to delay or prevent the initiation of CaP. 
Until now, finasteride is the only agent proven to be 
efficient in the reduction of prostate carcinoma in a 
randomized and placebo-controlled phase III study [17].

Dutasteride is another SRD5A inhibitor, and it 
acts on both type I and type II enzymes [18, 19]. It is 
antiandrogenic and promotes cell death in CaP cells 
[20, 21]. The results of a 4-year study called Reduction 
by Dutasteride of Prostate Cancer Events (REDUCE), 
a phase III trial, were disclosed in 2008 [22].

Methylseleninic acid (MSA) seems to modulate 
the expression of diverse androgen-regulated genes 
and suppress AR and prostate-specific antigen (PSA) 
expressions [23, 24] and inhibit the growth of CaP 
in vivo [24]. In the same way, a stereoisomer of vita-
min E, a-tocopheryl succinate (VES), has shown to 
suppress AR expression [25]. The Selenium and vita-
min E Cancer Prevention Trial (SELECT) examines 
MSA and VES [26] in relation to CaP prevention. 
The results of the SELECT trial are discussed in 
Chap. 31.

Genes and Polymorphisms in the 
Androgen Pathway in Prostate Cancer

Diverse genes involved in the androgen pathway (see 
Fig. 10.1) have been analyzed in relation to the risk of 
CaP. Here we will evaluate the ones relevant to the 
pharmacogenetics analysis.

Androgen Receptor

The AR gene (located in Xq11.2-q12) is a steroid-
binding transcription factor that regulates prostate cel-
lular proliferation and differentiation [27] (Table 10.1). 
It is the main gene studied in CaP risk as it is involved 
in the regulation of diverse genes of cell regulation and 
binds to both DHT and testosterone. The AR gene 
comprises eight exons that encode four functional 
domains. The amino-terminal transactivation domain 
(exon 1), which is the transcriptional regulatory region 
of the protein and regulates the expression of target 
genes, is highly polymorphic. The DNA-binding 
domain is coded by exons 2 and 3, while exons 4–8 
code to a hinge region and a carboxyl-terminal ligand-
binding domain [27]. The transactivation domain, 
which regulates the expression of target genes and rep-
resents 60% of the entire protein, is highly polymor-
phic [28]. Irrespective of how current CaP treatments 
affect the levels of circulating androgens, the most 
important factor determining the success or failure of 
the treatment is the AR protein [29]. Moreover, the 
development of selective AR modulators (SARM), 
such as pyrazolines, is also promising as a CaP treat-
ment [29]. Consequently, a complete understanding of 
the AR is necessary in the search for new approaches 
in the prevention and treatment of prostate cancer [29]. 
It was shown by immunohistochemistry of CaP tissues 
that AR is upregulated in high-grade or advanced 
 disease [30].

More than 600 somatic mutations have been 
reported for the AR gene; of those, about 85, most of 
them in advanced grades, have been described in CaP 
(for review, see [29]). Many of these mutations could 
change the affinity for ligands and increase transcrip-
tional activity [29]. The most noteworthy polymor-
phisms are a (CAG)

n
 (coding for polyglutamine) and a 

(GGN)
n
 (coding for glycine) triplet repeats in exon 1 
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(see Table 10.1). Both are expected to produce 
 structurally altered proteins (for review, see [31]). 
A meta-analysis showed that shorter repeats of both 
polymorphisms may increase the risk of CaP, although 
these increased risks appear to be very small [32]. 
More recent investigations about the role of these 
 trinucleotides in CaP predisposition are also contradic-
tory (for review, see [33]). Perhaps they could be in 
linkage disequilibrium (LD) with other important 
regions of the gene [32]. Although diverse polymor-
phisms have been analyzed in this gene in relation to 
CaP risk (see Table 10.1), none of them have conclu-
sive results, mostly because of the difference between 
ethnicities. Meta-analysis and larger studies regarding 
population stratification should help to elucidate the 
role of the AR gene in prostate carcinoma develop-
ment and progression. Most of them have functional 
effects in the protein and may be involved in an altered 
response to treatment. Detailed analysis about the 
 biology of the AR in CaP is discussed in Chap. 5 of 
this book.

The Steroid 5a-Reductase Family

The three SRD5A isozymes are apparently expressed 
in different tissues. Type I is mostly expressed in non-
reproductive tissues including skin and liver [34, 35] 
and type II predominantly in the male reproductive 
 tissues such as seminal vesicles, epididymis, and 
 prostate [34, 35]. The type III (or 2L) enzyme, which was 
described more recently, seems to work like type I [36]. 

Diverse studies have shown that SRD5A1 expression 
is increased in cancer tissue [36–39], while expression 
and activity are decreased for SRD5A2 [36, 37, 40–42]. 
A study of immunostaining in CaP tissue of nontreated 
patients reported that both enzymes were increased in 
high versus low-grade tumors [38]. These results 
 suggest that SRD5A1 might be more important in CaP 
progression and development than originally thought. 
Like the other genes of the family, SRD5A3 might 
 produce DHT, and its expression seems to be increased 
in CaP [36].

Several polymorphisms in the SRD5A2 gene 
(located in band 2p23) have been extensively studied 
in terms of CaP risk (for review, see [33]) (Table 10.2). 
The most commonly analyzed polymorphism is a 
 nonsynonymous SNP in exon 1, A49T, an alanine to 
threonine substitution (first reported by [43] in the 
Hawaii–Los-Angeles Multiethnic Cohort – MEC), 
which is believed to increase the levels of enzyme 
activity about fivefold [44]. Diverse studies have 
 evaluated this polymorphism in relation to CaP, and 
the results are contradictory (for review, see [45]). 
However, the updated analysis of a larger MEC sample 
(6,000 controls vs. 6,000 patients) did not show any 
positive association between A49T and CaP risk in 
four ethnic groups [46]. Different genotyping tech-
niques were utilized, and that apparently explains the 
discrepancy between these and previous results [46]. 
Moreover, meta-analyses support very small associa-
tion and little effect of this polymorphism with CaP 
[45, 46]. The low frequency of the polymorphic T 
allele (1%) also implies that the public health impact 
would be low [46]. This case highlights the importance 

Table 10.1 Variants of the androgen receptor gene, reported functional effects and association studies with prostate cancer

AR variant Reported functional effects Association studies

(CAG)
n

Structurally altered protein with reduced  
transcriptional activity [31]

Positive but small association with short repeats in 
meta-analysis [32]

(GGN)
n

Structurally altered protein [31] Positive but small association with short repeats in 
meta-analysis [32]

E211E None Contradictory [38]
Q640Stop C-terminal truncated AR [31] Associated with low risk of metastatic CaP [96]
L701H Reduced affinity to DHT but increased  

to  glucocorticoids [23]
None

R726L Change transactivational specificity of the AR [31] Contradictory [38]
A748T Decreased stability [31] None
T877A Enlarged ligand specificity [31] None

AR androgen receptor, DHT dyhydrotestosterone, CaP prostate cancer
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Table 10.2 Variants of the steroid 5a-hydroxylase (SRD5A2) gene, reported functional effects, association study and pharmacogenetic 
variation with prostate cancer risk

SRD5A2  
variants

Somatic or  
constitutional DNA

Reported functional 
effects Association studies Pharmacogenetic variation a

V3I in exon 1 [87, 
88]

Somatic [87, 88] Increased enzyme 
activity [87, 88]

None Increased sensitivity to finasteride, 
decreased sensitivity to dutas-
teride [87, 88]

C5R in exon 1 
[44]

Constitutional [44] Almost the same  
[44]

None Almost same sensitivity to finasteride 
and dutasteride 1,3

P30L in  
exon 1 [44]

Constitutional [44] Decreased enzyme 
activity [44]

None Decreased sensitivity to finasteride 
1,3

P48R in exon 1 
[44]

Constitutional [44] Decreased enzyme 
activity [44]

None Increased sensitivity to finasteride 
[44, 87]

A49T in exon 1 
[44]

Constitutional [87]  
and somatic  
[44, 87, 88]

Increased enzyme 
activity [44, 87, 
88]

Negative meta-analyses 
[45, 46] and large 
sample [46]

Decreased sensitivity to finasteride, 
increased sensitivity to dutasteride 
[44, 87, 88]

A51T in exon 1 
[44]

Constitutional [44] Slightly decreased in 
activity [44]

None Slightly increased sensitivity to 
finasteride, slightly decreased 
sensitivity to dutasteride [44, 87]

V63M in exon 1  
[87, 88]

Somatic [87, 88] Slightly decreased in 
activity [87, 88]

None Increased sensitivity to finasteride, 
decreased sensitivity to dutas-
teride [87, 88]

V89L in  
exon 14

Constitutional  
[44, 47]

Decreased enzyme 
activity [44, 47]

Negative meta-analysis 
[45], LL associated 
with CaP in large 
sample [49]

Decreased sensitivity to finasteride, 
increased sensitivity to dutasteride 
[44, 87]

F118L in exon 2 
[87, 88]

Somatic [87, 88] Increased enzyme 
activity [87, 88]

None Increased sensitivity to finasteride 
and dutasteride [87, 88]

G183D in  
exon 4 [87, 88]

Somatic [87, 88] Slightly decreased in 
activity [87, 88]

None Increased sensitivity to finasteride 
[87, 88]

T187M in exon 4 
[44]

Constitutional [44] Decreased enzyme 
activity [44]

None Slightly decreased for both finas-
teride and dutasteride [44, 87]

V189L in exon 4 
[87, 88]

Somatic [87, 88] Decreased enzyme 
activity [87, 88]

None Decreased sensitivity to finasteride, 
slightly decreased to dutasteride 
[87, 88]

G191E in exon 4 
[87, 88]

Somatic [87, 88] Decreased enzyme 
activity [87, 88]

None Increased sensitivity to finasteride, 
slightly decreased to dutasteride 
[87, 88]

F194L in exon 4 
[44]

Constitutional [44] Increased enzyme 
activity [44]

None Increased sensitivity to finasteride 
[44, 87]

L221P in exon 4 
[87, 88]

Somatic [87, 88] Decreased enzyme 
activity [87, 88]

None Almost same sensitivity to finas-
teride, slightly increased to 
dutasteride [87, 88]

L226P in exon 4 
[87, 88]

Somatic [87, 88] Slightly decreased in 
activity [87, 88]

None Decreased sensitivity to finasteride, 
increased sensitivity to dutasteride 
[87, 88]

R227Q in exon 4 
[44]

Constitutional [44] Decreased enzyme 
activity [44]

Negative [97, 98] Decreased sensitivity to finasteride, 
increased sensitivity to dutasteride 
[44, 87]

F234L in  
exon 4 [44]

Constitutional [44] Decreased enzyme 
activity [44]

None Decreased sensitivity to finasteride, 
increased sensitivity to dutasteride 
[44, 87]

A248V in exon 5 
[87, 88]

Somatic [87, 88] Increased enzyme 
activity [87, 88]

None Decreased sensitivity to finasteride, 
increased sensitivity to dutasteride 
[87, 88]

(TA)
n
 in 5’UTR Constitutional [48] None Negative meta- 

analysis [45]
None

aThe pharmacogenetic variation was compared to wild type
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of experimental replications and very large samples in 
association studies in multifactorial diseases and the 
severe control quality of the results.

Other polymorphisms in SRD5A2 gene have been 
evaluated (see Table 10.2), such as the missense SNP 
V89L (a valine to leucine substitution), which reduces 
SRD5A2 activity in vitro [47] and a (TA)

n
 dinucleotide 

repeat located in the 3¢ untranslated region after exon 5 
[48]. Both, however, were not associated with CaP in 
meta-analyses [45]. Nevertheless, more recently an 
investigation evaluated 803 CaP cases and 802 con-
trols in relation to the V89L SNP and found that the 
L/L genotype was associated with increased risk of the 
disease and also higher aggressiveness [49]. The asso-
ciation with the low-activity variant corroborates with 
the PCPT findings with long-term exposition of finas-
teride and inhibition of SRD5A2 [49]. SRD5A1 (5p15) 
and SRD5A3 (4q12) polymorphisms have not been 
studied until now in relation to prostate carcinoma. 
Probably in the future, more researchers will approach 
these genes, as their role in CaP development and pro-
gression is emerging.

Aromatase (CYP19A1)

The aromatase enzyme, encoded by CYP19A1 gene 
(15q21.1), is a critical regulator of the balance between 
androgens and estrogens and contributes to circulating 
and tissue levels of these hormones in the prostate 
(see Fig. 10.1). Aromatase inhibitors work to block the 
production of estradiol, widely used in breast cancer 
treatment, they are another possibility for CaP treat-
ment (for review, see [50]), which suggests that 
intraprostatic estradiol might contribute to the disease 
[51]. However, phase II trials using aromatase inhibi-
tors, such as anastrozole and tetrozole, did not present 
satisfactory results as a CaP treatment [52, 53].

The analyses of mRNA in various tissues showed 
that aromatase transcripts are tissue-specifically regu-
lated, with differential splice patterns in the prostate 
[54]. The results of expression of this enzyme in benign 
or carcinogen prostate are unfortunately contradictory 
[51, 55, 56]. Few studies have evaluated polymorphisms 
in this gene and their relation to CaP risk (Table 10.3). 
More than seven repeats of a tetranucleotide repeat 
(TTTA)

n
 in intron 4 were associated with decreased 

survival in men with metastatic CaP [57]. The repeat 
alleles of 171 and 187 bp in size were  associated with 

CaP patients in another study as well [58]. However, 
other studies were not able to observe any association 
between this tetranucleotide repeat and CaP risk [59, 
60]. Another polymorphism analyzed was the SNP 
R264C (a C to T substitution in exon 7), with positive 
reports [61, 62], which yielded negative results as well 
[59, 63].

Other Genes

Various genes have been approached in the androgen 
metabolism in relation to CaP risk [33]. However, their 
role in the disease is not as well comprehended as the 
other genes discussed above. These genes have been 
rapidly reviewed in this section (see Table 10.3).

The cytochrome P450 17 (CYP17) gene (10q24.3) 
encodes for the enzyme P450c 17a- hydroxylase (see 
Fig. 10.1). The 5¢ untranslated promoter region of the 
gene contains a substitution of T for a C (A1 and A2 
alleles) [64]. Although diverse studies were done and 
the results were often conflicting, a meta-analysis of 
12 case-control studies suggests that the C/C genotype 
is unlikely to be a major risk factor for sporadic CaP on 
a wide population base, especially in men of European 
descent (see Table 10.3) [65]. This result is supported 
by recent analyses in large samples [60, 66, 67]. There 
is a controversy on whether this polymorphism would 
increase the expression levels of the gene, creating an 
additional Sp1-binding site in the promoter [64, 68]. 
Moreover, the levels of serum  hormone in men seemed 
not to correlate with the  genotype of this polymor-
phism [66, 67, 69]. However, Sp1, Sp3, and NF-1C 
binding sites are essential  transcriptional factors for 
the expression of CYP17 gene [70].

The enzyme 3b-hydroxysteroid dehydrogenase 
(HSD3B) is responsible for the inactivation of DHT in 
steroid target tissues (see Fig. 10.1). The HSD3B gene 
family is composed of two genes and five pseudogenes, 
which are all located in chromosome band 1p13.1. The 
type I and type II enzymes are differentially expressed 
[71]. HSD3B2 expression was observed to be increased 
in androgen-independent CaP [72]. This would 
increase androstenedione levels, which could generate 
substrate for conversion into  testosterone [72]. Diverse 
polymorphisms in HSD3B1 and HSD3B2 genes have 
been described and evaluated in CaP (see Table 10.3) 
[73, 74], and help to explain the racial and ethnic vari-
ations in the risk [73]. However, there is a general lack 
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of  biochemical  analysis for these genes and 
polymorphisms.

The HSD17 gene family catalyzes the interconver-
sions between 17b-hydroxysteroids and  17-ketosteroids 
(see Fig. 10.1). Although polymorphisms in the 
HSD17B1 gene (located in 17q12-q21), including 
S3131G, have been described as a predisposition fac-
tor to CaP [59], any polymorphism of the 26 analyzed 
could be associated with the disease in a very large 
ethnically mixed sample (8,301 CaP cases vs. 9,373 
controls) (see Table 10.3) [75]. Different analyses for 
ethnicity were done to make sure that the negative 
associations were not due to population  stratification 
[75]. The HSD17B3 gene (9q22) encodes the testicu-
lar (or type III) enzyme (see Fig. 10.1). Polymorphisms 
in this gene (Table 10.3) might increase the output of 
testosterone, which can directly or  indirectly activate 

AR through DHT, by potentially increasing the predis-
position to CaP. The expression of HSD17B3 and 
HSD17B4 (5q2) genes were increased in high-grade 
CaP microdissections from radical  prostatectomy sam-
ples [76]. These results are consistent with the overex-
pression of HSD17B4 at both mRNA and protein 
levels accompanied by increased enzymatic activity 
reported earlier [77]. Nevertheless, there is a need for 
the study of polymorphisms and their biochemical 
effects on these genes to evaluate if they are associated 
with increased risk of CaP.

The organic anion transporter OATP1B3 involved 
in the uptake of steroid anions, such as estradiol-17b-
glucuronide, DHEA-3-sulfate, estrone-3-sulfate [78], 
and testosterone [79], is encoded by the solute carrier 
organic anion transporter 1B3 (SLCO1B3) gene [80]. 
This enzyme is considered to be important for drug 

Table 10.3 Genes in the androgen pathway involved in prostate cancer development and progression

Gene name Polymorphism studied Expression in CaP Association to CaP risk Relevance to pharmacogenetic

CYP17 T for C in the 5¢UTR  
(A2 allele)

Inconclusive results for 
the gene expression 
in CaPa

Negative meta-analysis  
[65]

None

CYP19A1 A/C SNP 5 kb upstream  
the gene (rs1870050)

Inconclusive results for 
aromatase expres-
sion in CaPa

None rs1870050 was associated with 
TTP during ADT [94]a

(TTTA)
n
 repeat in intron 4 Inconclusivea Aromatase inhibitors were 

unsuccessful used as a CaP 
treatmenta

R264C in exon 7 (C/T) Inconclusivea None
HSD3B1 L338L (C/T) in exon 3 None Both SNPs associated  

with tumor  
aggressiveness [59]

Associated with TTP during  
ADT [94]a

N367T (A/C) in exon 4 Weak association with  
CaP risk [74]

None

HSB3B2 (TG)
n
 (TA)

n
 (CA)

n
 repeat  

in exon 3
Gene is overexpressed 

in androgen-
 independent 
CaP [72]

Inconclusivea None

C7519G in the 3¢UTR Effect in association  
with L338L of  
HSD3B1 [74]

None

HSD17B1 26 Polymorphisms studied None Negative large  
study [75]

Overexpression in dutasteride-
treated cells [89]a

HSD17B3 G289S (G/A) in exon 11 Gene is overexpressed 
in high-grade CaP 
[76]

Associated with increase 
risk in Caucasians [99]

Overexpression in dutasteride-
treated cells [89]a

HSD17B4 Intronic SNP (C/G) 
(rs7737181)

Gene is overexpressed 
in high-grade CaP 
[76]

None Associated with TTP during  
ADT [94]a

SLCO1B3 S112A (T/G) in exon 3 Gene is overexpressed 
in CaP and it is 

Both polymorphisms are  
in LD; haplotype of 

Presence of T (wild type) 
associated with shorter  M233I (G/A) in exon 6

CaP prostate cancer, LD linkage disequilibrium, TTP time to progression, ADT androgen deprivation therapy
aSee text for more details
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elimination and pharmacokinetics, which could con-
tribute to interindividual variability in drug response 
[78]. Two major SNPs are described in different popu-
lations: S112A in exon 3 and M233I in exon 6, which 
are in complete LD [81]. SLCO1B3 is overexpressed 
in CaP [79] (see Table 10.3). Testosterone transport by 
OATP1B3 appears to be dependent on its genotype, 
the haplotype for the homozygous to the variant of 
both SNPs being less active in comparison to the nor-
mal [79]. In preclinical data, the same haplotype is 
associated with better survival in CaP patients; how-
ever, no difference was observed in relation to Gleason 
score [79].

Gene Fusions

In the last few years, several gene rearrangements have 
been described in patients with CaP. First, an androgen-
responsive gene called fused transcription factor gene 
(TMPRSS2) was described in prostate carcinomas with 
an overexpression of the erythroblast transformation 
specific (ETS) transcription factor ERG, which regu-
lates other genes’ activity [82]. Following that, diverse 
studies have confirmed their high levels in CaP patients 
(for review, see [83]), and other gene fusions, not so 
common, were also described (for review, see [84]). 
One of the new genes involved was kallikrein 2 (KLK2) 
[85] which, like PSA (also known as KLK3), is an 
androgen-induction and prostate- specific expressed 
gene [86]. The prostate cancer gene fusions are gener-
ally characterized by 5¢ genomic  regulatory elements, 
most of them controlled by androgen and fused to mem-
bers of transcription factors that  contribute to the over-
expression of oncogenic transcription factors [83]. 
Studies with larger samples will be useful to identify 
specific clinical subtypes and different types of person-
alized medicine. Perhaps in the near future, these gene 
fusions will be utilized as biomarkers and as therapeu-
tic targets to prostate cancer therapy.

Pharmacogenetics of Prostate Cancer

Pharmacogenetic variation of different 5a-reductase 
inhibitors has been analyzed in the SRD5A2 gene [44, 
87, 88]. In a first study, ten single and three double 

constitutional amino acid substitutions were identified 
and biochemically characterized [44] (see Table 10.2). 
Substantial pharmacogenetic variation was observed 
for finasteride, dutasteride, and PNU-157706 when 
incubated with the enzyme variants, and it was most 
pronounced with finasteride, especially for the mutants 
P30L, A49T, V89L, R227Q, F234L, and V89L-F234L 
(increased activity), and for P48R and F194L 
(decreased activity) [44] (see Table 10.2). Furthermore, 
SRD5A2 somatic mutations in human CaP tissue were 
identified [44] and characterized in relation to finas-
teride and dutasteride [87, 88]. Dutasteride proved to 
be more efficient as an inhibitor in vitro than finas-
teride in most variants [87, 88]. However, the efficacy 
of both drugs was dependent on the genotype of 
SRD5A2 [87, 88] (see Table 10.2). For example, the 
P30L and A49T mutants seemed to have a better 
response to dutasteride than finasteride, while F194L 
and P48R displayed higher affinity for the latter [88] 
(see Table 10.2). The treatment with dutasteride is 
expected to be more efficient in the reduction of the 
enzyme activity in vivo than that with finasteride [88]. 
The results of these studies might help in the develop-
ment of personalized medicine, including personalized 
prevention, for prostate cancer. Depending on the results 
of the REDUCT trial, the selection between finasteride 
and dutasteride as a preventive of CaP would be based 
on the genotype of SRD5A2.

The expression of SRD5A1 and SRD5A2 was 
tested in different normal and CaP cell lines of rat and 
human treated with finasteride and dutasteride [39]. 
In androgenic-responsive prostatic cancer (Dunning 
R-3327H) rats, the use of dutasteride, but not finas-
teride, inhibited CaP growth [39]. In BALB/c nude 
mice, daily oral treatment with finasteride was effective 
in inhibiting the growth of androgen-responsive human 
CaP cell line (LNCaP) xenografts; however, the results 
were not as clearcut as with dutasteride [39]. Dutasteride 
also enhanced in vivo therapeutic efficacy of castration 
[39]. This study shows that the inhibition of SRD5A1 
and SRD5A2 by themselves is not enough to inhibit 
tumor growth, but it can be used as an additive to anti-
androgen therapy.

The expression profile of 190 genes related to the 
androgen pathway was analyzed in nonresponsive 
(DU145) human CaP and LNCaP cell lines to evaluate 
the effects of dutasteride treatment [89]. The effect of 
dutasteride showed to be time-dependent and killed 
both cell lines at elevated doses [89]. A differential 
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regulation of gene expression by dutasteride in LNCaP 
cells was observed [89]. Diverse genes were overex-
pressed in dutasteride-treated cells, including genes 
encoding proteins in androgen biosynthesis and meta-
bolism (such as HSD17B1, HSD17B3, CYP11B2), 
 signal transduction (ERBB2, VCAM, SOS1), andro-
gen receptor and AR coregulators (AR, CCND1) 
(according to [90]), while androgen-regulated genes 
(ARGs) (such as KLK3, KLK2, DHCR24) were under-
expressed [89]. Microarray data analysis was con-
firmed by quantitative real-time PCR assay [89]. The 
upregulation of the AR is a response to the decreased 
levels of DHT of the LNCaP cells when treated with 
dutasteride [89]. No differential gene expression was 
observed on DU145 cell line in dutasteride-treated 
cells because AR is required by cells to respond to this 
substance [39]. These findings show that AR-dependent 
cells treated with dutasteride decrease intracellular 
DHT concentration despite the active pathways that 
control androgen-independent growth [89].

The transcriptional response of LNCaP to MSA 
was investigated, and 951 genes, including cell- 
cycleregulators and androgen-regulated genes, with 
altered expression were identified [91]. The expression 
of AR and PSA at both mRNA and protein levels were 
decreased [91]. These results were confirmed in different 
human cell lines (LNCaP, LAPC-4, CWR22Rv1, 
LNCaP-C81, and LNCaP-LN3) where a decrease in 
AR and PSA expression was observed, independent of 
the AR genotypes or sensitivity to androgen-stimulated 
growth [92]. Diverse AR-regulated genes implicated 
in prostate carcinogenesis (PSA, KLK2, ABCC4, 
DHCR24, and GUCY1A3) were inhibited by MSA, 
but this could be attenuated by the overexpression of 
AR [92]. MSA seems to reduce AR availability by 
blocking AR transcription. In conjunction, these results 
indicate that MSA may protect against CaP by modu-
lating the expression of AR and AR-regulated genes.

A positive association between men with PCP and 
presence of the A allele in a 10 kb upstream substitu-
tion of the AR gene was observed when patients who 
received hormonal therapy as primary treatment at 
diagnosis were assessed [93]. There was no correlation 
between this polymorphism and other variables, such 
as Gleason score [93]. It is possible that AR genotypes 
may affect the response to hormonal treatment and 
CaP death [93]. Recently, 529 advanced prostate cancer 
patients treated with ADT (orchiectomy or luteinizing 
hormone-releasing therapy with or without antiandrogen) 

were genotyped for 129 polymorphisms (SNPs and 
microsatellite repeats) in 20 genes in the androgen 
synthesis and metabolism [94]. Three polymorphisms 
showed positive association with time to progression 
(TTP) during ADT in the CYP19A1 (a SNP 5 kb 
upstream of the gene), HSD3B1 (a SNP 13 kb upstream 
of the gene), and HSD17B4 (an intronic SNP) genes [94]. 
Progression was described as two proven increases in 
PSA levels or initiation of secondary hormonal therapy 
for rising PSA [94]. Individuals homozygous for 
HSD17B4 (C/C) presented lower PSA values at ADT 
initiation than the other genotypes. Patients who 
 carried more than one of these polymorphisms pre-
sented a better response to the treatment (34 months) 
compared to the ones with any favorable alleles 
(11.8 months) [94]. On this basis, the efficacy of ADT 
was hypothesized to be improved by drugs that inhibit 
or increase these targets [94]. These polymorphisms, 
however, were not evaluated in relation to their func-
tional enzymatic consequences.

Also the genotypes of the SLCO1B3 gene were eval-
uated in 68 Caucasian patients with advanced CaP in 
relation to the interval of ADT to androgen independence 
[95]. These patients enrolled in a clinical trial using keto-
conazole with or without alendronate or in a clinical trial 
of docetaxel with or without thalidomide [95]. The pres-
ence of the wild-type allele (T) of S112A polymorphism 
was associated with a shorter time to androgen indepen-
dence in both ADT with metastatic disease and 
 biochemical failure with no metastatic  disease [95]. This 
association was confirmed even in combined analysis of 
the two groups stratified by stage [95]. These findings, if 
replicated, can have potential implications in the evalua-
tion of response to hormonal therapy.

Conclusions

Nowadays, many genes are recognized to be involved in 
CaP progression and development. Detailed knowledge 
of polymorphisms and biochemical variation of these 
genes has implications for the identification of presymp-
tomatic but at-risk men and the development and selec-
tion of drugs to treat the cancer in a personalized manner 
or even prevent the disease in an individualized fashion.

Despite the accumulating knowledge of poly-
morphisms in genes in the androgen pathway, their 
biochemical characterization, and their relation to CaP, 
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there is a lack in pharmacogenetic studies of most 
drugs currently in use. The few reports available at the 
moment have to be replicated in independent and larger 
samples. New targets for CaP prevention and treat-
ment, such as SRD5A1 and the gene fusions, are avail-
able for investigation, but their effects in the disease 
are not totally understood yet.

In summary, we have reviewed here the DNA varia-
tion in prostate cancer candidate genes in the androgen 
pathway and pharmacogenetic studies available at the 
moment. Molecular research in chemoprevention and 
therapy of CaP might lead to impressive pharmaco-
logical advances in the next few years.
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Abstract Mitoxantrone (dihydroxyanthracenedione, 
DHAD) is an anthracenedione derivative developed in 
the 1970s in an effort to find a less cardiotoxic doxo-
rubicin derivative. Although the exact mechanism 
of action remains unclear, mitoxantrone intercalates 
between base pairs of the DNA double helix, resulting 
in cross links, strand breaks, and inhibition of nucleic 
acid synthesis. Early studies with mitoxantrone dem-
onstrated a low potential for drug–drug interactions, 
other than a significantly increased risk of infection 
when administered concomitantly with live vaccines. 
Currently, there are five black box warnings described 
in the US package insert. Initially approved in 1987  
for treatment of acute non-lymphocytic leukemia 
(ANLL – now AML) in adults, mitoxantrone was 
approved in 1996 for use in combination with corti-
costeroids as initial chemotherapy for the treatment 
of patients with pain related to advanced castration-
resistant prostate cancer (CRPC). For this indication, 
the recommended dosage is 12–14 mg/m2 every 
3 weeks, as a 30-min intravenous infusion. In multiple 
large randomized studies, mitoxantrone plus predni-
sone was shown to reduce pain and increase quality of 
life for patients with CRPC, though it does not extend 
survival. Subsequent to the approval of docetaxel as a 
treatment for CRPC, mitoxantrone has primarily been 
used as a second-line therapy.

Keywords Mitoxantrone • DHAD • Prostate cancer 
• CRPC • Salvage therapy

Introduction

Mitoxantrone is an anthracenedione derivative devel-
oped in the 1970s, a discovery of the synthetic chemis-
try program at the Medicinal Research Division of the 
American Cyanamid Company [1]. Development began 
with a molecule predicted to favor intercalation with 
double-stranded DNA. From this original class of com-
pounds with immunomodulatory effects and significant 
activity against murine tumors, mitoxantrone was 
selected for further development based on its potency 
and excellent tumor activity. Mitoxantrone is cytotoxic 
to both proliferating and nonproliferating cells.

Since its initial approval in 1987 for treatment of 
acute nonlymphocytic leukemia (ANLL – now AML) 
in adults, mitoxantrone continues to demonstrate effi-
cacy in treatment of recurrent AML. When used in 
combination with cytarabine, response rate has been 
reported at 50–60% in first relapse [2] and at 55% 
when utilizing the MEC regimen (mitoxantrone, etopo-
side, and cytarabine) [3]. Mitoxantrone was approved 
in 1996 for use in combination with corticosteroids as 
initial chemotherapy for the treatment of patients with 
pain related to advanced castration-resistant prostate 
cancer (CRPC) [4].

Mechanism of Action

Mitoxantrone is an analog of the anthracyclines which 
intercalates DNA. Although the exact mechanism of 
action remains unclear, mitoxantrone intercalates 
between base pairs of the DNA double helix, resulting in 
cross links, strand breaks, and inhibition of nucleic acid 
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synthesis. Upon binding to nucleic acids, it  inhibits DNA 
and RNA synthesis by template disordering and steric 
obstruction [5]. Additionally, replication is decreased by 
binding to DNA topoisomerase II and seems to inhibit 
the incorporation of uridine into RNA and thymidine 
into DNA [6], leading to protein-linked DNA breaks. 
Again, because of these multiple mechanisms of action, 
mitoxantrone is active throughout the entire cell cycle.

Pharmacological Considerations

The pharmacokinetic parameters of mitoxantrone are 
best described by an open three-compartment model 
[7] as follows.

Distribution

In the concentration range of 26–455 ng/mL, protein 
binding is 78%. Binding is independent of concentration 
and is unaffected by phenytoin, doxorubicin, methotrex-
ate, prednisone, heparin, or aspirin [8]. Mitoxantrone 
distributes into a deep tissue compartment from which it 
is slowly released, as evidenced by prolonged plasma 
terminal phase half-life, extremely large volume of 
distribution, and the relatively large amount (>15% of 
administered dose) retained in tissue at ~35 days post-
dose [9]. The distribution half-life is 1.1–3.1 h, mean a 
half-life is 6–12 min, and mean b half-life is 1.1–3.1 h 
[8–10]. The volume of distribution is greater than 
1,000 L/m2 and has been reported at 1,382–3,792 L, 
specifically. This has also been reported as 14 L/kg in 
patients with normal hepatic function. In patients with 
hepatic disease, this drops to 11 L/kg [7, 8].

Metabolism

Mitoxantrone undergoes extensive metabolism, mostly in 
the liver, to two inactive metabolites, a monocarboxylic 
acid derivative and a dicarboxylic acid derivative. Again, 
neither of these metabolites are cytocidal. Abnormal liver 
function leads to decreased rates of total body mitoxan-
trone clearance [11], suggesting a possible need for dose 
reduction in patients with severe hepatic impairment. 
Although reported AUCs in patients with severe hepatic 

impairment or third spacing are more than threefolds of 
that of patients with normal hepatic function, no defini-
tive dose reductions have been established.

Excretion

Renal clearance of mitoxantrone has been reported in 
the range of 26.2–70 mL/min [7–9]. Within five days 
of administration, 11% or less of the drug is recovered 
in the urine. Of this, 65% is excreted unchanged. 
Because of this minimal renal excretion, it is unlikely 
that dose adjustments would be needed in patients with 
renal impairment. 18.3% of the drug is excreted via the 
biliary tract, and most importantly, 25% is recovered in 
the feces. The terminal elimination half-life has been 
reported from 23 to 215 h and is significantly increased 
with hepatic impairment or third spacing.

Mitoxantrone is extensively bound to tissues; there-
fore, neither the therapeutic nor the toxic effects would 
be lessened by hemodialysis or peritoneal dialysis [8].

Drug Interactions

Early studies with mitoxantrone demonstrated a low 
potential for drug–drug interactions, other than a sig-
nificantly increased risk of infection when adminis-
tered concomitantly with live vaccines. Administration 
of live vaccines to patients who are immunocompro-
mised by chemotherapeutic agents has resulted in 
severe and sometimes fatal infections [12, 13]. Live 
virus and bacterial vaccines should not be adminis-
tered to patients undergoing immunosuppressive che-
motherapy. At least a 3 month washout period should 
elapse between discontinuation of chemotherapy and 
vaccination with a live vaccine (Table 11.1) [13]. 
Patients with hormone-dependent tumors should be 
instructed to avoid black cohosh and dong quai [14].

Safety and Precautions

In early single-agent studies, the most commonly 
reported adverse reactions for mitoxantrone were nau-
sea and vomiting or stomatitis. Patients infrequently 
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encountered diarrhea, abdominal pain and constipation, 
mild irritation at the site of infusion, shortness of breath, 
infection, lethargy, weakness, and fatigue. A small 
number of patients reported altered taste or nail changes. 
Overall, the adverse reaction profile for mitoxantrone 
was found to be superior to that of doxorubicin [15].

Currently, there are five black box warnings 
described in the US package insert [6]: (1) Mitoxantrone 
should be administered under the supervision of a phy-
sician experienced in the use of cytotoxic chemother-
apy agents. Mitoxantrone is considered a high-alert 
medication by the Institute for Safe Medication 
Practices (ISMP), and may cause significant harm if 
medication errors occur [16]. Dosage should be 
reduced in patients with impaired hepatobiliary func-
tion. Safety and efficacy in children has not been estab-
lished yet. (2) Mitoxantrone should be given slowly 
into a freely flowing intravenous infusion. It must 
never be given subcutaneously, intramuscularly, or 
intra-arterially. Severe local tissue damage may occur 
if there is extravasation during administration. 
Mitoxantrone is not for intrathecal use. Severe injury 
with permanent sequelae can result from intrathecal 
administration. (3) Except for the treatment of acute 
nonlymphocytic leukemia, mitoxantrone generally 
should not be administered to patients with baseline 
neutrophil counts less than 1,500 cells/mm³. In order 
to monitor the occurrence of bone marrow suppres-
sion, primarily neutropenia, which may be severe and 
result in infection, it is recommended that frequent 
peripheral blood cell counts be performed on all 
patients receiving mitoxantrone. (4) Use of mitoxan-
trone has been associated with cardiotoxicity. 
Cardiotoxicity can occur at any time during mitoxan-
trone therapy, and the risk increases with cumulative 
dose. Congestive heart failure (CHF), potentially fatal, 
may occur either during therapy with mitoxantrone or 

months to years after termination of therapy. All 
patients should be carefully assessed for cardiac signs 
and symptoms by history and physical examination 
prior to start of mitoxantrone therapy. Baseline evalua-
tion of left ventricular ejection fraction (LVEF) by 
echocardiogram or multigated radionuclide angiogra-
phy (MUGA) should be performed prior to initiation 
of therapy. Patients with a baseline LVEF less than 
50% generally should not be treated with mitoxan-
trone. LVEF should be reevaluated by echocardiogram 
or MUGA periodically during therapy. Additional 
doses of mitoxantrone should not be administered to 
patients who have experienced either a drop in LVEF 
to below 50% or a clinically significant reduction in 
LVEF during treatment with mitoxantrone. Patients 
generally should not receive a cumulative dose greater 
than 140 mg/m². In cancer patients, the risk of symp-
tomatic congestive heart failure (CHF) was estimated 
to be 2.6% for patients receiving up to a cumulative 
dose of 140 mg/m². Presence or history of cardiovas-
cular disease, prior or concomitant radiotherapy to the 
mediastinal/pericardial area, previous therapy with 
other anthracyclines or anthracenediones, or concomi-
tant use of other cardiotoxic drugs may increase the 
risk of cardiac toxicity; however, cardiac toxicity with 
mitoxantrone may occur whether or not cardiac risk 
factors are present. (5) Secondary acute myelogenous 
leukemia (AML) has been reported in patients treated 
with mitoxantrone. Postmarketing cases of secondary 
AML have also been reported. In 1,774 patients with 
breast cancer who received mitoxantrone concomi-
tantly with other cytotoxic agents and radiotherapy, the 
cumulative risk of developing treatment-related AML, 
was estimated as 1.1% and 1.6% at 5 and 10 years, 
respectively. Secondary acute myelogenous leukemia 
(AML) has also been reported in cancer patients treated 
with anthracyclines, and mitoxantrone, an anthracene-
dione, is a related drug. The occurrence of refractory 
secondary leukemia is more common when anthracy-
clines are given in combination with DNA-damaging 
antineoplastic agents, when patients have been heavily 
pretreated with cytotoxic drugs, or when doses of 
anthracyclines have been escalated. Similar risk fac-
tors should be anticipated with mitoxantrone [17]. 
Most recently, AML incidence was reported at 0.6% 
for high-risk prostate cancer patients undergoing adju-
vant chemotherapy with mitoxantrone. This is similar 
to the rates of AML reported in breast cancer patients 
treated with mitoxantrone [18]. Other characteristics 

Table 11.1 Live vaccines

Bacillus of Calmette and Guerin (BCG) vaccine
Measles virus vaccine
Mumps virus vaccine
Poliovirus vaccine
Rotavirus vaccine
Rubella virus vaccine
Smallpox vaccine
Typhoid vaccine
Varicella virus vaccine
Yellow fever vaccine
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of leukemias linked to treatment with topoisomerase II 
inhibitors are a latency period of approximately 2 years 
and balanced chromosomal aberrations [19]. Many of 
these leukemias have translocations involving the 
11q23 band, though inv [17] and t [15–17] abnormali-
ties are also seen [20].

In addition to these warnings, adverse reactions 
that have been reported to date in greater than 10% of 
patients are as follows: central nervous system (CNS): 
pain, fatigue, weakness, fever, and headache; derma-
tologic: alopecia and nail bed changes; endocrine/
metabolic: amenorrhea, menstrual disorder, and 
hyper glycemia; gastrointestinal (GI): abdominal pain, 
anorexia, nausea, constipation, diarrhea, GI bleeding, 
mucositis, stomatitis, dyspepsia, vomiting, and weight 
gain/loss; genitourinary (GU): abnormal urine and 
urinary tract infection; hematologic: neutropenia, leu-
kopenia, lymphopenia, anemia, thrombocytopenia, 
and petechiae/bruising; hepatic: increased liver func-
tion tests (LFTs); renal: increased creatinine/BUN 
and hematuria; respiratory: cough, dyspnea, and upper 
respiratory tract infections; and miscellaneous: fungal 
infections and sepsis. An additional 1–10% of patients 
experienced the following: central nervous system 
(CNS): chills, anxiety, depression, and seizures; der-
matologic: cellulitis; endocrine/metabolic: hypocalcemia, 
hypokalemia, hyponatremia, and mennorhagia; gas-
trointestinal (GI): aphthosis; genitourinary (GU): 
impotence and sterility; hematologic: hemorrhage; 
hepatic: jaundice; neuromuscular: back pain, myalgia, 
and arthralgia; ocular: conjunctivitis and blurred 
vision; renal: renal failure and proteinuria; respira-
tory: rhinitis, sinusitis, and pneumonia; and miscella-
neous: diaphoresis [14].

Incidence of these adverse reactions varies based on 
treatment and dose administered. Although it is not a 
clinically significant toxicity, patients should be coun-
seled that mitoxantrone may cause urine, tears, saliva, 
sweat, and the whites of the eyes to have a blue-green 
tinge for 24 h postinfusion [17].

Mitoxantrone is classified as a Pregnancy Category 
D. When administered during pregnancy, it can cause 
fetal harm in humans. Animal studies have shown 
delayed fetal development, fetal external anomalies, 
and neonatal abnormalities [16]. The risk to the fetus 
from semen of the male is unknown.

Symptoms of overdose include leukopenia, tachy-
cardia, and marrow hypoplasia. There is no known 
antidote available [14].

Dosing and Administration

The dose of mitoxantrone for CRPC is 12–14 mg/m2 
administered intravenously (IV) every 3 weeks as a 
30-min intravenous infusion, in combination with a 
corticosteroid [21, 22]. Mitoxantrone should not be 
administered by intra-arterial, subcutaneous, intra-
muscular, or intrathecal routes. Diluted solutions of 
mitoxantrone should be infused into free-flowing 
normal saline (NS) or 5% dextrose in water solution 
(D5W). Because mitoxantrone is a known vesicant, 
care should be taken to avoid extravasation or any 
contact with the skin, eyes, or mucosa. Infusion 
should be stopped immediately if extravasation 
occurs, and the site should be monitored for signs of 
necrosis or phlebitis that may require medical atten-
tion [8–15, 17]. Therapy should not be initiated in 
patients with baseline neutrophil counts less than 
1,500 cells/mm3 [14].

Cumulative Dose Limits

Similar to doxorubicin, mitoxantrone has been associ-
ated with cardiomyopathy when cumulative doses 
reach 80–120 mg/m2 or if administered for periods 
exceeding 9–12 months. Caution should be exercised 
when approaching either of these limits [23, 24].

Dosage in Renal Impairment

As only small amounts (~7%) are excreted unchanged 
into the urine, dosing adjustments are not necessary in 
renal impairment [25].

Dosage in Hepatic Impairment

Mitoxantrone clearance is significantly reduced in 
patients with severe hepatic impairment or third spac-
ing, and terminal half-life is doubled. Though a reduc-
tion in dosage is advised [25], no specific dose 
adjustments are suggested.
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Efficacy

Mitoxantrone was approved in 1996 for use in combi-
nation with corticosteroids as initial chemotherapy for 
the treatment of patients with pain related to CRPC [4]. 
In multiple large randomized studies, mitoxantrone 
plus prednisone was shown to reduce pain and increase 
quality of life for patients with CRPC, though it does 
not extend survival [26, 27]. Subsequent to the approval 
of docetaxel as treatment for CRPC, mitoxantrone has 
primarily been used as a second-line therapy.

Place in Therapy

In the natural history of prostate cancer, CRPC occurs 
during the final 2–3 years of life [28]. Initial treatment of 
metastatic disease by orchiectomy, which is the patient-
preferred treatment in Europe; or by therapy with drugs 
that decrease androgen stimulation, the patient-preferred 
treatment in the United States [29]; can relieve symp-
toms related to pelvic node and bone metastases in 
approximately 75% of patients, but all patients eventually 

progress to castration-resistant disease. Although many 
of these patients are elderly with significant comorbidi-
ties and increased potential for toxicity, cytotoxic 
 chemotherapy has been shown to significantly prolong 
survival in men with CRPC [21, 22, 26, 30].

Prostate cancer was largely considered resistant to 
chemotherapy until the mid-1990s when mitoxantrone 
plus prednisone (MP) was shown to provide palliation 
for patients with CRPC [21]. To date, three drugs – 
docetaxel, estramustine, and mitoxantrone – have been 
approved by the FDA for first-line treatment of CRPC 
(See Table 11.2). Mitoxantrone is indicated in combi-
nation with steroids as initial chemotherapy for pallia-
tion of pain related to advanced CRPC. Mitoxantrone 
and prednisone have nearly twice the response of pred-
nisone alone with significantly more durable responses 
[31]. As a single agent, mitoxantrone has palliative 
activity and is well tolerated in elderly patients [8, 32].

In 2004, a large trial TAX327,comparing mitoxan-
trone to docetaxel in castration-resistant prostate cancer, 
randomized patients to receive docetaxel 75 mg/m2 
administered every 3 weeks, docetaxel 30 mg/m2 admin-
istered weekly for 5 of 6 weeks, or mitoxantrone 12 mg/m2 
every 3 weeks, each with prednisone 5 mg orally twice daily. 

Table 11.2 Trials of mitoxantrone in castration resistant prostate cancer (CRPC) [26, 27, 32–35]

Publication  
year Author

Number of 
patients Setting Study results

2004 Tannock
(TAX327)

1,006 Mitoxantrone/prednisone (MP)  
vs. weekly (D1P) or Q3  
weekly docetaxel (D3P)  
with prednisone as first-line 
chemotherapy in CRPC

Median overall survival  
was 19.2 months in the D3P arm  
(95% CI, 17.5–21.3), 17.8 months  
in the D1P arm (95% CI, 16.2–19.2) 
and 16.3 months in the MP arm  
(95% CI, 14.3–17.9) respectively.

2004 Petrylak
(SWOG 99–16)

770 Docetaxel/estramustine vs. 
mitoxantrone/prednisone  
as first-line chemotherapy  
in CRPC

Median overall survival was prolonged  
in the docetaxel/estramustine group 
compared to mitoxantrone/prednisone 
– 17.5 months vs. 15.6 months 
(P = 0.02)

2006 Michels 68 Mitoxantrone vs. docetaxel  
in either sequence for CRPC

Front-line docetaxel prolonged median 
overall survival compared to front-line 
Mitoxantrone – 22 months (95% CI, 
17.2–26.8) vs. 15 months (95% CI, 
10.4–19.6)

2006 Hart 78 Irofulven/prednisone (IP) vs. 
Irofulven/capecitabine (IC)  
vs. mitoxantrone/prednisone 
(MP) as second-line  
chemotherapy for CRPC

TTP 2.1 months (IP and IC) vs. 
1.1 months (MP)

2007 Rosenberg 82 Ixabepilone vs. mitoxantrone/
prednisone in CRPC  
progressing through first-line 
chemotherapy

Median overall survival 10.4 months for 
ixabepilone arm vs. 9.8 months for 
mitoxantrone arm
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On the basis of this study’s findings, the FDA approved 
docetaxel in combination with prednisone for treatment 
of CRPC. Updated survival analysis of the study con-
firmed that survival is significantly increased in patients 
receiving docetaxel plus prednisone every 3 weeks com-
pared to those receiving mitoxantrone plus prednisone. 
The difference in median overall survival time is now 
reported at 2.9 months (P = 0.004, HR=0.79).

Treatment with weekly docetaxel, however, did not 
lead to an increase in overall survival, and patients on 
this arm of the trial were more likely to experience 
deterioration in quality of life due to disease progres-
sion or increased toxicities. In general, patients with 
visceral disease, pain, poorer performance status, and 
higher baseline PSA had shorter survival times.

Treatment with docetaxel and estramustine has also 
demonstrated a survival advantage over the combination 
of mitoxantrone and prednisone. In addition to 
TAX327, a second pivotal trial in 2004, SWOG 99–16 
randomly assigned patients to either 280 mg estramus-
tine orally three times daily 1 h before or 2 h after meals 
on days 1–5 plus docetaxel 60 mg/m2 on day 2 or mitox-
antrone 12 mg/m2 on day 1 plus prednisone 5 mg twice 
daily. After intent-to-treat analysis, median survival was 
17.5 months among the patients assigned to estramustine 
and docetaxel and 15.6 months among the patients 
assigned to mitoxantrone and prednisone (P = 0.02); the 
corresponding hazard ratio for death was 0.8 [27]. Again 
the trade-off was an increased incidence of adverse events 
in the estramustine and docetaxel arm, specifically car-
diovascular and gastrointestinal events, though these were 
not associated with either an increased rate of treatment 
discontinuation or treatment-related deaths [27, 28].

Patients who progress after first-line chemotherapy 
have limited treatment options, none of which are FDA-
approved. In fact, it has been reported that less than half 
of men with CRPC will receive a second-line therapy 
[33]. In 2006, a study of 68 men with CRPC evaluated 
the sequencing of first- and second-line treatment with 
docetaxel and mitoxantrone. This study favored initial 
treatment with docetaxel, and although second-line 
docetaxel lead to a higher PSA response than second-
line mitoxantrone (38% vs. 12%, P = 0.012), both 
 docetaxel and mitoxantrone have limited tolerability in 
the second-line setting, with significant rates of treat-
ment-related adverse events, dose reductions, dose 
delays, or discontinuation of therapy (64% and 46% of 
patients, respectively) [34]. For patients with taxane-
refractory CRPC, defined as progression during or 
within 60 days of cessation of taxane therapy, mitoxan-

trone with prednisone 5 mg twice daily has been shown 
to have modest activity as a second-line agent. Elevated 
lactate dehydrogenase and the presence of visceral 
metastases are both poor prognostic indicators in the 
second-line setting. Patients experiencing a PSA 
response to prior therapy were 7–8 times more likely to 
respond to second-line treatment, and patients who 
have had no response to taxanes are unlikely to have a 
response to mitoxantrone [32]. For this population of 
men who are candidates for second-line chemotherapy, 
investigational agents should be considered.

Conclusions

Systemic chemotherapy should be reserved only for 
patients with metastatic CRPC unless under study in 
clinical trials. Mitoxantrone plus prednisone was 
shown to reduce pain and increase quality of life for 
patients with CRPC, though it does not extend sur-
vival. Subsequent to the approval of docetaxel as treat-
ment for CRPC, mitoxantrone has primarily been used 
as a second-line therapy. In addition to the discovery of 
newer agents to be used both in first- and second-line 
chemotherapy, important decisions regarding the direc-
tion of future clinical trials in prostate cancer remain, 
specifically the endpoints that are most beneficial to 
the patient and/or valid to the scientific community. 
Although survival remains the conventional FDA-
preferred endpoint, with surrogate markers of progres-
sion-free survival and the related time to progression, 
future clinical trials of patients with CRPC must also 
take into consideration the clinical experience of 
patients (pain and other quality of life measures) and 
the utility of parameters such as PSA measurements 
and circulating tumor cells to predict survival. 
Treatment decisions must be individualized based on 
tumor characteristics, efficacy data, toxicity profile, 
convenience of scheduling, and impact on quality of 
life, as well as survival statistics.
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Abstract Despite the widespread use of prostate-specific 
antigen (PSA) for prostate cancer screening, many 
patients still present with or develop evidence of 
 progressive, metastatic, or recurrent disease. First-line 
treatment for these patients has long been androgen 
deprivation therapy (ADT). Initial ADT usually con-
sists of medical or surgical castration, but these agents 
fail in a median of 18–24 months, as patients develop 
castration-resistant prostate cancer (CRPC). Treatment 
options at this point in disease progression tradition-
ally provided palliation only. Secondary hormonal 
manipulations can produce PSA responses, and the 
standard chemotherapy combination of mitoxantrone 
and prednisone can ameliorate symptoms but neither 
approach ever produced better survival than predni-
sone alone. Docetaxel-based chemotherapy is the first 
treatment regimen demonstrated to increase survival 
in patients with CRPC. The exact timing of treatment 
in the spectrum of CRPC and duration of docetaxel 
therapy remains controversial. This chapter reviews the 
use of docetaxel in prostate cancer, discusses the optimal 
timing of chemotherapy, and highlights the future 
directions in taxane-combination therapy involving 
novel investigational uses.

Keywords Docetaxel • Chemotherapy • Survival  
• Castration-resistant prostate cancer

Introduction

Approximately 186,320 were diagnosed with prostate 
cancer in the USA in 2008, and another 28,660 men 
died of their disease, making prostate cancer the 
most common malignancy in men and the second 
 leading cause of cancer-related deaths in men [1]. 
Due to  prostate-specific antigen (PSA) screening, the 
vast majority of patients are diagnosed while the 
 disease is still clinically localized. These patients 
have a number of therapeutic options available depend-
ing on risk  factors and life expectancy, including 
 radical  prostatectomy (open, laparoscopic, or robotic), 
external beam radiation with or without androgen 
deprivation, brachytherapy, active surveillance, and 
watchful  waiting. Additionally, ablative technologies, 
such as high-intensity focused ultrasound (HIFU) and 
 cryoablation, are being utilized in select patients at 
specialty centers.

Despite the widespread use of PSA screening, many 
patients still present with or develop evidence of 
 progressive, metastatic, or recurrent disease. First-line 
treatment for these patients has long been androgen 
deprivation therapy (ADT). Initial ADT usually 
 consists of medical or surgical castration [2], but these 
agents fail in a median of 18–24 months, as patients 
develop castration-resistant prostate cancer (CRPC) 
[3]. Treatment options at this point in disease 
 progression traditionally provided palliation only. 
Secondary hormonal manipulations can produce PSA 
responses, and the standard chemotherapy combina-
tion of  mitoxantrone and prednisone can ameliorate 
symptoms but neither approach ever produced better 
 survival than prednisone alone [4, 5]. Two randomized 
trials published in 2004 demonstrated that docetaxel 
therapy improved survival in men with CRPC, changing 
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the paradigm that chemotherapy is both toxic and 
 ineffective. This chapter reviews the use of docetaxel in 
prostate cancer and reviews novel investigational uses.

Initial Studies of Taxane-Based Therapy 
in Prostate Cancer

Paclitaxel, derived from the bark of the Pacific yew 
tree (Taxus brevifolia) stabilizes microtubules and pre-
vents depolymerization, resulting in cell cycle arrest in 
σ

2
m [6–8]. Early clinical studies utilizing paclitaxel in 

advanced, drug-resistant ovarian, breast, and non-small 
cell lung cancers demonstrated promising activity [9]. 
Initial trials utilizing single-agent paclitaxel for CRPC, 
however, did not demonstrate significant efficacy. In 
an ECOG phase II trial, paclitaxel was administered 
every 3 weeks to 23 patients with bidimensionally 
measurable CRPC [10]. Of the 23 patients, only 21 
were evaluable due to two early trial deaths. There 
were no patients who experienced a complete response 
and only one patient experienced a 9-month partial 
response. Of the remaining 20 patients, 11 had stable 
disease, whereas another 9 patients progressed despite 
treatment. Overall median survival was only 9 months, 
with two deaths from drug toxicity. Though the authors 
acknowledge that their inclusion criteria selected 
patients with extremely advanced and aggressive dis-
ease, these results initially discouraged further investi-
gation of taxanes in CRPC.

Despite initial poor single-agent activity, attempts to 
utilize paclitaxel for CRPC were revisited when 
 preclinical studies demonstrated that the addition of 
estramustine to paclitaxel or vinblastine resulted in 
increased anticancer activity in vitro [11, 12]. The 
results of three clinical trials utilizing estramustine and 
vinblastine showed PSA response rates of 34–54% and 
a 31% partial response rate [13–15]. Phase I dose esca-
lation studies examining the efficacy of the paclitaxel-
estramustine combination utilized a 96-h continuous 
infusion of paclitaxel with daily oral estramustine [16]. 
Using the established dose of 120 mg/m2 of paclitaxel, 
phase II studies utilizing the 96-h infusion strategy 
showed greater activity with the drug combination than 
with either single agent alone [10, 17]. Another phase I 
study of weekly paclitaxel established the maximal 
 tolerated dose (MTD) of paclitaxel at 60–107 mg/m2; 
however, the estramustine used in this protocol  produced 

a 33% rate of discontinuation of therapy due to 
 thrombotic or gastrointestinal toxicity [18].

Docetaxel, synthesized from the rapidly renewable 
leaves of the Taxus baccata tree, also possesses potent 
antimitotic activity [19–21]. When compared to paclitaxel, 
docetaxel has significantly longer absorption coupled 
with slower efflux [22]. It is clinically active against 
several malignancies including anthracycline-resistant 
advanced breast cancer, non-small cell lung cancer, 
ovarian cancer, and pancreatic cancer. The dose-limiting 
toxicity of docetaxel is neutropenia, and side effects 
such as fluid retention can be adequately managed with 
steroid premedication. An additional benefit is that, 
unlike paclitaxel, docetaxel does not need to be admin-
istered in cremophor.

Preclinical studies revealed that in vitro, docetaxel 
was cytotoxic to androgen-dependent LnCAP cells as 
well as androgen-independent PC-3, and DU145 cells. 
Docetaxel also appeared to be more active than pacli-
taxel and could be effectively combined with other 
agents [23, 24]. This compelling evidence laid enough 
groundwork to justify clinical trials examining the 
 efficacy of docetaxel for CRPC. In stark contrast to the 
ECOG single-agent paclitaxel study, a single-agent 
docetaxel study showed significant activity in CRPC [25]. 
In this study, 35 patients received a median of six doses 
of docetaxel administered at 75 mg/m2 every 3 weeks. 
A total of 20% of patients experienced a PSA decrease 
of greater than 80%, while 46% had >50% decrease in 
PSA. Of the 25 patients with measurable disease, there 
was one complete response, three near complete 
responses, and three partial responses with a median 
response rate of 9 months. The overall survival was 
27 months.

Phase I studies demonstrated that estramustine 
could be combined with docetaxel. A study by Petrylak 
et al. combined estramustine 280-mg PO TID for 
5 days with escalating doses of docetaxel. The recom-
mended phase II dose of docetaxel combined with 
estramustine was 70 mg/m2 as in minimally pretreated 
patients and 60 mg/m2 in extensively pretreated patients 
[26]. The dose-limiting toxicities were primarily hema-
tologic. There was a 63% overall rate of ³50% PSA 
decline while 28% of the patients with bidimension-
ally measurable disease experienced a partial response 
to treatment. The median survival was of 22.8 months, 
with 21% of patients surviving more than 30 months. 
Kreis and colleagues’ phase I study of docetaxel and 
estramustine also established 70 mg/m2 as the MTD 
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for phase II studies [27]. In this study, 82% of patients 
experienced a PSA decrease of more than 50% and 
there was one soft tissue partial response. A phase II 
study at Columbia University Medical Center treated 
31 chemotherapy naïve patients with estramustine 
three times daily on days 1–5 of a 21-day cycle along 
with docetaxel 70 mg/m2 on day 2 [28]. The most seri-
ous side effects were vascular and included three deep 
venous thromboses. The most commonly observed 
grade 3 and 4 adverse events were neutropenia and 
fatigue. At the time of publication 18 of the phase II 
patients were evaluable for response. Of these, 84% 
had PSA declines of ³50% while 61% had PSA 
declines of more than 75%. These results were sup-
ported by a phase II study in the CALGB (Cancer and 
Leukemia Group B) combining docetaxel, estramus-
tine, and hydrocortisone [29]. In this study, there was a 
3% complete response rate and a 20% partial response 
rate. A total of 69% of patients experienced a ³50% 
decline in PSA while 54% had a decrease of 75% or 
more, all with manageable toxicity. These studies pro-
vided the rationale for evaluating single-agent and 
combination docetaxel therapy in two large phase III 
studies.

TAX 327

TAX 327 was an international, randomized, open-label 
phase III study comparing two schedules of docetaxel 
plus prednisone to mitoxantrone plus prednisone for 
the treatment of metastatic CRPC [30]. To qualify for 
inclusion, patients were required to have evidence of 
disease progression while on ADT and were not 
 permitted to have received prior radioisotope treatment. 
Patients who had received any chemotherapy other 
than estramustine and corticosteroids were also excluded, 
and all patients were withdrawn from antiandrogens. 
Patients were randomized to one of three arms. The 
first group (D3P) received docetaxel 75 mg/m2 every 
3 weeks with prednisone 5 mg twice daily (up to ten 
cycles); the second group (D1P) received docetaxel 
30 mg/m2 weekly with prednisone 5 mg twice daily 
(up to five cycles of 6 weeks each); and the third group 
(MP) received mitoxantrone 12 mg/m2 every 3 weeks 
with prednisone 5 mg twice daily (up to ten cycles). 
The primary endpoint of this study was overall  survival 
while secondary endpoints included serum PSA decrease 

of at least 50%, objective tumor response, improvement 
in quality of life scores, and decrease in pain.

A total of 1,006 patients were randomized into the 
study. Baseline characteristics between the groups 
were similar. In the initial 2004 report, the median 
follow-up was 20.8 months for patients receiving 
 docetaxel every 3 weeks, and 20.7 months for patients 
in the other two groups. Overall median survival was 
18.9 months for D3P patients, which differed signifi-
cantly from the 16.5-month survival seen in the MP 
arm (p = 0.009). There was no significant difference in 
survival between MP and D1P patients (median survival 
17.4 months, p = 0.36). A multivariate analysis revealed 
that visceral involvement, high baseline alkaline phos-
phatase, anemia and, on post-hoc analysis, Gleason 
grade 8–10 were negative prognostic factors.

Pain reduction occurred more frequently in the D3P 
arm than the MP arm (35% vs. 22%, respectively, 
p = 0.01). Thirty-one percent of patients in the weekly 
docetaxel group reported palliation of pain symptoms; 
this was not significantly different from either of the 
other two groups. Both docetaxel arms had significantly 
higher rates of PSA response (45% for the D3P group, 
48% for the D1P group; p < 0.001) than the mitoxantrone 
arm (32%). Neither the median duration of PSA response 
(7.7–8.2 months) nor the change in volume of soft tissue 
disease varied significantly between any of the groups.

Only 815 patients could be evaluated for quality of 
life changes because the FACT-P questionnaire was 
not available in all patients’ languages. In this intent-
to-treat analysis, a quality of life response was defined 
as a 16-point improvement from baseline on two sur-
veys administered at least 3 weeks apart. Only 13% of 
MP patients reported quality of life response. This was 
significantly less than both the D3P and D1P arms, in 
which 22% (p = 0.009) and 23% (p = 0.005) of patients, 
respectively, reported improvements. In a subset anal-
ysis, patients receiving docetaxel exhibited the greatest 
improvement in factors directly related to the prostate.

The overall incidence of grade 3 and 4 neutropenia 
was low for all three study arms: the incidence was 
higher in the D3P group (3%) than the D1P group (0%) 
and the mitoxantrone group (0.9%). Two patients died 
of sepsis: one in a docetaxel group and one in the 
mitoxantrone group. No patients received concomitant 
colony stimulating factors. Deterioration of cardiac 
function was significantly higher in the mitoxantrone 
group; however, patients receiving docetaxel on either 
schedule had higher rates of one or more serious 
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adverse events (26% and 29%, respectively) than 
patients receiving mitoxantrone (20%). Despite this, 
three of the five deaths, which were likely to be treat-
ment related, were in the mitoxantrone group.

In October 2006, a follow-up survival analysis was 
performed [31]. Median survival times were not sig-
nificantly different from the initial report, and D3P 
continued to demonstrate a survival benefit over mitox-
antrone-based therapies (p = 0.004). Median survival 
times were 19.2 months in the D3P arm, 17.8 months 
in the D1P arm, and 16.3 months in the MP arm. Three-
year survival rates were significantly higher in DP1-
treated patients (17.2%) than in mitoxantrone-treated 
patients (12.8%) (p = 0.005). A subset analysis showed 
that this survival benefit persisted in men both above 
and below the age of 65 years, as well as those who did 
and did not have baseline pain symptoms and those 
who had baseline PSA’s above and below the median 
PSA value of 115 ng/ml.

An additional analysis of patients who crossed over 
from docetaxel-based treatment to mitoxantrone-based 
treatment and vice versa was also reported [32]. There 
were 89 D3P patients and 76 D1P patients who crossed 
over to the MP group. Another 68 patients crossed 
over from mitoxantrone-based therapy to docetaxel-
based therapies, schedules of which were varied and/or 
unspecified. Though there were no significant differ-
ences in performance status between groups in the initial 
study, men who crossed over from docetaxel to mitox-
antrone had lower Karnofsky performance scores, 
higher pain scores, and higher serum alkaline phos-
phatase and PSA levels than patients crossing from 
mitoxantrone to docetaxel. The median follow-up after 
cross over was 11 months, and the median survival for 
patients crossing in either direction was 10 months. 
PSA data after cross over was available for 96 patients. 
After cross over, 9.8, 22.2, and 28% of patients starting 
in the D3P, D1P, and MP group, respectively, experi-
enced a 50% or greater reduction in PSA. Any degree 
of PSA reduction was experienced in 34, 37, and 72% 
of patients, respectively; however, the overall median 
PSA progression-free survival (PFS) was brief (3.2, 
3.7, and 5.9 months, respectively). The authors did not 
find a correlation between response to first-line chemo-
therapy and response to second-line chemotherapy 
though they acknowledged that their sample sizes were 
too small for such an analysis. A phase II study examin-
ing men given D3P after progression on mitoxantrone 
and prednisone has since been reported [33]. Though 
small, this study reported that more than 60% of men 

had a reduction in pain and 57% of men experienced a 
PSA decrease of at least 50%. Median PFS was 5 months, 
and median overall survival was 15 months.

One of the more puzzling outcomes of TAX 327 
was the discrepancy seen between the D3P and D1P 
administration schedules. It is known that docetaxel 
clearance is affected by liver function, body surface 
area, age, and CYP3A4 function [34], and, consistent 
with the TAX 327 results, it has been found that weekly 
administration schedules often have lower rates of 
adverse events, particularly myelosuppression [35]. 
What is important to remember, however, about the 
TAX 327 trial, is that the study was not powered or 
designed to compare the D3P and D1P arms. As such, 
it is impossible to compare the two to each other [36]. 
Despite the fact that weekly docetaxel did not result in 
increased survival, there was a significant improve-
ment in quality of life, pain response and PSA response 
over mitoxantrone-based therapies.

SWOG 99-16

SWOG Intergroup protocol 99-16 (SWOG 99-16) was 
a multicenter, randomized, nonblinded clinical trial 
published at the same time as TAX 327 [37]. Based on 
the synergistic anticancer effects of estramustine and 
docetaxel in vitro [24], as well as phase I and II trials 
examining docetaxel in men [28], SWOG 99-16 was 
designed to compare docetaxel and estramustine (DE) 
with mitoxantrone and prednisone (MP). Both regi-
mens were administered in 21-day cycles. Estramustine 
280 mg was given three times a day on days 1–5; 
60 mg/m2 of docetaxel was given on day 2 with dexam-
ethasone pretreatment. Patients recruited after January 
15, 2001 also received warfarin (2 mg daily) and aspirin 
325 mg daily, after a report showed that this regimen 
would decrease thrombotic events. Patients in the MP 
arm received 12 mg/m2 of mitoxantrone on day 1 and 
prednisone 5 mg twice daily. Doses were escalated to 
70 mg/m2 of docetaxel or 14 mg/m2 of mitoxantrone if 
there were no grade 3 or 4 adverse events in the first 
cycle. Patients were eligible for inclusion in this study 
if they had biochemical or  radiologic progression of 
metastatic CRPC. As with the TAX 327 study, patients 
who had received radioisotopes were ineligible, and 
antiandrogens were discontinued. Patients were, how-
ever, still eligible if they had received one prior 
 systemic therapy as long as that therapy was stopped 
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more than 4 weeks prior and did not include estramustine, 
anthracyclines, mitoxantrone, or taxanes. The primary 
endpoint of SWOG 99-16 was overall survival 
while PFS, objective response rates, and PSA decreases 
of 50% or more were secondary endpoints. A total of 
770 patients were enrolled into this study; 96 patients 
were subsequently found to be ineligible, primarily due 
to inadequate antiandrogen withdrawal. The baseline 
characteristics of the 674 eligible patients were similar 
in all study arms. Patients were followed for a median 
of 32 months. In that time, 64% of the patients in the 
DE group and 70% of the patients in the MP group 
died. In an intent-to-treat analysis, the median survival 
for docetaxel patients was significantly longer than 
mitoxantrone patients (17.5 months vs. 15.6 months, 
p = 0.02). The median time to progression was signifi-
cantly longer in the DE group (6.3 months) than in the 
MP group (3.2 months, p < 0.001). Additionally, while 
50% of patients receiving docetaxel had PSA decreases 
of at least 50%, only 27% of patients receiving mitox-
antrone exhibited this decrease (p < 0.001). There was 
no significant difference in measurable disease response.

Over the course of the study, docetaxel resulted in 
significantly higher rates of neutropenic fevers, cardio-
vascular events, nausea and vomiting, metabolic alter-
ations, and neurologic events. There were no significant 
differences in rates of grade 3–5 neutropenia between 
the groups. There were eight deaths attributed to doc-
etaxel treatment and four related to mitoxantrone.

Quality of life and pain scores for patients in SWOG 
99-16 were reported in 2006 [38]. SWOG 99-16 uti-
lized the McGill Pain Questionnaire’s Present Pain 
Intensity scale as well as the European Organization 
for Research and Treatment of Cancer Core Quality of 
Life Questionnaire C30. Unlike TAX 327, there were 
no significant differences in pain or quality of life 
scores between the two SWOG 99-16 study arms.

Clinical Implications of TAX 327  
and SWOG 99-16

SWOG 99-16 and TAX 327 were the first trials to 
 demonstrate the survival benefit of taxane-based 
 chemotherapy for CRPC. Though it remains unclear 
why weekly docetaxel did not result in the same survival 
benefit as docetaxel administered every 3 weeks, it is 
clear that therapy with docetaxel represents a significant 
improvement over mitoxantrone-based therapy. What 

remains unclear, however, is whether docetaxel is more 
effective when administered with prednisone or estra-
mustine. The agent administered with docetaxel may 
impact pain and quality of life more than the docetaxel 
itself, explaining the discrepancy between the two trials, 
and a direct comparison of SWOG 99-16 and TAX 327 
has too many confounding factors to be valid [39]. 
Today, a clinical trial comparing estramustine and pred-
nisone is unlikely to be conducted because agents less 
toxic than estramustine have been introduced in the 
interim. Additionally, because patients both with and 
without pain and measurable disease were included, it is 
not yet clear at what point in disease progression patients 
are most likely to benefit from taxane-based therapy. 
Only when more specific markers of response become 
available can optimal treatment timing be studied.

Optimal Timing of Chemotherapy

While the utility of docetaxel for CRPC is clear, the 
point in disease progression that it should be adminis-
tered is controversial. Because SWOG 99-16 and TAX 
327 included both symptomatic and asymptomatic 
patients, the question of the optimal timing of chemo-
therapy administration was not addressed by either 
study. There are two main questions that arise regard-
ing the appropriate timing of cytotoxic therapy. First, 
can cytotoxic therapy prevent or delay the progression 
from androgen-sensitive prostate cancer to CRPC? 
And secondly, should cytotoxic chemotherapy be 
administered as soon as there is evidence of CRPC or 
once disease becomes symptomatic? [3].

To date, the evidence supporting the hypothesis that 
cytotoxic therapy can prevent the development of 
CRPC is primarily preclinical. Whether hormone 
insensitive cells exist prior to androgen ablation or 
develop soon thereafter is unclear. What is apparent is 
that soon after ADT is initiated, cells resistant to apop-
tosis become predominant. The molecular mechanisms 
behind this are thought to be largely regulated by the 
ratios of bax, a proapoptotic protein, and bcl-2, an anti-
apoptotic protein [40]. In rat castration models, it has 
been shown that immediately after androgen depriva-
tion, the ratio of bax to bcl-2 increases, favoring apop-
tosis [41]. A few days later, however, this ratio rapidly 
reverses implying that cells resistant to apoptosis are 
increasing in number. In LnCaP xenograft models, mice 
that received paclitaxel and castration simultaneously 
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fared better than those that received sequential therapy 
[42]. Mice in this study that were castrated after cyto-
toxic therapy had much poorer outcomes. This is in 
contrast to an SCID mouse line injected with LnCaP 
cells; the mice receiving docetaxel prior to  castration 
developed the smallest tumors [43]. To date, there has 
been only one human study done to address this ques-
tion [44]. In 2005, Hussain and colleagues published 
their experience administering docetaxel every 3 weeks 
(up to six cycles) to 39 men who had experienced a 
biochemical recurrence after primary therapy. Of the 
men enrolled, 32 initially had PSA-only recurrence 
while the remaining 7 also had clinical evidence of 
metastasis. All of these men had noncastrate testoster-
one levels. All men received docetaxel and 33 went on 
to receive 4–12 months of complete androgen block-
ade with subsequent peripheral androgen blockade. 
After treatment with docetaxel, the median PSA was 
5.7 ng/ml and 48.5% had a ³50% decrease in PSA 
while 20% had a ³75% decrease. With total androgen 
blockade, all patients achieved completely castrate 
levels of testosterone with a median PSA of 0.1 ng/ml. 
After peripheral androgen blockade, PSA remained at 
0.1 ng/ml. Median time from end of treatment to the 
last follow-up for the 33 patients who had received 
androgen ablation was 26 months. After a median of 
2.3 months, 28 of the 33 men’s PSA rose to a median 
of 0.41 ng/ml, whereas 5 others remained at a stable 
0.1 ng/ml. Three of these five patients had started off 
with clinical evidence of metastatic disease.

Contrary to the body of work done on androgen-
dependent prostate cancer, there has been little research 
done to determine the optimal timing of docetaxel 
in CRPC. Generally speaking, cytotoxic therapy can 
be initiated when the PSA first rises on ADT, when 
 radiologic evidence of metastatic disease develops, or 
when patients become symptomatic. The vast majority 
of chemotherapy trials have included both symptom-
atic and asymptomatic patients as well as those with 
bone metastasis only and bidimensionally measurable 
disease. A small phase III trial conducted by Berry and 
coworkers examined the impact of mitoxantrone 
and prednisone vs. prednisone alone in patients with 
asymptomatic CRPC [45]. Though the addition of 
mitoxantrone in these patients increased median time 
to progression and the percent of patients achieving a 
PSA response, mitoxantrone did not result in an overall 
survival benefit and the impact of early treatment could 
not be assessed. About 19% of the patients enrolled in 

SWOG 99-16 and 21% of the patients enrolled in TAX 
327 had asymptomatic CRPC without evidence of 
metastasis [3, 27, 30]. A subgroup analysis of asymp-
tomatic TAX 327 patients revealed that these patients 
derived the same survival benefit from docetaxel as the 
group overall [46, 47]. When Oudard and coworkers 
retrospectively examined patients with metastatic 
CRPC who had received chemotherapy, they did find a 
significant difference in survival between patients with 
PSA doubling times above and below 45 days [48]. 
Patients with metastatic disease, however, are a very 
heterogeneous group, and it still remains unclear which 
patients within this subgroup may derive the most 
 benefit from early cytotoxic intervention.

Future Directions in Taxane-
Combination Therapy

Antiangiogenesis Agents

It has long been known that tumors cannot proliferate 
without developing neovasculature to support this 
growth [49]. Angiogenesis has therefore been an 
attractive target of antitumor therapies. Early on in 
 taxane studies, it was noted that the taxanes have direct 
effects on angiogenesis as well. In 2001, Sweeney and 
colleagues reported that docetaxel inhibited the growth 
of human umbilical vein endothelial cells (HUVEC) 
[50]. This inhibition was temporized when vascular 
endothelial growth factor (VEGF) or basic fibroblast 
growth factor (bFGF) was added to the HUVEC culture 
medium. The effect of VEGF and bFGF was reversed 
by a soluble recombinant human monoclonal antibody 
to VEGF (rhuMAb-VEGF). Similar results were found 
in in vivo Matrigel models: docetaxel was able to 
directly inhibit angiogenesis, and while this effect was 
abrogated by the addition of VEGF and bFGF, rhuMAb-
VEGF was able to restore antiangiogenesis activity.
This study, along with others demonstrating that cyclo-
phosphamide, vinblastine, paclitaxel, and docetaxel 
have antiangiogenic properties in vivo, sets the stage 
for clinical trials combining targeted antiangiogenic 
agents with these cytotoxic agents [51]. Moreover, the 
correlation of elevated serum levels of VEGF with 
poor prognosis in men with CRPC further justified 
 targeting angiogenesis in these patients. Monoclonal 
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antibodies, which bind VEGF, are currently under 
evaluation in combination with docetaxel chemotherapy 
in men with CRPC. Picus et al. treated 79 men with 
CRPC with docetaxel 70 mg/m2 every 3 weeks, estra-
mustine 280-mg PO TID for 5 days, and bevacizumab 
15 mg/kg day 2 [25]. The 23-month median survival 
reported in this study supported the design of a phase 
III study in the CALGB comparing docetaxel 75 mg/m2 
every 3 weeks, prednisone 5-mg PO twice daily, and 
bevacizumab 15 mg/kg IV on day 1 every 3 weeks 
with docetaxel combined with prednisone. A second 
trial evaluated the combination of bevacizumab and 
docetaxel in patients who exhibited disease progres-
sion on docetaxel. This phase II study of heavily 
 pretreated patients administered bevacizumab 10 mg/kg 
and docetaxel 60 mg/m2 every 3 weeks [52]. All of the 
20 patients had bone metastasis and 8 had bidimen-
sionally measurable disease. Of those treated, 11 
(55%) exhibited major PSA responses and 3 had objec-
tive responses. Of the 11 patients exhibiting major 
PSA responses, 4 had not had any PSA response to 
docetaxel alone. Aflibercept (VEGF Trap), a protein 
constructed to include the extracellular domains of 
human VEGF receptor 1 and 2 fused to the constant 
region (Fc) of human IgG1 antibody, functions as a 
soluble decoy receptor that effectively binds VEGF-A. 
The VENICE trial, employing a similar design to the 
CALGB study, compares docetaxel combined with 
prednisone and aflibercept 6 mg/kg IV to docetaxel 
and prednisone. It is designed to detect an improve-
ment in median survival from 19 to 23 months.

Immunomodulators (IMiDs), such as thalidomide 
and lenolidamide, are currently being evaluated in com-
bination with docetaxel. In addition to antiangiogenic 
effects, IMiDs also possess immunomodulatory and 
anti-inflammatory activity. Preclinical studies have 
demonstrated that lenalidomide both alone and in com-
bination with docetaxel significantly increases apoptosis 
in PC-3 cells [53]. A phase I study looking at low-dose 
metronomic therapy combination of docetaxel and 
 thalidomide concluded that the MTD was thalidomide 
100 mg twice daily and docetaxel 25 mg/m2 weekly [54]. 
To further evaluate this combination, a randomized 
phase II study designed by Figg et al. compared weekly 
docetaxel to the combination of docetaxel and thalido-
mide. Although the primary endpoint of this trial was to 
evaluate the increase in toxicity of adding thalidomide 
to docetaxel, and not to detect a survival difference, the 
reported median survival of 28.9 months for docetaxel 

combined with thalidomide is the highest median 
 survival reported for a phase II study to date.

More recently, another phase II trial evaluated the 
combination of thalidomide 200 mg daily, docetaxel 
75 mg/m2 every 3 weeks, and bevacizumab 15 mg/kg 
every 3 weeks [55]. All 60 patients were chemotherapy 
naïve. A total of 41 patients experienced PSA declines 
of >80%, and 51 patients had PSA declines of >50%. 
In patients with measurable disease, there were 2 com-
plete responses, 18 partial responses, 11 stable dis-
eases, and 1 progressive disease for an overall response 
rate of 63%. The estimated PFS was 18.2 months. Five 
patients experienced febrile neutropenia, five experi-
enced syncope, three had gastrointestinal perforation 
or fistula formation, three developed thrombosis, and 
two had grade 3 bleeding.

Sorafenib and sunitinib are multi-tyrosine kinase 
inhibitors that act on pathways, which regulate cell 
division, survival, and apoptosis. Their antiangiogenic 
properties come from their affinity for VEGF receptors. 
Though both drugs are already approved and  indicated 
for other solid malignancies, testing of these agents in 
prostate cancer has just begun. Sunitinib alone and in 
combination has been shown to inhibit growth in both 
DU-145 and PC-3 prostate cancer xenografts [56, 57]. 
In a preliminary report of an  ongoing phase II study of 
sunitinib, docetaxel, and prednisone in patients with 
metastatic CRPC, 5 of the 18 evaluable patients have 
discontinued the study [58]. Thus far, there is a 50% 
PSA response rate, and 39% of the patients with measur-
able disease have had partial responses. An additional 
54% have stable disease. Currently, phase II studies are 
also underway examining the efficacy of docetaxel and 
sorafenib, while  sunitinib is being studied as first-line 
chemotherapy in combination with prednisone and 
docetaxel and as second-line chemotherapy after 
 progression on  docetaxel [59].

Calcitriol Combination Therapy

Calcitriol (1,25-dihydrocholecalciferol, 1,25(OH)
2
-D

3
) 

is a biologically active form of vitamin D with known 
activity against a number of malignancies. Preclinical 
studies have demonstrated that calcitriol is able to 
inhibit the mitogenesis of prostate cancer cell lines, and 
combination studies performed in vitro and in vivo have 
 confirmed that it enhances the antitumor effects of 
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 paclitaxel [60–62]. Though relatively safe, the 
 dose-limiting toxicity of calcitriol is hypercalcemia. 
A formulation of calcitriol, DN-101, has been created to 
overcome this limitation. DN-101 is designed to be 
administered in pulsed weekly doses, which prevents 
much of its adverse affects. After a single institution 
phase II trial demonstrated promising results using 
weekly pulsed calcitriol and docetaxel [63], a second 
double-blinded, randomized trial, the Androgen 
Insensitive Prostate Cancer Study of Calcitriol Enhancing 
Taxotere (ASCENT) trial was conducted [64]. This 
study compared treatment with docetaxel and placebo 
with docetaxel and DN-101. The primary endpoint of 
the trial was proportion of patients experiencing at least 
a 50% reduction in serum PSA. Overall survival, 
decrease in measurable disease, safety, and tolerability 
as well as PSA, tumor, and clinical PFS were secondary 
outcomes. The median follow-up was 18.3 months. 
There was no significant difference between the two 
groups in primary endpoint (p = 0.16), skeletal morbid-
ity-free survival (p = 0.13), or measurable disease 
(p = 0.51). A survival analysis performed after adjusting 
for differences in hemoglobin and ECOG performance 
status, however, demonstrated that patients receiving 
docetaxel and DN-101 had an improvement in survival 
when compared to the  docetaxel placebo group 
(p = 0.04). At the time of  analysis, median survival in the 
placebo group was 16.4 months, and median survival in 
the DN-101 group, though not met, was estimated to be 
24.5 months. Additionally, gastrointestinal toxicity and 
incidence of deep venous thrombosis (DVT) was 
 significantly lower in the DN-101 arm (9.6% vs. 2.4% 
and 7.2% vs. 1.5%, respectively). The difference in the 
incidence of DVT, while not fully understood, is poten-
tially due to  reductions in the procoagulant known as 
tissue  factor [39]. ASCENT II, a phase III study com-
paring D3P to weekly docetaxel combined with DN-101/
D1P, was terminated early due to an increased death rate 
observed on the experimental arm. Since these findings 
have yet to be presented or published, the reason for the 
increased death rate is unknown.

Bone-Targeted Therapies

Osteoblastic bone metastases are a devastating hallmark 
of prostate cancer. Because bone metastases and 
the resulting symptoms have a deleterious impact on 

quality of life and result in serious complications, 
bone- targeted therapies have garnered tremendous 
interest, particularly in combination with docetaxel. 
The endothelin axis is a signaling cascade pivotal to a 
number of processes including mitogenesis, pain, sur-
vival, vasoconstriction, and bone homeostasis [65, 66]. 
Ligand binding to one of the endothelin receptors 
(ET

A(alpha)
 or ET

B(beta)
) results in bone-matrix formation 

as well as proliferation, invasion, and evasion of apop-
tosis. One of the bone-targeted agents most actively 
being studied is atrasentan. Atrasentan is an orally 
 bioavailable inhibitor of endothelin ligand-1

A(alpha)
 

(ET-1
A(alpha)

). In preclinical and clinical trials, atrasen-
tan has been shown to downregulate bone forma-
tion,  mitosis, angiogenesis, and pain signaling [67]. 
Atrasentan has been studied as a single agent in several 
studies. The M96-594 trial compared two doses of 
atrasentan (10 mg and 2.5 mg) to placebo. Although 
atrasentan resulted in a significant improvement in 
time to progression and survival when compared to 
placebo, when an intent-to-treat analysis was per-
formed, this difference was no longer observed [68]. 
There were, however, promising improvements in 
serum alkaline phosphatase and PSA. A follow-up 
study, M00-211, was performed comparing 10 mg of 
atrasentan to placebo in men with CRPC and asymp-
tomatic metastatic disease. While there was no signifi-
cant difference in time to disease progression in the 
two arms, the subset of men with bone metastasis only 
disease did experience a significant improvement in 
serum parameters and quality of life measurements. 
Since then, preclinical studies have supported the com-
bined use of atrasentan and docetaxel [69], and a phase 
I/II study has demonstrated its safety in humans. A 
trial is currently being conducted in SWOG comparing 
docetaxel and prednisone to docetaxel, prednisone, 
and atrasentan [39].

Like atrasentan and the endothelin axis, RANK 
(receptor activator of NF-kB) ligand and the osteoprote-
gerin pathway, first garnered interest because of its role 
in bone homeostasis. This axis was soon recognized to 
be pivotal in inflammation and the development of 
metastases. In 2007, Luo and coworkers demonstrated 
that a mutation, which prevented phosphorylation of the 
inhibitor of NF-kB kinase a (IkB kinase a or IKKa), 
increased the sequestration and destruction of NF-kB. 
Clinically, this mutation delayed and prevented the 
development of prostate cancer metastases via maspin, a 
known metastasis suppressor [70, 71]. When the RANK 
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ligand inhibitor osteoprotegerin-Fc was  coadministered 
with docetaxel to murine bone metastasis cancer  
models, survival time was significantly increased and 
skeletal tumor burden was significantly decreased [72]. 
A clinical study is underway comparing denosumab 
(a RANK ligand inhibitor) and zoledronic acid for 
the treatment of patients with CaP metastases to the 
bone [59].

Bortezomib is a dipeptide boronic acid, which also 
acts on the NF-kB pathway [73]. At the molecular 
level, bortezomib reversibly inhibits the 26S prote-
osome, which is responsible for destroying IkB kinase 
a. Like docetaxel, bortezomib can also downregulate 
bcl-2 expression. However, unlike docetaxel, borte-
zomib arrests cells in G1 and G2, whereas docetaxel-
treated cells arrest at σ

2
m [73, 74]. In vivo, the 

combination of bortezomib and docetaxel has been 
shown to alter bcl-2 and bcl-xL expression and sensitize 
cell lines to radiation. In phase I and II trials, single-
agent bortezomib has had effect on CRPC [75, 76]. 
Subsequently, a phase I/II study demonstrated that, in 
combination with 40 mg/m2 docetaxel, 1.6 mg/m2 of 
bortezomib was safe and tolerable and demonstrated 
antitumor activity [73].

Vaccine-Taxane Therapy

Vaccine-based therapies are one of the most promising, 
but technically challenging, classes of agents. The the-
oretical advantage of vaccine therapy is that the use of 
the body’s own immune system may potentially avoid 
many of the side effects caused by chemotherapy. 
Logistically, however, the identification and creation of 
effective vaccines has been difficult. Antigens must be 
identified and expressed in a quantity adequate to mount 
an immune response. The vaccine must be delivered in 
such a way that it comes in contact with the antigen, 
and this response must be maintained but cannot incite 
other more toxic reactions. Several vaccines have been 
created and tested in malignant diseases. Among these 
are the carbohydrate and glycoprotein vaccines, which 
use “self” antigens, such as PSA, MUC-1, and PSMA, 
to induce a T-cell response directed against the tumor. 
These vaccines, however, often produce a limited 
response. Recombinant virus vaccines are much more 
immunogenic. Recombinant fowlpox expressing PSA 
(rF-PSA) and recombinant Vaccinia virus expressing 

PSA (rV-PSA) were studied in a randomized phase II 
study (E7897) in the adjuvant setting after patients were 
treated for clinically localized disease [77]. Patients 
were vaccinated four times with one of the two  vaccines 
in varying sequences. Patients receiving one rV-PSA 
vaccination followed by three vaccinations of rF-PSA, 
in a “vaccinia prime – avipox boost” strategy, had a 
 significant increase in PSA PFS, supporting the impor-
tance of chronology in vaccine administration. In an 
update of this study after a median of 50 months of 
follow-up, patients in the prime-boost arm experienced 
an 18.2 month median time to progression while 
patients in the other two arms (three rF-PSA vaccina-
tions vs. three rF-PSA vaccinations followed by a single 
rV-PSA vaccination) progressed at a median of 9.2 and 
9.1 months, respectively [78].

Inciting T-cell immune reactions is a complex process 
requiring initial antigen presentation via the MHC 
molecule. A second co-stimulatory molecule, such as 
B7.1, presented by an antigen-presenting cell (APC) is 
also required. Because of this, a phase II study in meta-
static CRPC patients utilizing a prime-boost vaccina-
tion scheme coadministered with a recombinant virus 
expressing a co-stimulatory molecule was performed 
[79]. This regimen was compared to another arm 
receiving the same vaccinations and docetaxel. Twenty-
eight patients were ultimately randomized into this 
study and no patient receiving vaccinations only expe-
rienced more than a grade 2 toxicity. PSA-specific  
T cells were upregulated 3.33-fold in both study arms 
as determined by ELISPOT assay. Interestingly, the 
immune response did not remain antigen specific. 
T cells recognizing other prostate cancer specific anti-
gens were also identified after vaccination. Serum PSA 
declines were modest in both scope and degree 
(3/14 patients in the vaccine only arm and 6/14 in the 
vaccine/docetaxel arm). Although the study was not 
powered to detect differences in PFS, patients receiving 
only vaccine had a median PFS of 1.8 months, while 
patients receiving combination therapy had a median 
PFS of 3.2 months. Thus, as newer vaccines are devel-
oped, the use of docetaxel is likely to continue, espe-
cially because unlike other chemotherapy agents, such 
as cyclophosphamide, docetaxel does not inhibit the 
function of T-regulatory cells but does enhance CD8+ 
response to CD3 binding [80]. Since prolonged activa-
tion of the immune system may result from vaccines, 
the sequence of chemotherapy and immunotherapy 
must be considered in clinical trial design.
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Docetaxel and Prostatectomy

Though there are many treatment options for men 
diagnosed with localized prostate cancer, the vast 
majority undergo surgical resection or radiation; despite 
the fact that the disease is localized at the time of 
 presentation, approximately 30–40% of patients under-
going prostatectomy will have a PSA recurrence within 
10 years of surgery [81]. There have been multiple 
studies examining the effect of both neoadjuvant and 
adjuvant treatments on outcomes; however, to date, this 
approach is considered investigational [82–85].

Several phase I/II studies have looked at the safety 
of docetaxel alone or in combination as neoadjuvant 
treatment for patients with high-risk prostate cancer 
undergoing prostatectomy [86–90]. Though docetaxel 
dosing schedules and the duration of treatment have 
varied, these studies have found that neoadjuvant 
 docetaxel is safe and well tolerated and does not result 
in any additional surgical complications. All studies 
demonstrated a certain degree of preoperative PSA 
reduction though there were few to no complete patho-
logic responses noted after prostatectomy. To date, the 
largest study published has been a multi-institutional 
phase II study, which coadministered docetaxel 
(35 mg/m2 weekly for 6 out of 8 weeks for three doses) 
with combined androgen deprivation prior to prostate-
ctomy [91]. A total of 72 high-risk patients were 
treated though four did not complete the protocol due 
to toxicity (two hypersensitivity reactions and two 
pneumonitides). Ultimately 64 patients underwent 
prostatectomy after completing neoadjuvant treatment. 
There were two postoperative complications: one 
 postoperative myocardial infarction and one DVT. On 
pathology, four patients had regional lymph node 
involvement, and 275 had positive margins. Two 
patients were downstaged to pT0. At a median follow-up 
of 42.7 months, 30% of patients had a PSA recurrence; 
median PSA recurrence-free survival (RFS) had not 
yet been met at the time of publication. Though, on 
univariate analysis, Gleason score and pathologic stage 
were associated with PSA RFS, while on multivariate 
analysis, only Gleason score remained significant. 
Three patients died of their disease, two of whom had 
positive nodes at the time of surgery. A phase III, 
multi-institutional study, PUNCH (Preoperative Use 
of Neoadjuvant ChemoHormonal Therapy, CALGB 
90203) by the Cancer and Leukemia Group B is currently 

underway and is comparing the impact of neoadjuvant 
docetaxel and estramustine vs. prostatectomy alone on 
5-year PSA RFS [92].

Although several studies have examined the effect 
of adjuvant radiation and ADT in prostatectomy 
patients, there is a marked paucity of adjuvant chemo-
therapy studies despite the known success of adjuvant 
treatments for non-small cell lung cancer, colon can-
cer, and breast cancer. Lack of these studies is not due 
to lack of trial initiation; SWOG 9921 was closed in 
2007 after three patients treated with mitoxantrone 
developed leukemia. TAX 3501 was a study comparing 
immediate and delayed ADT and six cycles of docetaxel 
(given every 3 weeks) after prostatectomy. This study, 
which randomized a total of 228 patients, was closed 
due to slow accrual [93]. A phase II pilot study, which 
treated 77 men with six weekly cycles of adjuvant doc-
etaxel, recently reported a 26% grade 3 toxicity rate 
and a 4% grade 4 toxicity rate [94]. With a median 
follow-up of 29.2 months, there was a 60.5% rate of 
progression and a median PFS of 15.7 months. A total 
of seven patients died with four deaths due to prostate 
cancer. While these results are interesting, clearly 
 randomized trials are needed. Currently, the VA 
Cooperative Studies Program Study 553 is the only 
phase III adjuvant taxane-based chemotherapy study 
accruing [95].

Docetaxel and Radiation Therapy

Patients with high-risk localized prostate cancer, who 
are ineligible or do not desire prostatectomy, most often 
undergo external beam radiation therapy (EBRT). 
EBRT is routinely administered with both neoadjuvant 
and adjuvant ADT. Even prior to demonstrating doc-
etaxel’s efficacy in prostate cancer, interest in combining 
taxanes with radiation for other malignancies was evident. 
These studies largely stemmed from the fact that both 
docetaxel and EBRT induce cell cycle arrest and apop-
tosis in the G2 and M phases, and consistent with the 
hypothesis, preclinical data did suggest that docetaxel 
may sensitize tissues to the effects of radiation. In murine 
mammary carcinoma xenograft models, administration 
of docetaxel 48 h prior to a single dose of radiation 
enhanced tumor response to radiation by a factor of 
2.33 [96]. The effect on normal tissues was minimal. 
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In humans with localized high-risk disease, a phase I 
trial of weekly docetaxel administered concomitantly 
with a total of 70.2 Gy of radiation (fractionated 1.8 Gy 
daily) demonstrated that 20 mg/m2 of docetaxel was the 
MTD for docetaxel administered with EBRT [97]. The 
dose-limiting toxicity in this study was grade 3 diar-
rhea. Four years later, phase I/II data were published 
[98]. Twenty men were enrolled, 17 of whom were also 
receiving ADT. The most frequent toxicities were grade 
2 diarrhea, fatigue, urinary frequency, and constipation. 
There were no hematologic toxicities greater than grade 
1, and only three patients experienced an interruption in 
treatment (two for dehydration and one for a nonsteroi-
dal anti-inflammatory drug-induced gastrointestinal 
bleed). At a median follow-up of 11.7 months, the rate 
of PFS was 85%.

A third pilot study has since examined the feasibility 
of aggressive multimodal therapy after prostatectomy 
[99]. Twenty-eight high-risk prostate cancer patients 
underwent prostatectomy followed by six cycles of 
combination chemotherapy (either docetaxel and estra-
mustine or docetaxel and carboplatin), followed by 
5 years of ADT. Patients who had pT4 disease or more 
than one positive margin also received EBRT after che-
motherapy. In this study, 20 patients received docetaxel 
and estramustine while 8 received docetaxel and carbo-
platin; 7 of the patients also received EBRT. The most 
frequent major toxicity was grade 3–4 neutropenia in 
65% and edema in 30%. Of the patients receiving estra-
mustine, 25% developed DVTs. At a mean follow-up 
of 31 months, no patient experienced a PSA recurrence, 
and 93% were free of disease progression. Interestingly, 
there were two deaths in the cohort, both of whom died 
of prostate cancer, but neither of whom had PSA 
relapse. The Radiation Therapy Oncology Group 
(RTOG) is currently enrolling patients into a random-
ized phase III study (RTOG 0521), which will compare 
patients treated with ADT and EBRT to patients receiv-
ing six cycles of docetaxel prednisone after EBRT and 
ADT [100].

Conclusions

Docetaxel-based chemotherapy is the first treatment 
regimen demonstrated to increase survival in patients 
with CRPC. The exact timing of treatment in the 

 spectrum of CRPC and duration of docetaxel therapy 
remains controversial. Ongoing studies are evaluating 
the optimal combination of docetaxel with targeted 
therapy to improve survival. Aggressive accrual into 
randomized, controlled trials should be encouraged in 
patients with CRPC.
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Abstract Increased understanding of the biology of 
advanced prostate cancer has yielded multiple targets 
that are worthy of evaluation. Multiple signaling 
pathways appear to play a role in the maintenance 
and  progression of the malignant phenotype. These 
pathways, such as PI3 kinase/Akt pathway, the mTOR 
pathway, the Hsp90 pathway, and the insulin-like 
growth factor 1 pathway, are currently being investi-
gated in clinical trials. Other fundamental processes 
such as histone deacetylation are also involved in 
 prostate cancer progression. Testing agents targeting these 
pathways will provide crucial information regarding 
whether inhibition will yield clinical benefit for prostate 
cancer patients.

Keywords mTOR inhibition • Novel therapeutics  
• Histone deacetylation • Insulin-like growth factor 1  
• HSP90

Introduction

Docetaxel chemotherapy is associated with improved 
overall survival in men with castration-resistant pros-
tate cancer (CRPC). However, median survival of these 
patients remains under 2 years, and better options are 
needed. Several strategies to improve these outcomes 
have been pursued. Addition of novel agents to doc-
etaxel represents one pathway forward. To date, add-
ing another agent does not appear to add positively to 

docetaxel (e.g. DN101, GVAX, bevazicumab). 
Epidermal growth factor receptor (EGFR) pathway 
inhibition with erlotinib or gefitinib has been tested in 
phase II setting in CRPC, but does not seem to add 
substantial activity to docetaxel chemotherapy [1, 2]. 
Other investigational agents target pathways that 
appear important in prostate cancer pathogenesis, 
maintenance, and progression. These therapies target 
the PI3 kinase/Akt pathways, the mTOR pathway, the 
Hsp90 pathway, insulin-like growth factor 1 pathway, 
and histone deacetylation. Preclinical evidence sup-
ports the importance of these molecular pathways, 
although clinical testing of most of these agents 
remains immature. This chapter will review the avail-
able data and the current clinical status of agents tar-
geting these pathways.

PI3 Kinase/Akt Pathways

The tumor suppressor gene encoding phosphatase and 
tensin homolog deleted on chromosome 10 (PTEN) is 
lost with high frequency in prostate cancer. This results 
in constitutive activation of the PI3 kinase/Akt pathway. 
The PI3 kinase is a complex heterodimeric molecule 
with multiple subcomponents which receives upstream 
signals from multiple receptor tyrosine kinases, including 
the insulin-like growth factor (IGF) receptor. These 
receptor tyrosine kinases activate the PI3 kinase, leading 
to Akt activation by PDK1 and 2. After phosphoryla-
tion by PDK1 and 2, Akt translocates to the nucleus, 
where it, in turn, phosphorylates many proteins to regu-
late diverse functions in the cell. While no activating 
point mutations of Akt have been identified in prostate 
cancer specimens, high Akt activity appears to be 
involved in prostate cancer growth and progression [3]. 
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Increased Akt activity has been demonstrated in more 
poorly  differentiated prostate tumors and predicts bio-
chemical recurrence [4, 5]. Furthermore, Akt activa-
tion has been implicated in the progression to castration 
resistance. In vitro studies with androgen-dependent 
LNCaP cells grown in the absence of androgens 
develop androgen-independent growth and high levels 
of Akt activation [6]. Akt activation was also increased 
in LNCaP xenografts grown in castrated mice, com-
pared to the parental LNCaP cell line [7].

Akt and PI3 kinase inhibitors are currently under 
investigation in clinical trials in prostate cancer. 
Perifosine, an oral Akt inhibitor has been evaluated in a 
phase II study of patients with hormone-sensitive pros-
tate cancer and rising PSA after definitive local therapy 
[8]. Twenty percent of patients treated had a reduction in 
PSA levels, but none had declines greater than 50%. 
PSA doubling time (compared to pretreatment doubling 
time) was not increased with perifosine treatment, and 
the median time to PSA progression was 6.6 months. 
This modest activity is insufficient to justify further 
single-agent testing of perifosine in prostate cancer, but 
combination studies with androgen deprivation therapy 
and chemotherapy are underway. Other Akt and PI3 
kinase inhibitors are in early phase clinical trials and 
have not yet been specifically tested in prostate cancer.

mTOR Inhibition

The mammalian target of rapamycin (mTOR) lies 
downstream of PI3 kinase and Akt and is activated in 
PTEN-deleted tumors. mTOR is a serine/threonine 
kinase that receives signals from multiple upstream 
growth and nutrient sensing pathways and phosphory-
lates transcription factors that are critical for cell prolif-
eration (S6K1 and 4E-BP1). mTOR inhibition using 
temsirolimus has demonstrated clinical benefit in 
patients with advanced renal cell carcinoma [9]. 
Preclinical testing suggests that Akt upregulation may 
be countered by mTOR inhibition. Transgenic mice 
expressing human Akt develop tumors in the ventral 
prostate; treatment with everolimus, an mTOR inhibitor, 
reverses the neoplastic phenotype [10]. Other preclini-
cal works suggest that mTOR inhibition might restore 
chemotherapy sensitivity to a resistant prostate cancer 
cell line. PTEN-deficient PC-3 cells treated with 
rapamycin or temsirolimus were rendered sensitive to 

doxorubicin, similar to PC-3 cells with normal PTEN 
expression both in vitro and in vivo [11].

Agents targeting mTOR have been tested in phase 
II studies in prostate cancer. A pharmacodynamic study 
of everolimus was conducted in patients with newly 
diagnosed prostate cancer about to undergo radical 
prostatectomy [12]. Preliminary results suggest that 
the pharmacodynamic effects of mTOR inhibition by 
everolimus can be detected in prostate tumor tissue, as 
measured by a reduced level of phospho-S6 kinase by 
immunohistochemistry. In a similar fashion, oral 
 temsirolimus was tested in newly diagnosed prostate 
cancer patients who were about to undergo radical 
prostatectomy [13]. Decreases in mTOR activation as 
measured by S6 kinase phosphorylation were detected 
in patients treated with temsirolimus, although an 
associated increase in phospho-Akt and phospho-
mTOR was seen. These results are consistent with 
other research works suggesting that upstream Akt 
activation is observed with mTOR inhibition, and may 
be a mechanism of resistance [14].

In CRPC, everolimus was tested in a phase II study 
[15]. Preliminary results from this study demonstrated a 
2.5 month time to progression without any radiographic 
or PSA responses. Although these results were not 
encouraging, the majority of these patients were a che-
motherapy refractory population. Everolimus was also 
tested in combination with docetaxel in a phase I study 
using FDG-PET imaging as a pharmacodynamic end-
point [16]. The combination was tolerable at doses of 
everolimus 10 mg daily with docetaxel 70 mg/m2 every 
3 weeks, with some evidence suggesting decreased 
FDG-avidity associated with PSA responses.

Hsp90 Pathway

Hsp90 is a highly expressed molecular chaperone that 
is significantly upregulated during cellular stress. 
It plays a role in the folding, translocation, and refold-
ing of  proteins in eukaryotic cells. Hsp90 has been 
demonstrated to play a role in the ability of cancer cells 
to evade normal regulatory pathways. In particular, 
Hsp90 has been shown to be critical for the proper fold-
ing and processing of the androgen receptor. The ability 
of Hsp90 to bind to target proteins is dependent on its 
ability to bind and hydrolyze ATP. Inhibitors of the 
ATP hydrolase activity prevent Hsp90 from associating 
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with its target proteins. In vivo, treatment of prostate 
cancer cells with geldanamycin, an Hsp90 inhibitor, 
causes loss of AR activity and degradation of AR 
 protein [17]. Based on the loss of AR activity, degrada-
tion of the AR protein, and provocative xenograft data 
demonstrating significant tumor regression, geldana-
mycin derivatives such as 17-AAG, which are less toxic, 
have been tested in prostate cancer. A phase II study of 
17-AAG in CRPC patients previously treated with che-
motherapy, unfortunately, did not result in any patients 
achieving a 50% decline in PSA, and the median time to 
progression was only 1.8 months [18]. Other Hsp90 
inhibitors, such as 17-DMAG, are currently under inves-
tigation as single agents or in combination with other 
therapies for the treatment of prostate cancer.

Insulin-Like Growth Factor Pathway

Nonandrogen hormonal signaling appears to play an 
important role in the progression of CRPC. Of the cell 
membrane-associated receptor tyrosine kinases, the 
insulin-like growth factor 1 receptor (IGF1R) may play 
a key role. The IGF pathway regulates cell growth, 
 protects cells from apoptosis, and promotes tumor cell 
invasion in a variety of human cancers. Clinical and 
 epidemiological data suggest that elevated plasma IGF-1 
levels are a risk factor for the development of prostate 
cancer and that IGF-1 increases the growth of prostate 
cancer cell cultures [19]. Elimination of IGF1R signal-
ing suppresses growth and invasion in in vivo models 
of prostate cancer [20]. Furthermore, some androgen-
dependent cell lines increase IGF1 and IGF1R expression 
when they develop androgen-independent growth [21, 
22]. Therefore, targeting the IGF1 axis may play an 
important role in the future treatment of CRPC.

The IGF1 axis may be targeted in multiple ways. 
First, the available ligand to activate the pathway may 
be depleted. This may be accomplished by growth 
 hormone pathway inhibition leading to decreased IGF1 
secretion, increased binding of IGF1 to its binding 
 proteins, or antibodies targeting the IGF molecule. 
Somatostatin analogues that lower IGF1 have been 
tested in CRPC and found to be associated with  modest 
PSA response proportions. Lantreotide was associated 
with ³50% PSA declines in 20% of CRPC patients 
[23]. Octreotide, in combination with dexamethasone, 
was associated with ³50% PSA declines in 60% of 

patients [24]. Further testing of somatostatin analogues 
is ongoing.

Second, receptor activation may be inhibited. Small-
molecule tyrosine kinase inhibitors and receptor- 
binding antibodies may prove useful for this purpose. 
These are currently being tested in phase II clinical trials 
in prostate cancer. Meso-nordihydroguaiaretic acid 
(NDGA), derived from the creosote bush, inhibits the 
IGF1R tyrosine kinase and was observed to reduce 
androgen-dependent growth in in vitro studies. A phase 
I study with NDGA was completed in men with a rising 
PSA after definitive local therapy [25]. While transami-
nase elevations limited therapy, one of 11 patients expe-
rienced a ³50% PSA decline, and several other patients 
had a prolongation of PSA doubling time. Further 
development of NDGA is ongoing.

Inhibition of the IGF1 receptor activation may also 
be achieved by binding and inactivating the receptor. 
The human monoclonal IgG1 antibody, IMC-A12, 
inhibits ligand-dependent receptor activation and is 
currently being tested in prostate cancer [26].

An expected toxicity associated with IGF1 inhibition 
would be cross-inhibition of the insulin receptor path-
way and concomitant problems with hyperglycemia. 
The extent that this will be a concern with agents target-
ing this pathway remains an open question. These agents 
are currently being tested as single agents, and the poten-
tial for synergy with cytotoxic chemotherapy suggests 
that they will be tested in combinations in the future.

Histone Deacetylase Inhibitors

Transcription of genes depends on the interaction of 
transcription factors, DNA, and chromatin structural 
elements, such as histones. Regulation of transcription 
is affected by histone acetylation status. Histone deacety-
lation is carried out by histone deacetylases, of which 
there are three classes: class I, which is nuclear and 
associated with transcriptional repression; class II, 
which deacetylates larger proteins in both the cytoplasm 
and the nucleus; and HDAC6, which is specific for 
 histones. Inhibition of histone deacetylation, resulting in 
hyperacetylation, leads to transcriptional activation of 
repressed genes. Preclinical evaluation of histone 
deacetylase inhibitors has suggested the presence of sig-
nificant antiprostate cancer activity, although the mech-
anism of cancer cell death of these agents is not entirely 
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elucidated. HDAC inhibitor-mediated  cytotoxicity may 
result from several different mechanisms. One pathway 
that may be particularly important in prostate cancer is 
acetylation and disruption of heat shock protein client pro-
teins, which shuttle the androgen receptor to the nucleus.

Romidepsin (FK228) inhibits class I HDAC’s and 
Hsp90 function and has demonstrated preclinical evi-
dence of efficacy in prostate cancer. Xenograft models 
of prostate cancer show reduced growth when treated 
with romidepsin, and this is potentiated in combina-
tion with docetaxel chemotherapy [27, 28]. Romidepsin 
was tested as a single agent in a phase II study of CRPC 
patients not previously treated with chemotherapy. 
One of 21 evaluable patients elicited a radiographi-
cally confirmed partial response, and the PSA response 
proportion was 7% [29]. Some patients experienced 
periods of disease stabilization, and this agent is being 
tested in combination with other agents in CRPC.

Vorinostat (SAHA) also has activity in preclinical 
models of prostate cancer [30]. Interestingly, there 
seems to be reduced activity of the compound in andro-
gen receptor-negative prostate cancer cells, such as 
PC-3, and suppression of androgen signaling in the 
presence of the androgen receptor may sensitize pros-
tate cancer cells to vorinostat [31]. A phase II study of 
vorinostat alone in patients previously treated with 
docetaxel chemotherapy did not demonstrate signifi-
cant anticancer activity [32]. In that study of heavily 
pretreated patients, vorinostat was associated with a 
short time to progression and significant toxicity. 
Vorinostat is being tested in androgen-dependent pros-
tate cancer in combination with androgen deprivation, 
based on the preclinical data suggesting that androgen 
deprivation may potentiate the actions of HDAC inhi-
bition [33]. Other HDAC inhibitors, such as LBH589 
and belinostat, are being evaluated in prostate cancer 
as well; no clinical data is available at this time.

Conclusion

Preclinical work has indicated that multiple biochemical 
pathways may play a role in the maintenance and 
 progression of the malignant phenotype in prostate 
cancer, and many of these pathways may be targeted 
with novel agents. While none of the treatments 
referred to above have been proven to provide clinical 
benefit, further testing is ongoing.
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Abstract The standard first-line treatment for 
 metastatic castration-resistant prostate cancer (CRPC) 
is docetaxel chemotherapy. Platinum drugs, includ-
ing cisplatin and carboplatin, when used as single 
agents and in combinations, have shown a moder-
ate response in metastatic CRPC patients, as both 
first- and second-line treatment. Furthermore, the 
relationship between neuroendocrine differentiation 
and castration-resistant disease progression suggests 
that there may be a possible role for platinum agents. 
Newer platinum analogs, including picoplatin, oxali-
platin, and satraplatin have been recently studied 
in CRPC. Though a Phase III trial demonstrated a 
progression-free survival benefit favoring satraplatin 
plus prednisone versus prednisone alone, no overall 
survival benefit was demonstrated in the second-line 
setting. Further trials will be needed to demonstrate a 
clear role for platinum agents in CRPC.

Keywords Carboplatin • Neuroendocrine • Castration-
resistant • Chemotherapy

Introduction

Docetaxel is currently the standard first-line chemo-
therapy for patients with metastatic castration-resistant 
prostate cancer (CRPC) [1, 2]. However, after progres-
sion on docetaxel chemotherapy, there is no uniformly 

accepted second-line chemotherapy [3]. Recent trials 
have suggested that treatment with platinum drugs 
alone or in combination with taxanes may have impor-
tant clinical activity [4]. Although it was previously 
believed that platinum drugs had little activity in 
CRPC, these recent studies, which used palliation as 
well as PSA endpoints, have demonstrated clinical 
benefits. Also, newer and more potent platinum ana-
logues, such as satraplatin and picoplatin, have shown 
activity in CRPC and have been studied in recent clini-
cal trials [5–7].

Today it is not clear how prostate cancer (CaP) 
advances to a castration-resistant state. One mecha-
nism proposes that neuroendocrine (NE) differentia-
tion is a contributing factor to the progression towards 
CRPC [8]. Recent research has better elucidated the 
biology of NE differentiation in prostate cancer. 
Although several studies have focused on the relation-
ship between NE differentiation and activity of plati-
num chemotherapy, it remains unclear if there is a 
“platinum-sensitive” subtype of CaP that can be bio-
logically determined.

Neuroendocrine Differentiation  
in Prostate Cancer

NE differentiation is a consistent histologic feature of 
prostate cancer, making it a unique tumor among all 
epithelial malignancies [9]. However, the concept of 
NE differentiation has caused confusion among clini-
cians and basic researchers alike, which needs to be 
more clearly defined.

Epithelial components of the normal prostate 
include luminal secretory cells, basal cells, and a third 
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minor component of NE cells. NE cells have neuron-like 
morphology ultrastructurally and endocrine function 
including the secretion of biogenic amines and neuro-
peptides. They are widely distributed in the normal 
prostate with only an occasional cell per gland or duct 
but cannot be easily distinguished from surrounding 
cell on H&E-stained sections under light microscopy. 
Immunohistochemical staining for NE markers  
such as chromogranin A, synaptophysin, and neuron- 
specific enolase (NSE) is a sensitive and specific 
method to identify such cells in formalin-fixed, paraffin-
embedded tissue sections. The function of NE cells in 
normal prostate is unclear. NE cells are also present in 
prostate cancer. Very rarely, a prostate cancer is com-
posed entirely of NE tumor cells. Depending on the 
morphologic features of tumor cells, the amount of 
necrosis, and the frequency of mitotic figures, such 
tumors may be classified as small cell carcinoma 
[10, 11], large cell neuroendocrine carcinoma [12], or 
 carcinoid tumor [13–15]. Such pure neuroendocrine 
tumors are subtypes of prostatic epithelial malignan-
cies and comprise no more than 1% of all tumors of the 
prostate. The vast majority of prostate cancers are 
 adenocarcinomas with tumor cells showing luminal 
secretory cell features including the expression of 
androgen receptor (AR) and secretion of PSA. NE 
 differentiation of prostate cancer commonly refers to 
the presence of rare individual NE cells or small nests 
of NE cells scattered among the more abundant luminal 
secretory-type cancer cells in conventional adenocar-
cinomas [16, 17]. By this definition, all adenocarcino-
mas of the prostate demonstrate some degree of NE 
differentiation [18].

NE tumor cells, unlike the non-NE secretory type 
tumor cells of CaP, do not express androgen receptor 
(AR) and are likely androgen-independent. It is there-
fore hypothesized that while hormonal therapy causes 
apoptosis of the AR-positive (androgen-dependent) 
secretory-type tumor cells, it will not affect NE tumor 
cells and may actually enrich the NE tumor cell popula-
tion. The NE cells that survive hormonal therapy may, 
through secretion of their products, establish paracrine 
networks to stimulate androgen-independent prolifera-
tion of the secretory type tumor cells, leading to tumor 
recurrence. Therefore, the cellular heterogeneity of 
prostate cancer may explain the inability of hormonal 
therapy to eliminate all cancer cells and  contribute to its 
eventual failure in most patients. Many studies suggest 

that ADT may induce NE differentiation and the latter 
contributes to the emergence of CRPC. For instance, 
NE differentiation is increased in high-grade and high-
stage [19] localized tumors. Also, it has been shown 
that levels of circulating chromogranin A (CgA), a 
product of prostate NE cells, are higher in prostate 
 cancer patients than in patients with benign prostatic 
conditions. In patients with CaP, serum levels of 
CgA correlate with both the clinical stage of disease, 
as well as with the degree to which the cancer has 
become  hormone refractory [20]. Positive staining for 
CgA by immunohistochemistry of tumor tissue is 
an independent predictor of cancer progression in well 
and moderately differentiated prostate cancers [21]. In 
 castration-resistant disease, elevated serum CgA is a 
significant predictor of poor prognosis, independent of 
serum PSA and other prognostic factors [22, 23]. 
Finally, in a gene expression profiling experiment of 
primary prostate cancers, Singh et al. showed that CgA 
is one of five genes that correlate strongly with the 
Gleason score and that this five gene expression model 
alone accurately predicts the outcome following radical 
prostatectomy [24].

The relationship of NE differentiation in prostate 
cancer with chemotherapy is not as well studied. 
Unlike the non-NE secretory type tumor cells that 
show proliferative activity, NE tumor cells are 
 normally quiescent, and this may make them resis-
tant to chemotherapeutic agents that target fast- 
proliferating tumor cells. Interestingly, it has been 
shown that higher chromogranin A level in patients 
with CRPC correlated with response to chemother-
apy (paclitaxel and carboplatin or mitoxantrone), but 
not with overall survival [25]. Patients with a PSA 
response after chemotherapy more commonly had a 
CgA decrease of 25% or greater than those without a 
response [25].

The function of NE differentiation has been exten-
sively studied in in vitro and in vivo assays. NE cells 
secrete biogenic amines, neuropeptides, and cytokines 
[26] and the non-NE tumor cells express receptors for 
many of NE cell products [27–33]. In vitro, some NE 
cell products stimulate proliferation of prostate cancer 
cells. For instance, interleukin-8 (IL-8), an angiogenic 
and mitogenic factor for many tumors including CaP, 
promotes proliferation of prostate cancer cells in the 
absence of androgen in an in vitro assay [34]. Tissue 
studies have similarly shown that NE cells in prostate 
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cancer produce IL-8 and non-NE tumor cells express 
increased levels of the IL-8 receptor CXCR1 [35], 
 suggesting that NE differentiation may be one of the 
factors contributing to the progression of CaP in a 
paracrine fashion [36–38]. Deeble et al. showed that 
LNCaP cells could be induced to show NE phenotype 
by constitutive expression of an activated form of the 
cyclic AMP-dependent protein kinase A catalytic 
 subunit. Such NE-like cells could induce proliferation 
of LNCaP cells in vitro and xenograft tumors in vivo, 
particularly in castrated hosts [39]. In the CWR22 
xenograft tumor model, there was a significant increase 
in the number of NE cells after castration that preceded 
the increase in tumor cell proliferation [40]. In the 
transgenic adenocarcinoma of the mouse prostate 
(TRAMP) tumor model and the PTEN knockout 
model, recurrent tumors after castration were also 
associated with increased NE differentiation [41, 42]. 
LNCaP xenograft tumors do not normally survive in 
castrated hosts, but an allograft mouse NE tumor 
(NE-10) implanted on the opposite flank could support 
LNCaP xenograft tumor in castrated mice, providing 
strong evidence for the function of NE differentiation 
in androgen-independent proliferation of prostate 
 cancer [43]. In an uncastrated host, the same NE cells 
appear to enhance migration and invasion of LNCaP 
tumor cells [44].

As NE tumor cells likely represent the androgen-
independent subpopulation of CaP cells and may be 
responsible for tumor recurrence, targeting NE cells in 
CRPC may thus provide a novel approach to treat this 
disease. It is known that platinum has activity against 
cancers with NE differentiation. Together with etopo-
side or irinotecan, it generates the highest response 
rates in small cell lung cancer and is the established 
first-line treatment option for this disease [45]. Pure 
small cell carcinoma of the prostate is a rare disease 
and is generally managed similarly to other extrapul-
monary small cell carcinomas. Since most of these 
patients present with metastatic disease at diagnosis, 
treatment usually consists of cisplatin and etoposide. 
In those with more localized disease, treatment directed 
at the prostate with surgery or more commonly radio-
therapy can be considered.

If the importance of NE differentiation of prostate 
cancer is confirmed over time, use of chemotherapies 
that specifically target NE cells may be a reasonable 
added option in the armamentarium of CaP treatment 

and it may provide a rationale for combining platinum 
drugs with others directed more specifically at the 
 non-NE epithelial cancer cells.

First-Line Platinum Chemotherapy  
for Prostate Cancer

Single-Agent Cisplatin and Carboplatin

Platinum drugs were studied both as single therapies as 
well as in combination with taxane chemotherapy 
(Table 14.1). Cisplatin was the most common treatment 
in the time period before PSA evaluation. Twenty-five 
patients were treated with an every 3 weeks regimen of 
50–75 mg/m2 of single-agent cisplatin in 1979 by 
Yagoda et al. [46]. Twelve percent of patients achieved 
a partial response, and evaluation with the National 
Prostate Cancer Project criteria reported 24 patients with 
stable disease. A later study treated 18 patients 
with 50 mg/m2 every 3 weeks with no patients achieving 
measurable response, leading investigators to  conclude 
that the treatment course was not active [47]. In a 1993 
review article, Yagoda and Petrylak reported an overall 
12% partial response rate for 209 patients treated with 
cisplatin [48]. Further examination of both trials with 
cisplatin every 3 weeks indicated that treatment dose 
was low and activity level was a reflection of patient 
selection. This conclusion is based on other studies 
with higher treatment doses (1 mg/kg per week) for  
6 weeks with responses visible in many sites including 
liver, lung, lymph nodes, and bone.

Carboplatin is a second-generation platinum 
 chemotherapy with a different toxicity profile than 
 cisplatin. The Eastern Cooperative Oncology Group 
(ECOG) treated 29 CPRC patients with 250–400 mg/
m2 carboplatin depending on renal function and previ-
ous radiation. Results show that one out of five (20%) 
patients with bidimensionally measurable disease 
achieved a partial response, 1 out of 24 patients with 
an abnormal bone scan had ³50% regression in the 
number of sites with abnormal tracer uptake, and 3 out 
of 24 patients experienced clinical benefit [49]. 
Although investigators deemed carboplatin’s activity 
insignificant, it is noted that compared with modern 
standards, the treatment dose was low and was not 
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administered using the  current area under the curve 
(AUC) method. Furthermore, the patient population 
included those with bone metastases, unlike prior cis-
platin studies, and was therefore unable to be evaluated 
by standard, cross-sectional imaging techniques that 
were developed at that time.

In the post-PSA era, four clinical trials with weekly 
carboplatin all showed activity when evaluated by 
clinical benefit, measurable response, or PSA decline. 
Canobbio et al. calculated a 17% response rate when 
combining both measurable and evaluable disease 
(using PSA and prostatic acid phosphatase) [50]. 
Patients were treated with a weekly 150 mg/m2 car-
boplatin dose, increasing dose intensity after treat-
ments every 3 or 4 weeks. Miglietta et al. performed 
a second 35 patient study with an equal weekly treat-
ment schedule. Ten patients (28%) had a PSA decline 
³50%, and the mean response duration was 6.6 
months [51]. Another study by Jungi et al. treated 27 
CRPC patients with 400 mg/m2 carboplatin every 28 
days. Thirteen out of 27 patients exhibited a decrease 
in pain, an improved performance status, and stabili-
zation of metastases, resulting in a 48% clinical ben-
efit response rate [52]. Moreover, 2 out of 24 evaluable 
patients (8%) showed a PSA response though investi-
gators found no clear link between clinical benefit 
and PSA decline. At the 2006 Prostate Cancer 
Symposium, Castagneto et al. reported a study that 
evaluated 27 CRPC patients treated with 150 mg/m2 
weekly for 3 or 4 weeks. PSA decline ³50% was 
achieved by 26.9% of patients after treatment [53]. 
These trials clearly suggest that carboplatin has defi-

nite though moderate activity in CRPC even with 
various weekly or monthly treatment schedules. No 
recent trials of carboplatin alone, using AUC dosing, 
have been reported.

Multiagent Regimens with Cisplatin  
and Carboplatin

Cisplatin in combination with other drugs is active in 
CRPC. A multiagent Phase II trial of cisplatin and doxo-
rubicin reported clinical benefit in 24% of patients along 
with measurable improvement in prostatic acid phos-
phatase in 21% of patients [54]. Other trials evaluated 
cisplatin with the following agents: doxorubicin plus 
5-flourouracil [55], strontium-89 [56], etopside plus 
pirarubicin [57], mitoxantrone [58], estramustine plus 
etoposide [59], and calcitriol plus dexamethasone [60].

Comparison between Strontium-89 (89Sr) with and 
without cisplatin in a randomized Phase III trial showed 
mixed results. Seventy CRPC patients with painful 
bone metastases were evaluated with study endpoints 
of palliation of bone pain at 2 months, onset of new 
bone pain, progression of bone metastases, and sur-
vival. Cisplatin was infused three times in 11 days up 
to a total dose of 50 mg/m2 before and after 89Sr. Pain 
improvement at 2 months was reported to be 91% for 
combination therapy and 63% for 89Sr alone. Bone 
metastases progression was 64% versus 27% favoring 
the single agent. There were no significant differences 
in the onset of new bone metastases or survival [61].

Table 14.1 Single agent cisplatin and carboplatin in CRPC

Author, year N PSA response rate (%) Measurable response rate (%)
Duration of response, 
median (months)

Cisplatin
Merrin, 1978 21 – 43 5.8
Merrin, 1979 45 – 29 6
Merrin, 1979 54 – 31.4 7
Yagoda, 1979 25 – 12 2.5
Qazi, 1983 18 – 0 –
Moore, 1986 29 – 10 8
Carboplatin
Trump, 1990 29 – 20 3
Canobbio, 1993 25 12 17 7
Miglietta, 1995 40 28 17 6.6
Jungi, 1998 27  8 6 NR
Castagneto, 2006 27 27 NR NR
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Docetaxel now serves as the standard upon which 
other agents are added. A number of clinical trials 
recently combined carboplatin with a taxane (docetaxel 
or paclitaxel) and estramustine and reported encouraging 
results (Table 14.2) [62–68]. Phase II trials reported 
PSA declines ³50% in 60–100% of CRPC patients and 
objective response rates from 45 to 65% in the cohort 
of patients with measurable disease. The results further 
suggest that carboplatin may have success as a second-
line therapy for some CRPC patients. However, it 
should be noted that patients were highly selected for 
these Phase II trials, and therefore, results may vary in 
a real world population.

New Platinum Drugs

Recently, various platinum analogs have been tested 
in the clinical trial setting with both CRPC as well as 
many other cancers, and a recent comprehensive sum-
mary of novel platinum compounds has been published. 
Oxaliplatin, a platinum analog with a favorable toxicity 
profile, has shown positive results in  cisplatin-resistant 
cell lines. Droz et al. evaluated the activity of oxalipla-
tin with and without 5-fluorouracil in 54 CRPC 
patients in a randomized, multicenter Phase II study. 
PSA declines were reported in 11 and 19% of patients 
in each arm, even with more than 50% of the patient 

population already treated with chemotherapy (includ-
ing cisplatin) [69].

Picoplatin is a new platinum therapy developed to 
overcome platinum resistance. A Phase I study 
 conducted by Breitz et al. showed efficacy in CRPC 
patients treated with a combination of 120 mg/m2 pico-
platin and 75 mg/m2 docetaxel with prednisone. 
Nineteen out of 32 evaluable patients (59%) reported a 
PSA response. At ASCO 2008, Breitz et al. presented 
a Phase II study which enrolled 30 CRPC on a treat-
ment regimen of 120 mg/m2 picoplatin and 75 mg/m2 
docetaxel every 3 weeks plus prednisone 5 mg PO bid. 
Current data report that 59% of evaluable patients 
achieved a PSA response of >50% decrease for at least 
4 weeks indicating that platinum chemotherapy in 
combination with current therapy may have potential 
benefit for CRPC patients [6].

Platinum drugs have been tested in other cisplatin-
resistant cancers including ovarian and lung cancer. 
Platinum compound ZD-0473 reported activity in both 
ovarian and lung cancer cell lines with moderate response 
rates achieved in both platinum-resistant  cancers [69]. 
Additionally, lobaplatin has also been found to be of 
benefit in cisplatin-resistant cancer cell lines [70].

Although recent trials have targeted novel drugs in 
the hope of isolating a standard for second-line  therapy, 
alternative approaches to improving platinum chemo-
therapy include improving the delivery of the drug to 
the cancer itself.

Table 14.2 Recent trials of estramustine, platinum, and taxane chemotherapy

Author, year Phase Regimen Number of patients PSA response rate Measurable response rate

Kelly, 2001 II Paclitaxel/estramustine/
carboplatin

56 67 45

Urakami, 2002 II Paclitaxel/estramustine/
carboplatin

32 100 61

Solit, 2003 II Paclitaxel/estramustine/
carboplatin

30 60 65

Oh, 2004 II Docetaxel/estramustine/
carboplatin

40 68 52

Oh, 2005 I/II Docetaxel/estramustine/
carboplatin

30 63a 24a

Berry, 2006 II Paclitaxel/estramustine/
carboplatin

84 61 50b

Kikuno, 2006 II Docetaxel/estramustine/
carboplatin

40 95

Breitz, 2008 II Picoplatin/docetaxel 30 59
Ross, 2008 II Carboplatin/docetaxel 34 18
aAt the recommended Phase II dose, the PSA response rate was 75% in 12 patients and measurable responses were seen in two of 
five (40%) patients
bReported as a pooled endpoint of measurable and/or PSA response
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Platinum Drugs as Second-Line  
Therapy for CRPC

With no single standard of care for second-line therapy, 
patient participation in clinical trials remains a neces-
sary priority [3]. Platinum drugs are currently in clinical 
development for treatment of CRPC for patients who 
progressed on docetaxel. Satraplatin and carboplatin 
represent two platinum analogs that have been tested 
recently in clinical trials.

In the randomized Phase III data from the SPARC 
(Satraplatin and Prednisone against Refractory Cancer) 
trial, 950 metastatic CRPC patients were enrolled to 
evaluate second-line satraplatin plus prednisone versus 
prednisone alone [73]. Patients were treated 2:1 to satra-
platin 80 mg/m2 days 1–5 for 5 weeks with 5 mg pred-
nisone twice daily or to prednisone alone. Patients on 
satraplatin plus prednisone demonstrated a 42% 
improvement in progression-free survival (PFS) when 
compared to prednisone alone, as well as a prolonged 
time to pain progression and a higher PSA response 
rate. After 6 months, PFS was reported to be 30 and 
17% for the satraplatin plus prednisone arm and the 
prednisone alone arm, respectively. At 12 months, satra-
platin plus prednisone continued to show an increase in 
the percentage of PFS at 17% versus 7% in prednisone 
alone. These improvements, however, did not translate 
into a benefit in overall survival, and satraplatin did not 
receive approval by the Food and Drug Administration.

In a continued effort to expand the second-line ther-
apy options in an environment of limited choices, Ross 
et al. enrolled 34 patients who progressed on docetaxel 
in a prospective, multicenter trial of docetaxel 60 mg/
m2 plus carboplatin AUC (4) every 3 weeks. Six out of 
34 patients achieved a partial response according to 
PSA criteria (decrease in ³50% in serum PSA), and 
ten patients had stable disease, with three out of ten 
remaining stable for ³3 months [71]. Although not 
 statistically significant, results showed that patients with 
a serum PSA drop ³50% when treated initially 
with docetaxel alone were more likely to respond to 
the combination of docetaxel plus carboplatin. Of the 
CRPC patients with progressive disease during or 
shortly after initial treatment with single agent 
 docetaxel, adding carboplatin resulted in PSA declines 
³50% in 18% of patients, and median PFS was 
3 months with median response duration of 5.7 months. 
Further analysis included measurements of the  circulating 
markers, chromagranin A (CgA) and  neuron-specific 

enolase (NSE), from serum samples, showing a trend 
toward improved PSA response rate in patients with a 
lower CgA level at baseline; however, the data was not 
statistically significant.

In 2007, Nakabayashi et al. published a retrospec-
tive study evaluating docetaxel/carboplatin as first- and 
second-line chemotherapy for CRPC patients [72]. 
Study cohort included patients treated with first-line 
docetaxel/carboplatin plus estramustine as well as 
 second-line docetaxel/carboplatin alone. The study 
evaluated 54 patients, and 24 out of them received 
first-line 140 mg estramustine three times daily plus 
carboplatin every 3–4 weeks and 20–70 mg/m2 
 docetaxel. The remaining 30 patients received second-
line 50–70 mg/m2 docetaxel and carboplatin every  
3–4 weeks. Results showed PSA declines of ³50% in 
88 and 20%, respectively, as well as a median overall 
survival of 17.7 and 14.9 months, respectively. Results 
suggest that adding carboplatin to traditional docetaxel 
treatment as second-line therapy positively influences 
activity in 20% of CRPC patients.

Conclusion

Platinum chemotherapy has been a part of treatment 
regimens for decades in many cancers including lung, 
ovarian, and testicular carcinomas. Unlike in these 
 diseases, in which efficacy of platinum chemotherapy 
is clearly proven, its activity in prostate cancer remains 
less certain. Pre-PSA era trials evaluating cisplatin and 
carboplatin as single and as part of multiagent regimens 
did not demonstrate clear clinical benefit, though one 
can argue that the rules determining response in the 
1980s and 1990s were ineffective. Carboplatin trials in 
the mid-1990s showed palliative benefit and PSA 
declines which led to further evaluation. In recent years, 
multiple trials have combined carboplatin with estra-
mustine and a taxane and shown evidence of high PSA 
and measurable response rates. However, the question 
still remains as to the extent to which carboplatin influ-
ences PFS or overall survival in CRPC patients.

There is strong support for the consideration of 
platinum chemotherapy in the management of CRPC. 
Although docetaxel chemotherapy remains the stan-
dard of care for initial treatment of patients with meta-
static prostate cancer, platinum chemotherapy alone or 
in combination with other drugs may have meaningful 
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clinical benefit as second-line therapy for CRPC 
patients. The SPARC trial showed improvements in 
PFS and pain response, though overall survival was 
not affected.

The possibility for specific subtypes of patients 
with CRPC achieving a greater response to platinum 
analogs than others requires continued efforts to define 
these distinct phenotypes.
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Abstract Cytotoxic chemotherapy using docetaxel, 
estramustine, and mitoxantrone is often employed to 
treat men with hormone-refractory prostate tumors. 
More recently, oral satraplatin has been studied as 
an alternative to docetaxel-based therapies. These 
cytotoxic agents have diverse mechanisms of action 
and disposition. Moreover, there is often wide inter-
individual variation in the pharmacokinetics, toxic-
ity, and clinical outcome following administration 
of these agents in patients with prostate cancer. This 
chapter summarizes what is known about the basic 
clinical pharmacology of these agents and discusses 
the mechanisms and implications of interindividual 
variation in treatment.

Keywords Docetaxel • Mitoxantrone • Estramustine  
• Satraplatin • Prostate cancer • Pharmacogenetics  
• Pharmacology

Introduction

In 2008, the National Cancer Institute documented 
186,320 new cases and 28,660 deaths due to prostate 
 cancer. The majority of deaths are expected to have 
occurred in men with metastatic castration-resistant 
prostate cancer (CRPC), and a large proportion of these 
men likely received cytotoxic chemotherapy prior to 
death. However, CRPC has only been effectively treated 
with cytotoxic agents as recently as 2004 with the 

approval of docetaxel as the standard of care in 
 metastatic CRPC. Docetaxel-based therapy still only 
provides an approximate 2–3-month survival benefit 
over palliative care with mitoxantrone plus prednisone 
[1, 2]. Other chemotherapies, such as oral satraplatin, 
have been introduced in men with CRPC with limited 
success.

There is often great interindividual variation in the 
survival and palliative benefits of these chemotherapies 
despite their often-narrow therapeutic indices. Thus, 
treatment is more or less effective or toxic within cer-
tain subgroups based on differences in genetic, morpho-
metric, physiological, and demographic parameters. 
Furthermore, there are notable differences in pharma-
cokinetics (PK) brought on by interindividual variation 
suggesting that individualized dosing could improve 
therapeutic outcome in some cases. The purpose of this 
chapter is to summarize what is currently known about 
the mechanism, clinical pharmacology, interindividual 
variability, and pharmacogenetics of the major cyto-
toxic agents that have been used in prostate cancer 
including docetaxel, estramustine, mitoxantrone, and 
satraplatin.

Docetaxel

Mechanism of Action

Docetaxel binds to b-tubulin and promotes the polym-
erization of microtubules while also inhibiting depo-
lymerization. This disrupts the normal dynamics of 
microtubules that are required for formation of the 
cytoskeleton and the movement of the mitotic spindle, 
ultimately leading to cell cycle arrest in the G2/M 
phase and subsequent apoptosis. Docetaxel has other 
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proapoptotic effects as well including inhibiting the 
antiapoptotic protein BCL2 overexpression, interactions 
with BCLxl, upregulation of p53, and antiangiogenic 
properties [3, 4].

Pharmacokinetics, Drug Distribution,  
and Pharmacodynamic Determinants

Docetaxel can be assayed in plasma with a detection 
range of 5–1,000 ng/mL by high performance liquid 
chromatography-mass spectrometry (HPLC-MS) [5–7]. 
Other methods have been developed to determine 
unbound docetaxel levels [8] as well as the concentra-
tion of its vehicle, polysorbate 80 [9], allowing for 
sophisticated PK determinations. Docetaxel is adminis-
tered intravenously, and the distribution is generally 
accepted to be approximately 30–100 L/m2 in most 
individuals. This rather large volume of distribution is 
consistent with ~98% of the drug being protein-bound. 
Polysorbate 80 in concentrations observed in patients 
treated with docetaxel is responsible for increasing the 
unbound fraction of docetaxel by 50% [10], resulting in 
greater exposure to docetaxel as well as greater likeli-
hood of neutropenia [11, 12]. It has been proposed that 
polysorbate 80 is able to form micelar complexes with 
proteins, including serum albumin and a1-acid glyco-
protein causing saturable binding of docetaxel that has 
also been observed with other drugs [13, 14], or by rapid 
degradation of polysorbate 80 by plasma esterases fol-
lowed by oleic acid-mediated protein binding displace-
ment of docetaxel [15]. Docetaxel is subjected to 
successive hydroxylation reactions by cytochrome P450 
CYP3A4/5 at the C13 carbon on the tert-butyl sidechain 
resulting in hydroxy-docetaxel, two stereometric 
hydroxyoxazolidinones, and an oxazolidinone metabo-
lite (called M1–M4, respectively), and approximately 
75% of the drug is recovered in these relatively inactive 
metabolites [16] (Fig. 15.1). Docetaxel is primarily 
eliminated by excretion into the bile with approximately 
5–10% being cleared by urinary excretion.

The importance of CYP3A enzymes on docetaxel 
metabolism was recently underscored in a study that 
found a sevenfold decrease in the clearance of doc-
etaxel in mice lacking the Cyp3a gene cluster [17] and 
another study that found that individuals with certain 
high expression/function of CYP3A alleles had an 
approximate 64–75% increase in docetaxel clearance 

[18, 19]. Both parent drug and docetaxel metabolites 
are transported across several biological barriers by the 
transporters ABCB1 [20], ABCC2 [21], and OATP1B3 
[22] (see Fig. 15.1). The current literature suggests that 
docetaxel is taken into the liver by OATP1B3, inacti-
vated by CYP3A4/5, eliminated through hepatobilliary 
secretion by ABCB1 and ABCC2, and undergoes 
enterohepatic recirculation that is mediated by ABCB1 
[23]. Such metabolism and transport characteristics 
have also been noted in peripheral tissues including 
blood–brain and blood–nerve barriers [24–26], within 
hematopoietic cells [27, 28], and even within tumors 
themselves leading to multidrug resistance [29, 30]. 
Moreover, the genes encoding the above enzymes and 
transporters are all regulated by the pregnane X recep-
tor (PXR; NR1I2), the constitutive androstane receptor 
(CAR; NR1I3) nuclear receptors that promiscuously 
bind to many different xenobiotic substrates and modu-
late gene expression [31, 32]. CYP1B1 also generates 
reactive estrogen species that may be responsible for 
docetaxel inefficacy by both interfering with docetaxel–
microtubule interactions as well as covalently binding 
to docetaxel itself and reducing its potency [33, 34].

Nongenetic Sources of Variability  
in Docetaxel Pharmacology

Docetaxel variability is manifested in an approximate 
10% difference in docetaxel clearance among individ-
uals [35], an approximate 10–35% lower clearance in 
women than in men [18, 36, 37], wide variability in 
systemic exposure [38], alterations in toxicity deter-
mined by PK and/or drug distribution [39, 40], and 
ultimately alterations in progression and time to death 
[40, 41]. To date, variability in PK has been evaluated 
in a variety of populations with several different 
diseases, and it has been noted that hepatic function, 
gender dimorphism, age, and plasma protein levels 
(especially the α-acid glycoprotein, AAG) are 
important determinants of PK and pharmacodynamics 
(PD) [42]. It is expected that drug coadministration, 
comorbidity, diet, and myriad other factors also influ-
ence docetaxel PK/PD, although these remain poorly 
studied. Pharmacokinetic modeling in patients has 
revealed that the most important factors in determining 
interindividual variation in docetaxel clearance (L/h) 
are body surface area (BSA; m2), age (years), AAG 
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levels (g/L), albumin levels (g/L), and hepatic dysfunc-
tion affecting clearance of docetaxel (HEP12) as is 
shown in the following equation [43].

As the aforementioned model suggests, the binding 
of docetaxel to serum proteins and liver function is 
especially important to determining variability in doc-
etaxel pharmacology. Docetaxel binds to albumin, 
AAG, and lipoproteins in the serum, is primarily 
metabolized in the liver, and cleared through the hepa-
tobiliary route.

Liver function abnormalities are associated with 
reduced docetaxel clearance that is highly variable as 
compared to patients with normal liver function, and 
much of this variability can be attributed to a reduced 
CYP3A activity phenotype – especially in patients with 
advanced liver dysfunction [11, 44]. However, liver 
metastases of prostate cancer are uncommon; therefore, 
liver impairment is not characteristic of this disease. 
Since AAG levels are highly variable in individuals 
with certain types of cancer as a result of proinflamma-
tory pathways, AAG levels are also considered to be the 

very important determinants of variation in docetaxel 
plasma-protein binding properties [45]. Higher AAG 
levels are considered a surrogate for decreased unbound 
fraction available for elimination [46], an expected 
reduction in hematological toxicity [11], and a poten-
tial effect on nonhematological toxicity. Some have 
suggested that inflammation in the prostate may lead to 
prostate cancer, and that AAG can play a role in disease 
etiology [47, 48]. A strong, nonsignificant trend does 
indeed exist where men with metastatic prostate cancer 
have elevated AAG, while African American and 
Caucasian men also have higher levels of AAG than 
men of other races [49, 50]. However, it is unclear if 
AAG levels are clinically important covariates in doc-
etaxel treatment of advanced prostate cancer, although 
this relationship has been demonstrated in non-small 
cell lung carcinoma – a disease with frequent liver 
involvement resulting in high AAG levels [51]. Finally, 
others have shown that castrate patients have a 50% 
higher clearance of docetaxel than noncastrate patients 
[52], resulting in increased likelihood of neutropenic 
events [53, 54]. Therefore, hormonal factors may 
change the metabolism of docetaxel in males.

Since albumin, AAG, and CYP3A are of liver origin, 
no changes are expected in most cases of advanced 

= − −
+ −

CL BSA (22.1 3.55AAG 0.095AGE

0.2245ALB)·(1 0.334HEP12)

Fig. 15.1 Docetaxel metabolic and transport pathway. Docetaxel-related intracellular pathways, uptake, metabolism, and elimination
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prostate cancer although AAG levels might be higher. 
It should also again be noted that since men have a 
rapid clearance of docetaxel than women, and that 
docetaxel clearance is even higher in men with meta-
static prostate cancer than in noncastrate patients, liver 
function differences might be less important in pros-
tate cancer than in other diseases. This may change 
only if the patient has massive liver involvement, which 
is very uncommon.

Renal function is also not expected to be an impor-
tant determinant of docetaxel PK/PD given that so little 
docetaxel is cleared through the urine (~5–10%). 
Indeed, an individual with advanced renal disease 
receiving docetaxel at 65 mg/m2 had similar pharma-
cokinetic parameters to patients without renal failure 
receiving the same treatment [55]. However, confirma-
tion of these results in a larger patient cohort has not 
yet been published.

Several studies have related age to PK/PD parame-
ters during docetaxel treatment. At the highest dose 
evaluated (75 mg/m2), docetaxel PK were unchanged, 
although docetaxel-induced neutropenia was higher in 
the elderly cohort (16%) than in the younger cohort 
(0%) [56]. Another study found that docetaxel toxicity 
is also increased in elderly patients while pharama-
cokinetics remain unchanged [57]. However, the afore-
mentioned studies evaluated few elderly patients 
(n £ 26), and only a very small cohort of elderly patients 
with prostate cancer receiving single-agent docetaxel 
(n £ 6) was evaluated. Furthermore, both of these stud-
ies were in contrast to a larger pharmacokinetic study, 
where clearance was modestly related to age (esti-
mated at a 7% decrease in mean clearance for a 
71-year-old patient) [58]. Other studies have evaluated 
elderly patients with non-small cell lung carcinoma 
and found that docetaxel at a dose of (30–60 mg/m2) is 
well tolerated alone or in combination with cisplatin 
[59–61]. Thus, age might be associated with interindi-
vidual differences in docetaxel-related toxicity in a 
dose/schedule-dependant fashion, but age may only be 
modestly associated with PK.

Docetaxel Pharmacogenetics

Several pharmacogenetic studies have been completed 
studying genetic variation in docetaxel disposition 
genes including ABCB1, ABCC2, ABCG2, CYP1B1, 

CYP3A4/5, NR1I2, NR1I3, and SLCO1B3 (encoding 
OATP1B3). The results from these studies will be 
summarized below in the following sections.

CYP3A4 and CYP3A5

Several have evaluated the CYP3A4*1B and CYP3A5*3C 
polymorphisms in relation to the PK of docetaxel. Most 
studies in this regard have been negative [62–68], 
although recent evidence suggests that these SNPs may 
be important when considered in the context of 
CYP3A4/5 haplotype [18, 19]. Baker et al. found that 
carriers of a haplotype consisting of CYP3A4*1B (i.e., 
variant at rs2740574) and CYP3A5*1A alleles (i.e., wild 
type at CYP3A5*3C; rs776746) that was named 
CYP3A4/5*2 had a 64% higher clearance of docetaxel 
and a 46% increase in clearance of another CYP3A4/5 
substrate, midazolam. Those individuals (n = 5) carrying 
the CYP3A4/5*2 haplotype may actually have a higher 
level of CYP3A expression in the liver due to increases 
in CYP3A4 expression brought on by the CYP3A4*1B 
allele [69], coupled with CYP3A5 expression in the 
liver in those patients not carrying the CYP3A5*3 null 
allele. Another study in Caucasians had similar results 
with those individuals carrying CYP3A4*1B and 
CYP3A5*1A alleles having a 75% increase in docetaxel 
clearance, although this relationship depended on clear-
ance data from only four patients [19].

It is important to note that the above findings cannot 
be extrapolated to other world populations as the hap-
lotype is organized in a different fashion in non-Cau-
casians, and future investigations evaluating this 
haplotype must take interracial genetic variation into 
account. However, most investigations in the Caucasian 
population taking place prior to these studies did not 
evaluate the effect of CYP3A4/5 haplotypes that might 
be better associated with clearance of substrate drugs, 
or outcome following treatment [62, 63, 65, 68]. Those 
studies in the Asian population suffered from very low 
power due to CYP3A4/5 monomorphism [67], or low 
frequency of these SNPs in the Asian population [64, 
66] and are thus inconclusive or difficult to interpret. 
African Americans also have a different haplotype 
organization, and no relationship has been found 
between CYP3A4/5 SNPs and docetaxel PK/PD in this 
racial population [68]. In summary, the haplotype 
structure of CYP3A4/5 is very likely an important deter-
minant of pharmacogenetics relationships between 
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these enzymes and docetaxel PK/PD in Caucasians, 
and CYP3A4/5 haplotypes remain poorly studied in 
relation to docetaxel PK/PD in all world populations.

The ABCB1, ABCC2, ABCG2, and OATP1B3 Active 
Transporters of Docetaxel

Pharmacogenetics studies in active transporters in 
docetaxel treatment are quite complex as docetaxel 
transport seems to be responsible for drug distribution 
throughout the body including in and out of blood–
brain/nerve barriers, hematopoeitic cells, enterocytes, 
and liver cells. For this reason, all of the aforemen-
tioned transporters might determine local drug levels 
in addition to overall PK of docetaxel; thus, genetic 
variation within this pathway might influence several 
tissues in a different fashion.

Earlier studies found that ABCB1 polymorphisms 
were associated with clearance of docetaxel and mida-
zolam [62, 64] and docetaxel toxicity [19]. Still other 
studies found no relationship between docetaxel PK 
and ABCB1 SNPs [19, 67]. Since Kimchi-Sarfaty 
et al. published rather convincing evidence that ABCB1 
haplotypes are related to protein folding and expres-
sion in a fashion that is more deterministic that any 
individual ABCB1 SNP alone, two studies have inves-
tigated the combined effect of ABCB1 SNPs at the 
1236C>T, 2677G>T/A, and 3435C>T loci.

Studies that investigated ABCB1 1236C>T, 
2677G>T/A, 3435C>T SNPs alone and in diplotype com-
binations found that patients with castration-resistant 
prostate cancer (CRPC) receiving docetaxel alone and 
who carried 1236C-2677G-3435C linked alleles had 
improved overall survival, while patients carrying the 
2677T-3435T diplotype had shorter median survival 
after treatment. Interestingly, patients with the 
2677T-3435T haplotype also had higher on-study PSA 
that might be related to survival as those patients who 
had a higher disease burden. However, it may be that 
patients carrying certain ABCB1 diplotypes had tumors 
that were more resistant to docetaxel therapy or altera-
tions in clearance that were responsible for this relation-
ship. However, no relationship with clearance was 
observed in a separate cohort of patients treated with 
docetaxel in this study, and other studies have found 
relationships with docetaxel outcomes that are indepen-
dent of PK [19]. The present study also found that 
patients treated with docetaxel in combination with 

 thalidomide (not an ABCB1 substrate) had an increased 
likelihood to develop early onset neuropathy, while 
there was no relationship found in those treated with 
docetaxel alone. This is probably because thalidomide 
also causes neuropathies resulting in a higher neuropa-
thy burden in the combination arm. Thus, small differ-
ences in efflux of docetaxel from nerve tissues due to 
ABCB1 SNPs may contribute to onset of neuropathy in 
these patients. Finally, a trend toward increased neutro-
penia grade was also observed in patients homozygous 
for the 2677T-3435T haplotype. This study suggests 
that ABCB1 SNPs contribute to survival and toxicity dif-
ferences in men with CRPC and again demonstrates that 
haplotype analysis is important to determine associa-
tions with polymorphisms in docetaxel disposition 
genes and clinical outcome. A second study investigated 
variation in both individual genotypes and in the com-
mon haplotypes within ABCB1 (1236C>T, 2677G>T/A, 
3435C>T), ABCC2 (–1019A>G, –24C>T, 1249G>A, 
IVS26 –34C>T, 3972C>T, 4544G>A), and SLCO1B3 
(334T>G, 439A>G, 699G>A, 767G>C, 1559A>C, 
1679T>C) against docetaxel clearance data in Caucasian 
patients with various malignancies, including 24 patients 
with prostate cancer. None of the genotypes or haplo-
types were related to docetaxel PK, as was consistent 
with the former study.

Other known docetaxel transporters have been less 
studied. The ABCC2 rs12762549 SNP has been linked 
to docetaxel-induced neutropenia in the Asian popula-
tion [67], although no associations between ABCC2 
polymorphisms, alone or in haplotype, have been found 
in relation to docetaxel PK [18]. Similar results were 
found for SNPs in SLCO1B3. Interestingly, the protein 
product of SLCO1B3 (OATP1B3) is upregulated during 
prostate cancer progression [70, 71], although no study 
has linked SLCO1B3 SNPs to docetaxel efficacy in this 
disease. Finally, the ABCG2 Q141K polymorphism 
was associated with improved survival following treat-
ment with combination docetaxel and vinorelbine or 
combination docetaxel and estramustine in men with 
CRPC [65]. The authors concluded that the increase in 
survival was related to inefficiency of the drug efflux 
pump leading to increased efficacy in some patients. 
However, since docetaxel is not an ABCG2 substrate 
[72], it is likely that ABCG2 effluxes another substrate 
that lowers docetaxel efficacy, or that decreases in 
ABCG2 pump efficiency brought on by the Q141K 
SNP [73] can alter the efflux of a substrate that is related 
to cancer progression (e.g., PhIP).
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Other Docetaxel Pharmacogenetics 
Studies

Some studies have attempted to link docetaxel PK to 
polymorphisms in PXR, CAR, and HNF4a in the Asian 
population [66, 74]. The rationale for such studies is 
explained in Fig. 15.1 where nuclear receptors bind to 
docetaxel and increase the expression of genes related 
to docetaxel metabolism and transport. Such nuclear 
receptors are thus responsible for global regulation of 
genes involved in docetaxel disposition. While no such 
study has found a relationship with PK, a relationship 
between the Met49Val SNP in HNF4aand slower neu-
trophil recovery was observed [66]. This same study 
found that patients who were wild type for both HNF4a 
Met49Val and CAR Pro180Pro had an approximate 
16% lower percentage neutrophil decrease from base-
line. Thus, it seems that while PXR and CAR are poly-
morphic, the SNPs in these genes have not yet been 
found to be responsible for any detectible interindi-
vidual variation in relation to docetaxel. However, 
genetic variation in HNF4a, which regulates genes 
involved in cell growth and survival, might be respon-
sible for the robustness of neutrophils when challenged 
by docetaxel treatment, and this might be related to 
variation in PXR/CAR. Further study is needed to both 
validate the above study and elucidate the molecular 
reasons behind these associations.

CYP1B1 has also been found to be related to doc-
etaxel treatment. Early studies indicated that CYP1B1 
might directly metabolize docetaxel [75], although a 
later study indicated rather convincingly that this was 
not true [76]. However, CYP1B1 was found to be 
highly expressed in the prostate tumors and seemed to 
be related to docetaxel treatment [34, 77]. Three stud-
ies have been published that have indicated that the 
CYP1B1 L432V (CYP1B1*3) allele might be associ-
ated with docetaxel treatment efficacy in prostate can-
cer [33, 78, 79]. This relationship is likely due to more 
efficient metabolism of estrogen by individuals carry-
ing the CYP1B1*3 allele, resulting in increased levels 
of reactive estrogen metabolites that antagonize doc-
etaxel by destablizing tubulin and directly adducting 
docetaxel itself. Indeed, higher levels of CYP1B1 
estrogen metabolites have been observed in the urine 
of men with prostate cancer [80]. However, further 
studies are required to validate these data in the clinic 
and in the laboratory.

Mitoxantrone

Mechanism of Action

Anthracycline antibiotics, including mitoxantrone, are 
responsible for several different biological effects 
related to their role as anticancer agents. The main 
mechanism behind the antineoplastic effect of these 
agents is inhibition of topoisomerase II (TOPOII) 
resulting in inhibition of DNA repair [81]. Mitoxantrone 
also inhibits DNA replication and DNA-dependent 
RNA synthesis in its role as a DNA intercalating agent, 
DNA replication through inhibition of nuclear heli-
case, and can undergo reduction reactions resulting in 
the formation of quinone species that damage cellular 
components [82, 83]. However, mitoxantrone is sig-
nificantly less reactive than other anthracyclines and 
thus does not form free radical intermediates as read-
ily. For this reason, it is also less likely to cause cardio-
toxicity, and higher dosages can be given without 
increasing the risk of cardiac failure [84]. Mitoxantrone 
has been observed bound to DNA, and it accumulates 
in the endoplasmic reticulum, cytosol, and in low-
polarity environments consistent with cell membranes 
[85]. Unlike other cytotoxic agents, mitoxantrone 
cytotoxicity is cell cycle-independent, killing both 
proliferating and nonproliferating cells alike [86]. 
Mitxantrone plus steroidal therapy has been used for 
the treatment of CRPC for its palliative effects, but this 
therapy does not increase life expectancy [87–89].

Pharmacokinetics, Drug Distribution,  
and Pharmacodynamic Determinants

There is an approximate 13-fold interindividual varia-
tion in the area under the curve (AUC) exposure fol-
lowing mitoxantrone in patients with acute lympho- 
blastic leukemia (ALL) receiving 5 mg/m2 every week 
for 3 weeks [90]. A population PK model demonstrated 
an approximately 46% interindividual variability in 
clearance [91]. For men suffering from CRPC, mitox-
antrone is typically given at a dose level of 12 mg/m2 
every 3 weeks in combination with steroids such as 
prednisone. Mitoxantrone is distributed rapidly and 
extensively into the tissues while ~78% of the drug is 
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protein bound. Two major mono- and dicarboxylic 
acid metabolites have been observed, although several 
metabolites are present. The primary routes of elimina-
tion of mitoxantrone include hepatobilliary (~25% 
over 5 days) and urinary excretion (6–11%; 65% of 
drug is unchanged).

Mitoxantrone is extruded from cells expressing the 
ATP-binding cassette transporters ABCB1 (MDR1, 
P-glycoprotein) [92], ABCC1 (MRP1) [93–95], 
ABCC2 (MRP2) [96], and ABCG2 (BCRP, MXR, 
ABCP) [97, 98], and it is also actively influxed into 
certain cells via an unknown mechanism [99]. Whereas 
these transporters are expressed in hepatic and renal 
cells, they could mediate mitoxantrone elimination 
pathways, and some of these transporters limit pene-
tration of anthracyclines into certain tissues such as 
hematopoietic stem cells, thereby limiting toxicity 
[25]. Prostate tumors frequently upregulate ATP-
binding cassette (ABC) transporters, such as ABCB1 
and ABCG2 [100, 101], during the course of tumor 
progression. It is likely that resistance to mitoxantrone 
occurs due to multidrug resistance brought on by over-
expression of active drug transporters. Overexpression 
of these transporters seems to be related to prolonged 
androgen deprivation [101, 102], acquired resistance 
to mitoxantrone [103], and the ability of normal and 
tumor stem cells to evade cytotoxicity [101, 104]. It is 
also possible that downregulation of an uncharacter-
ized influx mechanism could also be responsible for 
mitoxantrone resistance, although this remains to be 
explored [99]. The pathways that regulate mitoxan-
trone metabolism have not yet been elucidated.

Nongenetic Sources of Variability  
in Pharmacology

Mitoxantrone clearance is reduced in patients with 
hepatic dysfunction, and patients with normal hepatic 
function with bilirubin >3.4 mg/dL have a threefold 
increase in AUC exposure following mitoxantrone. 
Thus, dose adjustments are required in patients with 
moderate to severe hepatic dysfunction. Advanced age 
does not appear to be related to mitoxantrone toxicity 
or outcome as the drug was well tolerated with similar 
response in patients with ALL >60 years of age at both 
high (80 mg/m2; day 2) and low (12 mg/m2; days 1–3) 
doses [105].

Pharmacogenetics

The common ABCG2 421C>A (Q141K) variant has 
been attributed to lowered expression of ABCG2 [106–
110]. The Q141K polymorphism is responsible for an 
approximate two- to fivefold increase in drug sensitivity 
toward mitoxantrone in vitro as compared to the wild-
type protein in four separate studies [73, 106, 111, 112]. 
The ABCG2 34G>A (V12M) allele has been linked to 
poor localization of ABCG2 resulting in a less func-
tional protein [73], while a small proportion of the 
Japanese population (~2%) carries the ABCG2 376C>T 
(Q126stop) transition that results in protein truncation 
and a complete loss of ABCG2 function [106]. The 
V12M polymorphism was not associated with increased 
mitoxantrone sensitivity vs. the wild-type allele when 
expressed in PA137 and Flp-ln-293 cells [106, 112], but it 
abolished the effect of ABCG2 expression in LLC-PK1 
cells treated with mitoxantrone [73]. Some speculate 
that the Q126stop truncation increases sensitivity 
through drastically lowering ABCG2 expression [106, 
113], although no data have emerged to support this 
conclusion. Other alleles have been explored that are 
only found in small proportions of certain world popula-
tions or are only present in cancer cell lines [106, 112, 
114, 115], but it is unclear if any of these are relevant to 
clinical treatment with mitoxantrone. Further, while 
ABC-transporter polymorphisms have been related to 
the PK of numerous anticancer drugs [116], ABCG2 
and ABCB1 mRNA levels have been related to mitox-
antrone treatment outcome in cancer [117], and ABCG2 
was even initially discovered as a mediator of mitoxan-
trone resistance in cancer cell lines [97, 98], no clinical 
studies evaluating the relationship between transporter 
polymorphisms and mitoxantrone pharmacology have 
yet been published (based on a PubMed search of 
“transporter polymorphism mitoxantrone” revealing 
22 articles; conducted December 19, 2008).

Estramustine

Mechanism of Action

Estramustine phosphate is a nor-nitrogen mustard-
carbamate estradiol that is administered to men with 
prostate cancer. The initial design of estramustine 
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targeted hormone-dependent cancers where estra-
mustine was thought to bind hormone receptors and 
mediate DNA alkylation in the nucleus through the 
mustard-carbamate moiety [118]. Interestingly, the 
drug has little (if any) alykylating activity, and intact 
estramustine does not bind to hormone receptors. 
Estramustine does increase the levels of estradiol 
through hydrolysis of the nitrogen mustard moiety, 
thus increasing estradiol binding to the estrogen recep-
tor [119]. Like mitoxantrone, estramustine has a range 
of biological effects that suppress cell growth in pros-
tate tumors, and these include direct cytotoxicity, 
inhibition of mitosis, promotion of apoptosis, microtu-
bule depolymerization, inhibition of DNA synthesis, 
TOPOII inhibition, blockade of tyrosine kinase, dis-
ruption of apoptotic regulators such as bcl-2, activa-
tion of death domain receptors (as reviewed by Ho 
et al. [120]), formation of oxygen radicals [121], and 
interaction with nuclear matrix proteins [122, 123].

Pharmacokinetics, Drug Distribution,  
and Pharmacodynamic Determinants

Estramustine phosphate is administered to men with 
prostate cancer orally at a dose level of approximately 
300 mg twice daily. Most of the estramustine phos-
phate is retained within the body following drug 
administration. Estramustine phosphate is rapidly 
dephosphorylated to estramustine most likely through 
alkaline phosphatase found in nearly every tissue 
[124], and oral estramustine is subject to heavy first-
pass metabolism through this mechanism. As such, the 
oral bioavailability of intact estramustine phosphate is 
low (~44–75%) with the majority of the drug being 
converted into other metabolites [121]. The dephos-
phorylated form (estramustine) is then oxidized to an 
estrone-bound mustard carbamate group (estromus-
tine), and the carbamate–ester bond is subsequently 
hydrolyzed by carbaminidase forming estrone and a 
free carbamate mustard. All of these metabolic events, 
with the exception of the formation of estromustine, 
can take place in the prostate leading to an anticancer 
effect as previously explained. Following oral delivery, 
estromustine is the main metabolite found in plasma at 
an approximately 10- to 16-fold greater concentra-
tion than estramustine, while within tumors the 
estromustine:estramustine is approximately 2:1 [121], 

and estramustine has more potent anticancer activity 
than estromustine [125]. Targeting to the prostate is 
perhaps due to the estramustine-binding protein 
(EMBP) being expressed within that tissue [126]. 
Following a single dose of estramustine phosphate 
(420 mg), the peak plasma concentration of estromus-
tine (C

max
) is achieved after approximately 2–3 h 

(~310–475 µg/mL in the plasma), and the plasma half-
life of this metabolite is approximately 14 h [127]. 
Following carbaminidase metabolism, the liberated 
estrogen increases the levels of estradiol within a range 
similar to conventional estradiol therapy. Similar to 
endogenous estrogens, estramustine estrogen metabo-
lites are cleared through the hepatobilliary and urinary 
routes, although at a slower rate due to the heavy tissue 
retention of the drug. Little is known as to the fate of 
the free mustard group [127]. Estramustine also 
increases the levels of sex-hormone-binding globulin 
(SHBG), elevation of plasma transcortin and cortisol, 
suppression of adrenocorticotropic hormone (ACTH) 
by the pituitary, and subsequent reduction in leutenizing 
hormone (as reviewed in [118]).

Nongenetic Sources of Variability  
in Pharmacology

The only well-studied source of variability in estra-
mustine pharmacology has been in those individuals 
ingesting sources of calcium (e.g., milk and antacids) 
following an oral dose of estramustine. Absorption 
through the gastrointestinal tract is significantly inhib-
ited by calcium, and the accumulation of estramustine 
and estromustine in tumors (glioma and astrocytoma) 
is significantly inhibited [121].

Pharmacogenetics

There have been few studies evaluating the pharmaco-
genetics of estramustine. Although a clinical trial was 
published demonstrating that ABCG2 Q141K was 
related to a more favorable clinical outcome following a 
combination of docetaxel and estramustine, it is unclear 
why this relationship exists [65]. The V158M polymor-
phism in catechol-O-methyltransferase (COMT) has 
been also been related to PSA-progression-free survival 
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in men with prostate cancer, and the authors attribute 
this result to decreased formation of the microtubule-
stabilizing agent 2-methoxyestradiol (2-ME) brought 
on by metabolism of estramustine-generated estrogens 
within prostate tumors [128]. It is also likely that this 
result is actually due to decreased conjugation of cate-
chol estrogens within the prostate preventing their oxi-
dation into procarcinogenic quinones and semiquinones 
[129, 130]. Finally, another study found that the risk of 
estramustine-induced peripheral edema and appetite 
loss was related to polymorphisms in the type 7 
17b-hydroxysteroid dehydrogenase (HSD17B7) gene in 
men with prostate cancer [131]. Again, it is very diffi-
cult to understand why this might be as so little is known 
about HSD17B7 and its involvement in steroidogenesis 
or the formation of sex hormones.

Satraplatin

Mechanism of Action

Satraplatin, like other platinum-based chemotherapies 
(cisplatin, carboplatin, oxaloplatin), mediates its effects 
by binding to the DNA and forming inter- and intras-
trand cross-links at adjacent purine bases, thus distort-
ing the DNA template and preventing DNA replication. 
These compounds can also form mono-adducts to the 
DNA and bind to reactive thiols, amino, hydroxyl, or 
other groups on proteins and other cellular factors 
resulting in DNA–protein and other types of adducts 
(as reviewed in [132]). Such DNA binding often results 
in cell cycle arrest in the G2 phase and also activates 
several intracellular signaling pathways such those 
involved in DNA-damage repair, cell cycle arrest, and 
apoptosis [133–135]. The major active metabolite of 
satraplatin (JM118) is very similar to cisplatin except 
for a single cyclohexamine (instead of amine) moiety 
that contributes to its asymmetrical binding of the DNA. 
While JM118 still forms the aforementioned cross-
links within DNA, chiral adducts can cause different 
DNA conformations and be processed differentially by 
intracellular machinery [136]. For example, satraplatin 
adducts evade the mismatch repair (MMR) pathway 
that is associated with resistance to cisplatin [137]. 
However, the X-ray crystal structure of the major satra-
platin–DNA adduct has a remarkably similar structure 

to that of cis- and oxaloplatin [138], and both adducts 
are efficiently repaired by the nucleotide excision repair 
(NER) pathway [139].

Pharmacokinetics, Drug Distribution, 
and Pharmacodynamic Determininants

Following oral administration, satraplatin is absorbed 
through the gastrointestinal mucosa and undergoes 
rapid deacetylation to form the major active satraplatin 
metabolite JM118 that accounts for ~20–40% of the 
administered platinum [140]. This deacetylation reac-
tion is rather rapid as parent satraplatin has a half-life 
of only 6.3 min in whole blood in vitro to form JM118 
and at least five other metabolites [141]. The majority 
of a dose of satraplatin becomes bound to red blood 
cells (~62%) while 38% is found in plasma. Of the 
plasma fraction, 71% of the platinum content is bound 
to proteins (especially albumin) and the remaining 
29% is unbound [141].

Satraplatin was originally developed in the search 
for a platinum-based drug with significant oral bio-
availability with a similar toxicity profile to carbopla-
tin (i.e., dose-limiting toxicities including 
myelosuppression) instead of the more toxic cisplatin 
(i.e., dose-limiting toxicities are nephro- and GI toxic-
ity) [142]. As such it has rather higher bioavailability 
than other platinum drugs (i.e., cisplatin, carboplatin, 
and oxaloplatin). Satraplatin was also developed with 
the aim to find platinum species that can overcome 
cisplatin resistance mechanisms, and satraplatin 
evades certain pathways that confer resistance in 
human cell lines [142]. First, satraplatin demonstrates 
activity in cells that do not express the copper-ion 
uptake transporter CRT1, although forced expression 
of the copper efflux transporters ATP7A and ATP7B 
conferred resistance to JM118 [143]. As was previ-
ously mentioned, JM118 also evades the MMR path-
way and thus confers partial resistance in tumor cell 
lines that upregulate repair pathways to overcome cis-
platin cytotoxicity, as was noted by Kelland et al. 
[144]. However, since JM118 and cisplatin are 
removed with similar kinetics by the NER pathway 
[139], and JM-118 lesions are repairable when bound 
to certain genes [134], it appears that the partial resis-
tance to JM118 noted by Kelland et al. was only due 
to MMR evasion [142]. Resistance to satraplatin or 
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JM118 appears to be mediated by increased levels of 
glutathione [133] and increased intracellular detoxifi-
cation mechanisms [145].

Unlike other platinum compounds. JM118 demon-
strates activity in prostate cancer cells with a IC

50
 of 

approximately 0.5–1.0 µM, although oxaliplatin has a 
slightly higher activity toward cytotoxicity in cells 
with a functional androgen receptor (LNCaP), and the 
activity of JM118 is similar to cisplatin in androgen-
independent cell lines (PC3 and DU145) [146]. Yet, 
cisplatin and other platinum-based therapies have typ-
ically not demonstrated clinically significant thera-
peutic outcome in men with CRPC [147]. This may 
explain the recent findings of the SPARC (Satraplatin 
and Prednisone Against Refractory Cancer) trial 
where satraplatin was found to only have a palliative 
effect as overall survival in CRPC was not different 
between patients treated with satraplatin plus predni-
sone, or prednisone alone [150]. However, satraplatin 
has been shown to confer sensitivity to taxane treat-
ment [145] and shows synergistic activity with doc-
etaxel in vivo [148]. Moreover, satraplatin is able to 
evade docetaxel mechanisms of resistance such as the 
upregulation of multidrug resistance transporters (e.g., 
ABCB1, ABCC1/2) that remove docetaxel, but not 
satraplatin, from prostate cancer cells [146]. Although 
there are currently trials treating patients with the 
combination docetaxel plus satraplatin, it remains to 
be seen if the combination docetaxel plus satraplatin 
shows clinical benefit despite the undesirable results 
of satraplatin as monotherapy in hormone-resistant 
prostate cancer.

Nongenetic Sources of Variability  
in Pharmacology

Satraplatin inhibits several cytochrome P450 enzymes 
such as CYP1A1, CYP1A2, CYP2A6, CYP2C8, 
CYP2D6, CYP2E1, and CYP3A4 [149]. This inhibi-
tion was noncompetitive and occurred with low IC50 
values (~1.0 µM for metabolite formation of testoster-
one and paclitaxel, respectively). However, the poten-
tial drug–drug and gene–drug interactions have not 
been well studied in the literature. It is expected that 
since satraplatin inhibits so many drug-metabolizing 
enzymes, cotreatment with other medications will be 
complicated by such interactions.

Conclusion

Prostate cancer has been treated using several different 
classes of drugs with diverse mechanisms of action, 
although only docetaxel alone, or docetaxel in combi-
nation with estramustine has offered an established 
survival benefit in CRPC thus far. Given that cytotoxic 
drugs have such a narrow therapeutic window (i.e., 
maximum efficacy and minimum toxicity) within the 
population suffering from advanced prostate cancer, 
interindividual variation as it applies to both PK and 
clinical outcome must be better explored to identify 
optimal dosing and individuals who are more likely to 
benefit from treatment with these agents. It is hoped 
that the information gleaned from such studies will be 
utilized to improve therapy with cytotoxic agents and 
eventually lead to the design of superior therapeutic 
options.
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Abstract Microtubules are intracellular filamentous 
structures that comprise the cytoskeleton of all eukary-
otic cells. They play a critical role in various cellular 
processes such as mitosis and have become an essential 
target for the chemotherapeutic approach to a wide 
spectrum of malignancies. It is thus crucial to under-
stand the basic biology of the microtubule and be 
familiar with the various microtubule targeting agents 
used clinically. This chapter provides an overview of 
microtubule physiology and the novel microtubule-
targeting chemotherapeutic agents that are currently 
being evaluated for the treatment of taxane-refractory, 
castration-resistant prostate cancer.

Keywords Cytoskeleton • Microtubule • Tubulin  
• Chemotherapy • Prostate cancer

Introduction

Because of its crucial roles in cellular physiology, it is 
not surprising that the microtubule cytoskeleton has 
emerged as one of the most effective targets for cancer 
therapeutics. Interest in this validated target has led to 
the identification of an increasing number of structurally 
diverse compounds that interact with soluble tubulin 
and the microtubule cytoskeleton. Compounds that 
interact with tubulin and/or the microtubules can be 
divided into two major classes: By preferentially binding 
to the alpha/beta-tubulin heterodimer, agents comprising 

the first class (depolymerizing or destabilizing agents) 
inhibit microtubule polymerization. In contrast, agents 
with a binding site on the microtubule polymer act 
principally by stabilizing microtubules (polymerizing 
or stabilizing agents). Depolymerizing agents include 
vinblastine (Velbe®), vincristine (Oncovin®), vinorelbine 
(Navelbine®), vindesine (Eldisine®), vinflunine, cryp-
tophycins, halichondrins, dolastatins, estramustine, 
2-methoxyestradiol (2-ME), colchicine, and combret-
astatins [1–3]. Microtubule-stabilizing agents include 
paclitaxel (Taxol®, the first identified in this class), 
docetaxel (Taxotere®), the epothilones, including the 
recently approved epothilone B analog, ixabepilone 
(Ixempra®), and other mechanistically similar but 
structurally unrelated natural products such as discod-
ermolide, the eleutherobins, sarcodictyins, laulimalide, 
rhazinilam, and certain steroids and polyisoprenyl 
benzophenones [2, 4].

The Microtubule Cytoskeleton: Structure, 
Function, and the Importance  
of Microtubule Dynamics

Agents targeting tubulin and the microtubule have 
emerged as active chemotherapeutic agents because of 
the essential function microtubules perform in eukary-
otes. These diverse cellular functions include important 
roles in mitosis, meiosis, motility, maintenance of cell 
shape, and intracellular trafficking of macromolecules 
and organelles [5–7]. As the name implies, microtu-
bules are hollow cylindrical tubes and these are formed 
by the self-association of alpha/beta-tubulin heterodimers 
into polymers. The tubulin heterodimers associate in a 
head-to-tail fashion to form linear filaments, referred 
to as protofilaments, and 12–13 of these in turn associate 
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in a lateral manner to form hollow microtubules. On 
cross section, one sees the protofilaments assembled in 
a circle lining the outside of a hollow tubule. The 
arrangement of the protofilaments imparts polarity to 
the structure. The alpha subunits of the tubulin dimer 
are exposed at the “minus end” while the beta subunits 
are found at the “plus end” of the polymer. In cells, the 
minus end of a microtubule associates with the 
 microtubule-organizing center (MTOC or centrosome) 
near the nucleus. From this anchored position, the 
microtubules radiate outward with their plus ends near 
the periphery of the cell. Gamma-tubulin (g-tubulin) 
is localized at the MTOC and plays an important 
role in the process of microtubule nucleation by 
interacting with alpha-tubulin [6]. Gamma-tubulin 
combines with several proteins to form a circular struc-
ture known as the g-tubulin ring complex (g-TuRC). 
This complex acts as a scaffold for a/b-tubulin dimers 
to begin polymerization – the process of enucleation. 
It also acts as a cap for the minus end that associates 
with it, thus directing microtubule growth toward the 
(+) direction.

During polymerization, a- and b-subunits bound 
together as tubulin dimers are added to the growing 
ends of microtubules. GTP binding and hydrolysis at 
the exchangeable or E-site of beta-tubulin is crucial for 
assembly and for dynamic instability (GTP also binds 
to alpha-tubulin, but at the nonexchangeable or N-site). 
Microtubule assembly requires that GTP be bound to 
beta-tubulin, and this is hydrolyzed shortly after 
assembly. After hydrolysis, the guanine nucleotide 
becomes nonexchangeable, and so microtubules are 
mostly composed of (GTP:alpha-tubulin/GDP: beta-
tubulin). The kinetics of GDP-tubulin is different from 
that of GTP-tubulin. Whereas GTP tubulin is stable, 
GDP-tubulin is prone to depolymerization. If a GDP-
bound tubulin is present at the tip of a microtubule it is 
likely to fall off, and consequently the growing end is 
usually “capped” with GTP (or GDP·Pi):beta-tubulin. 
This GTP-cap allows microtubules, which are inherently 
unstable, to be stabilized by GTP (or GDP·Pi)-tubulin 
at the growing ends. However, when hydrolysis catches 
up to the tip of the microtubule and the GTP cap is lost, 
it begins a rapid depolymerization and shrinkage phase 
with the protofilaments peeling outward. This switch 
from growth to shrinking is called a catastrophe. 
GTP-bound tubulin can begin adding to the tip of the 
microtubule again, providing a new cap and protecting 
the microtubule from shrinking. This is referred to as 

rescue. This nonequilibrium behavior, termed dynamic 
instability, makes microtubules highly dynamic 
structures able to undergo rapid transitions between 
growth and shrinkage.

Dynamic instability of microtubules in vivo is 
 regulated by interaction with other proteins. For example, 
during prophase of mitosis, microtubules grow out 
from the centrosome. If the plus end of a microtubule 
makes contact with a chromosome, it becomes stabilized. 
Otherwise rapid disassembly at the plus end ensues, 
and the tubulin dimers are available for growth of 
another microtubule.

There are numerous proteins that can interact with 
free tubulin dimers and/or microtubules and in so 
doing influence microtubule dynamics. Proteins, 
such as stathmin bind exclusively to tubulin dimers, 
thereby increasing the catastrophe rate and promoting 
depolymerization. By comparison, the microtubule-
associated proteins (MAPs) associate with and 
stabilize microtubules by decreasing the frequency 
and duration of catastrophes and/or increasing the 
frequency and duration of rescues. The activities of 
many of these microtubule-destabilizing and micro-
tubule-stabilizing proteins can be regulated in a cell 
cycle-dependent manner by phosphorylation and 
dephosphorylation.

Finally we should note here that while we commonly 
divide microtubule-targeting agents into two classes, 
depolymerizing/destabilzing and polymerizing/stabiliz-
ing, these properties refer to their effect at high drug 
concentrations and high tubulin concentrations. But we 
also know that in addition to these effects on the mass of 
tubulin, both classes of agents also suppress dynamic 
instability. This ability to quiet dynamics is central to 
the anticancer mechanisms of such drugs.

Microtubule-Depolymerizing Agents

Microtubule-depolymerizing agents are defined by 
their ability to decrease the polymer mass when present 
at equal concentrations compared with tubulin – 
although as noted they impact microtubule dynamics 
and do this at concentrations far lower than those 
needed to affect the polymer mass. Three classes of 
microtubule-depolymerizing agents have been distin-
guished based on binding analysis with purified tubulin: 
(1) agents that competitively inhibit the binding of 
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vinca to microtubules (the vinca alkaloids), (2) agents 
that competitively inhibit colchicine-binding to tubulin 
(the colchicine class), and (3) agents that inhibit the 
binding of vinca alkaloids to tubulin, but do so in a 
noncompetitive manner and contain a peptide-based 
core structure – peptides and depsipeptides [8].

The Vinca Alkaloids

The vinca alkaloids, a group of compounds originally 
derived from the common periwinkle plant include 
vinblastine, vincristine, vindesine, and vinorelbine. 
The interactions of the vinca alkaloids with both tubulin 
and with microtubules have been extensively charac-
terized [2, 9–11]. They bind to the b-tubulin subunit at 
a distinct region known as the vinca domain [12, 13]. 
At high concentrations, vinblastine inhibits microtu-
bule polymerization by binding to both soluble tubulin 
and directly to tubulin in microtubules. The evidence 
is clear in demonstrating that vinblastine can bind to 
soluble tubulin – a binding that is rapid, reversible, and 
relatively weak (K

A
 ~ 2 × 104 M–1) [11, 14, 15]. This 

binding to soluble tubulin induces a conformational 
change, which leads to both self-association of tubulin 
and increases in the affinity of vinblastine for tubulin 
[9, 11, 16]. While it has not been possible to resolve 
whether free vinblastine or vinblastine–tubulin aggre-
gates bind to microtubule ends, it is clear that vinblas-
tine binds to microtubule ends with high affinity at 
some 16–17 high-affinity binding sites (k

d
, 1–2 mM) 

present at the ends of an individual microtubule that as 
noted above is composed of 12–14 microfilaments 
[14]. Interestingly, at high concentrations, vinblastine 
also binds stoichiometrically with markedly reduced 
affinity (k

d
, 0.3 mM) to tubulin along the length of the 

microtubule [17, 18].
The inhibition of microtubule polymerization by 

high concentrations of vinblastine – the property that 
characterizes the vinca alkaloids as depolymerizing 
agents – occurs through several mechanisms. Perhaps 
the most important is the inhibition of polymerization 
that results from preventing further tubulin addition 
consequent to the binding of vinblastine or vinblastine–
tubulin aggregates to microtubule plus ends. In addition, 
at vinblastine levels that are far substoichiometric to the 
tubulin concentration drug binding to soluble tubulin 
induces rather than polymerization into microtubules. 

Finally, at high concentrations, vinblastine can bind the 
low-affinity sites along the microtubule surface, leading 
to depolymerization as tubulin dimers are “peeled 
away” from the microtubule ends [17]. In contrast to its 
effect on microtubule polymerization, high-affinity 
binding to the microtubule ends at the 16–17 high-
affinity binding sites noted above mediates its effects 
on microtubule dynamics. Because this binding occurs 
at low vinblastine concentrations, it does not appreciably 
decrease the polymer mass, instead suppressing 
dynamic instability and treadmilling. Because of vin-
blastine’s high affinity for the plus ends of microtu-
bules, concentrations as low as 0.14 mM suppress the 
rate of microtubule treadmilling, a measure of dynam-
icity, by 50% when only 1–2 vinblastine molecules are 
bound to the microtubule [14]. Treadmilling is a phe-
nomenon that occurs when one end of a microfilament 
grows in length while the other end shrinks resulting in 
a section of filament seemingly “moving” across a 
microfilament. This is due to the constant removal of 
the tubulin dimers from one end of the microfilaments 
while dimers are constantly added at the other end. 
In addition to its effect on treadmilling, vinblastine 
suppresses growth and shortening and increases the 
percentage of time microtubules spend in an attenuated 
or paused state, neither growing nor shortening. These 
effects of vinblastine on dynamic instability are pro-
duced exclusively at the plus ends and are thought to be 
mediated by an increase in the stability of the GTP cap 
[19]. It has been proposed that this strengthening of the 
microtubule cap is brought about by a conformational 
change induced by the binding of even a few vinblas-
tine molecules to the plus end of a microtubule that 
strengthens the affinity of the tubulin to which vinblas-
tine is bound for adjacent tubulin subunits near the end. 
Interestingly, vinblastine reduces the quantity of stably 
bound GDP-Pi at microtubule ends [20]. Thus, the 
increase in cap stability may be brought about by a 
change in the chemical nature of the cap.

The Colchicine Class

The interaction of colchicine with tubulin and microtu-
bules presents another variation in the mechanisms by 
which microtubule-targeted drugs inhibit microtubule 
function. Considerable evidence has indicated that the 
binding of colchicine to tubulin is an unusually slow 
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process involving a conformational change in the tubulin 
that locks the colchicine into a site in the form of a 
final-state tubulin–colchicine complex from which the 
colchicine very poorly dissociates [9, 21].

As with the vinca alkaloids, high colchicine 
 concentrations depolymerize microtubules, a property 
that assigns them to the microtubule-depolymerizing 
class of agents. Colchicine inhibits microtubule polym-
erization by binding primarily to microtubule ends 
rather than to the pool of soluble tubulin dimers, 
although it does not appear to directly bind the micro-
tubule ends. Rather, as is thought to occur with 
 vinblastine, colchicine first forms a poorly reversible 
complex with tubulin, which in turn copolymerizes 
together with other free tubulin dimers into the micro-
tubule at both ends [9, 22–25]. However, unlike 
 vinblastine that selectively binds the plus ends of the 
microtubule, colchicine can bind at both the plus and 
the minus ends of the microtubule [24] but does not 
bind along the length of the microtubule [26].

While the incorporation of colchicine into microtubule 
ends can lead to microtubule depolymerization, the 
ends remain competent to grow and shorten. However, 
as with vinblastine, the ability of the ends to both grow 
and shorten is compromised, affecting microtubule 
dynamics. As with the vinca alkaloids, low substoi-
chiometric colchicine concentrations well below the 
concentration of tubulin free in solution suppress 
microtubule dynamics [9]. Indeed, suppression of 
treadmilling occurs even when relatively few colchicine–
tubulin complexes have been incorporated at the plus 
ends of microtubule [25]. Like vinblastine, the inhibi-
tion of treadmilling by colchicines occurs at steady 
state without affecting the mass of assembled microtu-
bules [25, 27]. Also like vinblastine, colchicine- binding 
to the plus ends of microtubules increases the fraction 
of time microtubules spend in an attenuated state, 
 neither growing nor shortening, thus suppressing the rate 
and extent of microtubule growth and shortening [28].

Colchicine-Like Compounds

Colchicine is a highly soluble alkaloid that was first 
isolated from the meadow saffron Colchicum autumnale 
and has been widely used for the treatment of gout [29]. 
However, because its toxicity profile prevented 
 colchicine’s widespread use investigators from numerous 

disciplines have searched for simplified, less toxic 
 analogs. The search has led to the identification of 
numerous compounds that are either structurally similar 
or that bind to the colchicine-binding site and are 
 considered functionally similar. One such compound 
is combretastatin A-4, originally isolated from the 
African willow tree Combretum caffrum and structurally 
related to colchicines. In vitro studies have shown that 
combretastatin A-4 and several related analogs inhibit 
tubulin polymerization and interact with tubulin at or 
near the colchicine-binding site [30]. The combretasta-
tins contain two phenyl rings linked by a two-carbon 
bridge, with several methoxy substitutions on the ring 
system [31]. Because of its limited water solubility the 
clinical development of combretastatin A-4 was not 
possible, and this led to the synthesis of combretastatin 
A-4 phosphate (CA-4-P), a prodrug that rapidly 
dephosphorylates in vivo to the active compound 
 combretastatin A-4 [32]. In animal models, CA-4-P 
leads to rapid and selective disruption of the tumor 
vasculature resulting in hemorrhagic necrosis of 
tumors [33]. The mechanism of this disruption of the 
tumor vasculature has been debated, with some 
 investigators advocating apoptosis of proliferating 
endothelial cells as the cause and others suggesting 
that by inhibiting endothelial cell migration CA-4-P 
inhibits angiogenesis [33, 34].

Another antimitotic compound that binds to the 
colchicine site of tubulin is 2-ME, a naturally occurring 
metabolite of estradiol, which is normally excreted in the 
urine [35]. 2-ME competitively binds to the colchicine-
binding site of b-tubulin, and depending on the reaction 
conditions it either inhibits tubulin polymerization or 
results in the formation of a polymer with altered 
 stability [36]. While its principal mode of toxicity is 
likely inhibition of tubulin polymerization with 
impaired microtubule trafficking and mitotic arrest, 
the thought that 2-ME could inhibit angiogenesis was 
a principal catalyst for its clinical development not as 
a microtubule-targeting agent but as an “antiangiogenic” 
agent [35, 37].

A final member of this class that has undergone 
clinical development is mivobulin isethionate (CI-980), 
a synthetic water-soluble compound that competitively 
binds tubulin at the colchicine-binding site and inhibits 
tubulin polymerization [38]. Interest in this compound 
was heightened by its broad spectrum of activity in 
murine and human tumor models that were cross- 
resistant to a wide range of chemotherapeutics [39].
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Peptides and Depsipeptides

The dolastatin peptides, originally isolated from the 
small Indian Ocean sea hare Dollabella auricularia are 
small linear peptide molecules that interfere with  tubulin 
by binding at the vinca/peptide region. Interestingly, 
speculation that the dolastatins were microbial products 
and not actually produced by D. auricularia has been 
confirmed. The assortment of amino acids in the  peptides 
comprising the dolastatins pointed to a probable 
cyanobacterial (blue-green “algae”) origin now identi-
fied as a marine cyanobacteria known to be grazed by 
D. auricularia.

Although vinblastine and dolastatin have similar 
quantitative effects on assembly reactions, dolastatin 
10 has been shown to accumulate to higher levels and 
remain in cells longer – an observation ascribed to differ-
ences in the interactions of the two drugs with tubulin, 
with dolastatin having much higher affinity [40]. Thus, 
if one is to preserve drug-induced structures by HPLC, 
vinblastine but not dolastatin must be present in the 
column equilibration buffer [41, 42]. Furthermore, 
underscoring dolastatin’s affinity for tubulin, an 
unbound dolastatin 10 peak can only be detected when 
the drug:tubulin ratio is greater than one. Moreover, 
the apparent Ka value for dolastatin 10 (3.8 × 107 M–1) 
[42] is 21-fold higher than that obtained for vinblastine 
(1.8 × 106 M–1) [43]. At the cellular level, these differ-
ences result in markedly higher retention of dolastatin 
10 as compared with vinblastine.

Dolastatin 10, a four amino acid peptide (dolavaline, 
valine, dolaisoleuine, dolaproine) linked to a complex 
primary amine (dolaphenine), is cytotoxic at subnano-
molar concentrations [12]. Studies have shown that the 
dolaisoleuine amino acid residue is critical for the 
inhibition of tubulin polymerization but that the dola-
proine or dolavaline amino acids can be modified with-
out inhibiting tubulin polymerization [44, 45]. For 
example, auristatin PE (TZT-1027), a structurally 
modified dolastatin 10 analog, has a phenylalanine in 
place of the terminal dolaphenine [46].

Dolastatin 10 inhibits microtubule assembly and 
polymerization of tubulin [44]. Because dolastatin 
10 noncompetitively inhibits vinblastine-binding, it 
was originally thought to bind at the vinca alkaloid 
site; however, it was subsequently shown to inhibit 
binding of rhizoxin and phomopsin A to tubulin, 
 indicating that it binds to the rhizoxin/maytansine 

region on tubulin [47]. Studies of auristatin PE have 
shown that it inhibits tubulin polymerization similar to 
dolastatin 10 [48, 49].

The Mechanism of Action of Paclitaxel 
and Other Microtubule-Stabilizing 
Compounds

In 1967, Monroe Wall working with extracts from the 
bark of the yew tree (Taxus brevifolia) named a com-
pound “taxol” based on its source and because it was 
an alcohol. Now known by the generic name paclitaxel 
and the trade name Taxol®, it was first described in a 
landmark study by Wall, Mansukh Wani, and their col-
leagues that began the era of microtubule-stabilizing 
agents – an era that only became apparent when studies 
conducted by Horwitz and her colleagues in 1979 
showed it was able to increase the rate and extent of 
microtubule assembly in vitro and to stabilize microtu-
bules in vitro and in cells [50–52]. The first experiments 
demonstrated that paclitaxel at nanomolar concentra-
tions inhibited the replication of HeLa cells by blocking 
cells in metaphase. Previously studied drugs such as 
colchicine and the vinca alkaloids were known to block 
cells in mitosis, but unlike those agents, paclitaxel 
treatment resulted in microtubules’ reorganization 
with the appearance of distinct microtubule bundles.

The formation of stable microtubule bundles, now 
recognized as diagnostic of microtubule stabilization, 
suggested that paclitaxel enhanced microtubule assembly 
and stabilized existing microtubules. These hypotheses 
were confirmed by several experiments including early 
studies showing paclitaxel-stabilized microtubules 
against cold-induced depolymerization and augmented 
assembly of microtubules at steady state by promoting 
the elongation of existing microtubules as well as 
spontaneous nucleation of new microtubules [53]. In 
the absence of paclitaxel, polymerization occurred after 
a lag period of 3–4 min while in the presence of pacli-
taxel, the lag period was eliminated, indicating that 
paclitaxel enhanced the initiation phase of microtubule 
polymerization [51]. Furthermore, paclitaxel polymer-
ized tubulin even at cold temperatures and in the 
absence of MAPs and GTP. The microtubules that 
formed in the presence of paclitaxel were resistant to 
cold (4°C) and Ca2+-induced depolymerization. 
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Paclitaxel also affects microtubule structure, reducing 
the number of microfilaments from a normal average 
of 13 to an average of 12 [54].

Sedimentation assays to assess the binding of [3H]
paclitaxel to microtubule protein [55] found that 
although both podophyllotoxin and vinblastine were 
able to inhibit the binding of [3H]paclitaxel to microtu-
bule protein unlike unlabeled paclitaxel, which com-
petitively displaced [3H]paclitaxel from microtubules, 
podophyllotoxin and vinblastine did not. Although the 
latter two drugs reduced the mass of paclitaxel- stabilized 
microtubules, the specific activity of bound [3H]pacli-
taxel remained constant. This data was consistent with 
competition between paclitaxel and either podophyl-
lotoxin or vinblastine for different forms of tubulin 
(the dimeric or soluble form and the polymeric or 
microtubule form) and not competition for a single 
binding site. Finally the observation that preassembled 
microtubules bound [3H]paclitaxel with the same stoi-
chiometry as microtubules assembled in the presence 
of [3H]paclitaxel led to the conclusion that paclitaxel 
bound specifically and reversibly to the polymerized 
form of tubulin with a stoichiometry approaching 
unity [56]. Subsequent studies identified the paclitaxel-
binding site in the b-tubulin subunit of intact microtu-
bules, a conclusion that is now widely accepted after 
having been confirmed by electron crystallogra-
phy [57]. There is no evidence that paclitaxel binds to 
soluble tubulin dimer.

In contrast to cells exposed to microtubule- 
destabilizing agents, cells exposed to high concentra-
tions of paclitaxel present with an increase in the mass 
of microtubule polymer and microtubule bundle 
 formation in interphase cells. Bundle formation has 
become a hallmark of paclitaxel-binding and is now 
recognized as a property of microtubule stabilization [52]. 
However, as with the microtubule-destabilizing agents 
an effect on the polymer mass occurs only above a 
threshold concentration of the drug. At paclitaxel 
 concentrations below 10 nM, there is no obvious effect 
on polymer mass and only a fraction of the paclitaxel-
binding sites on the microtubule is occupied; instead 
the principal drug effect is suppression of microtubule 
dynamics [58, 59]. Because this effect at low paclitaxel 
concentrations is similar to that observed with low 
concentrations of vinblastine and other microtubule-
destabilizing agents it has been suggested that both drug 
classes block mitosis by decreasing the dynamics of spin-
dle microtubules. However, the two drug classes exhibit 

different mitotic effects at low concentrations [60]. 
Microtubule-stabilizing drugs, including paclitaxel 
and the epothilones, induce multipolar spindles but 
cannot sustain a mitotic block resulting in aneuploidy 
as cells exit from an aberrant mitosis [60, 61]. In 
 contrast, destabilizing drugs such as the vinca alkaloids 
do not lead to aneuploidy at low concentrations [61].

The Interaction of Paclitaxel  
and Microtubules

Early studies employing photoaffinity labeling with 
initial [3H]-paclitaxel demonstrated that paclitaxel 
binds specifically to the beta-subunit of tubulin [56, 
62–66]. A more detailed definition of the contact sites 
between beta-tubulin and paclitaxel became possible 
when paclitaxel analogs bearing photoreactive groups 
became available. These studies led to the isolation of 
photolabeled beta-tubulin peptides containing amino-
acid residues 1–31 [62], 217–233 [63], and Arg282 [65]. 
Eventually, excellent agreement was found between 
the binding site predicted using the various photoaf-
finity analogs and that determined by electron crystal-
lography [67].

Nontaxane Microtubule- 
Stabilizing Drugs

The clinical success of paclitaxel first and then docetaxel 
(Taxotere®) in the treatment of cancer patients cata-
lyzed an extensive search for additional microtubule-
stabilizing compounds. Different approaches led to the 
identification of several natural products unrelated to 
the taxanes that were found to stabilize microtubules 
[68–70]. The first and most extensively characterized 
were epothilones A and B, two novel polyketide natural 
products isolated from the fermentation broth of a soil 
Myxobacterium, Sorangium cellulosum strain 90. As 
with taxol, the epothilones were found to polymerize 
tubulin, form microtubule bundles, and arrest cells in 
mitosis [68]. Compared with paclitaxel, both epothilones 
were reported to be more potent in promoting microtu-
bule assembly in vitro. The identification of the epothi-
lones suggested that additional agents with microtubule 
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stabilizing properties likely existed, an expectation 
that was affirmed by the isolation of discodermolide 
from Discodermia dissolute, a Caribbean sponge. Like 
the epothilones, discodermolide was shown to induce 
microtubule assembly in vitro, microtubule bundling, 
and mitotic arrest [69, 71, 72]. Subsequent studies led 
to the isolation of eleutherobin, a diterpene glycoside, 
from an Eleutherobia species of soft, red-colored coral 
found near Western Australian, the closely related 
sarcodictyins and finally the laulimalides, complex 
macrolide compounds isolated from the marine sponge 
Cacospongia mycofijiensis [73–75]. With the exception 
of laulimalide, these agents can stabilize and competi-
tively inhibit the binding of [3H]-paclitaxel to microtu-
bules [72, 76]. This has been explained by proposing 
that all drugs except laulimalide interact at the same or 
an overlapping binding domain as paclitaxel on beta-
tubulin, with laulimalide possibly binding to a- 
tubulin [77]. However, emerging evidence from 
electron crystallographic studies might challenge the 
extent to which the binding sites overlap. While all of 
these agents can stabilize mammalian microtubules, 
this property might be too crude or imprecise to 
 discriminate binding sites. Identifying/characterizing 
the binding site on the microtubule may eventually be 
of value in the design of analogs or even synthetic 
compounds targeting microtubules.

The Role of Microtubule Stability  
and Dynamics in Drug Sensitivity

Selection of cell lines resistant to microtubule targeting 
agents has provided insight into drug action and intrinsic 
drug sensitivity. Early selections employed microtubule-
destabilizing agents since these had been discovered 
first and approved for clinical use. These selections led 
to the isolation of resistant cells harboring mutations in 
tubulin, manifested by alterations in protein migration 
or cells with reduced intracellular drug concentrations 
mediated by the multidrug transporter, P-glycoprotein 
[78, 79]. The advent of paclitaxel, and its clinical success, 
followed by the realization of its limitations and the 
occurrence of resistance then led to widespread interest 
and the isolation of cells resistant to paclitaxel and 
then to other microtubule-stabilizing agents. The 
expectation was that given the drug’s specificity for its 
target, tubulin, mutations would emerge that would 

impair rug binding and identify the binding site. 
However, in the majority of resistant cell lines, mutations 
mapping to putative drug binding sites that would 
interfere with drug binding were not found [80–82]. 
Instead the mutations or adaptations found were such 
that they affected microtubule stability and dynamics, 
and in turn, drug sensitivity. While unexpected, this 
outcome might be explained by considering the fact 
that because tubulin is an essential cellular protein the 
mutations it can “tolerate” might be constrained. 
Specifically, mutations that arise in drug-resistant cells 
must both confer resistance to the selecting drug while 
not interfering with areas essential for the function of 
tubulin, since cellular survival would not be possible. 
The high degree of sequence conservation across 
species is an evidence that a large portion of the protein 
is essential, and thus possibly “off limits” to the emer-
gence of a mutation.

In this context, two models have been proposed to 
help us understand the relationship between resistance 
to microtubule-targeting agents and the importance of 
microtubule stability and dynamics. The first hypoth-
esis posits that under normal circumstances microtu-
bule stability or polymerization is maintained within a 
limited range. According to this model, the intrinsic 
sensitivity to a microtubule-targeting agent depends on 
the basal level of microtubule stability/polymerization 
[83–85]. Thus, in a cell with a higher basal level of 
polymerized tubulin (microtubules) it is easier for a 
microtubule-stabilizing agent to achieve its goal, and 
such a cell is more sensitive to a microtubule-stabilizing 
agent. One should note that since a drug such as pacli-
taxel preferentially (exclusively) binds microtubules 
(polymerized tubulin) – not tubulin dimers – a cell with 
a more stable polymer presents more sites for drug 
binding and would be more sensitive to paclitaxel. 
Conversely, cells with less stable or polymerized tubulin 
(i.e., microtubules) should be resistant to drugs such as 
paclitaxel, but have greater sensitivity to depolymer-
izing agents such as vinblastine whose goal is to desta-
bilize microtubules and whose target is tubulin dimers. 
The model also offers a potential explanation for why 
low paclitaxel concentrations are required by some 
paclitaxel-resistant cell lines for normal growth – the 
cells require low concentrations of paclitaxel to sta-
bilize a microtubule that is otherwise too unstable. 
Remembering that in these “drug-dependent cells”, 
the acquired mutation emerged while cells were kept 
in a medium containing paclitaxel, one can posit that the 
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mutation (in a site other than the paclitaxel-binding site) 
perturbed polymer stability to such an extent – actually 
the polymer is so hypostable – that normal microtubule 
function is only possible in the presence of some 
 “stabilizing drug”.

A second model evolved from the observation that 
at low concentrations both microtubule-stabilizing and 
-destabilizing agents impact microtubule dynamics 
without affecting the microtubule polymer mass [58, 
86, 87]. In a manner analogous to the model that 
 implicates tubulin stability (in the form of microtu-
bules) as crucial for drug sensitivity, microtubule 
dynamics is also crucial for drug sensitivity: increased 
dynamics confers resistance to microtubule-stabilizing 
agents while reduced dynamics underlies insensitivity 
to destabilizing compounds. Therefore, in paclitaxel-
resistant cell lines, the equilibrium is shifted in favor of 
highly dynamic microtubules antagonizing the effects 
of paclitaxel [59, 86–88]. An increase in microtubule 
dynamics also provides a survival advantage to a cell 
challenged with a microtubule-stabilizing drug such as 
paclitaxel.

Resistance to Microtubule-Stabilizing 
Agents

A full discussion of resistance mechanisms is beyond 
the scope of this chapter and the reader is referred to 
other reviews [89]. To date, the evidence accumulated 
has been obtained principally with paclitaxel, and to a 
lesser extent with the epothilones, and colchicines as 
well as other destabilizing agents. However, it is likely 
that these changes/mechanisms apply to varying 
extents to all microtubule-stabilizing agents. The 
 following mechanisms have been identified or 
 proposed: (1) changes in the absolute or relative 
expression levels of tubulin isotypes; (2) tubulin 
 mutations that impact longitudinal/lateral interactions 
and can alter microtubule dynamics; (3) ubulin 
 mutations that affect either binding of regulatory 
 proteins or GTP; (4) posttranslational modifications 
that affect the binding of regulatory protein; (5) altered 
expression and posttranslational modifications of 
 proteins that regulate the dynamics/stability of the 
microtubules; (6) altered drug binding to the microtu-
bule often secondary to acquired mutations; and 
(7) alterations in signaling pathways.

Role of Microtubule Targeting Agents  
in the Treatment of Castration-Resistant 
Prostate Cancer

Castration-resistant prostate cancer (CRPC) is 
defined as a rising serum prostate-specific antigen 
(PSA) despite castrate levels of testosterone. CRPC 
is an incurable condition projected to cause almost 
27,360 deaths in America alone in 2009 [90]. The 
microtubule-stabilizing agent docetaxel with predni-
sone is the current first-line, standard of care for 
advanced prostate cancer resistant to androgen-abla-
tive therapy [91, 92]. This is based on two landmark 
phase III trials published in the New England Journal 
of Medicine in 2004 in which docetaxel-based che-
motherapy was shown to provide both a survival and 
palliative advantage for patients with CRPC when 
compared with mitoxantrone and prednisone [91, 
92]. While a detailed discussion of the role of tax-
anes for CRPC is presented elsewhere in this publi-
cation, it is important to note that the survival 
advantage of docetaxel over mitoxantrone is only 
2–3 months [91, 92], and a significant proportion of 
patients with castration-resistant prostate cancer 
become refractory to taxane-based treatments [93]. 
The efficacy of taxane-based therapies for CRPC is 
limited by the development of drug resistance. 
Taxane resistance is mediated predominantly, but not 
exclusively, by overexpression of the transmembrane 
transporter P-glycoprotein, leading to the multidrug 
resistance phenotype [94]. Thus, novel microtubule-
targeted agents are needed that can be used in the set-
ting of taxane-refractory, castration-resistant prostate 
cancer. Such agents include the epothilone class of 
drugs as well as the semisynthetic taxoid compound 
XRP6258 (cabazitaxel, Jevtana®, Sanofi-Aventis). 
The subsequent sections of this chapter focus on the 
clinical development of these agents.

Epothilones in Castration-Resistant 
Prostate Cancer

Epothilones are macrolides that were isolated from 
the myxobacterium Sorangium cellulosum [94]. 
These nontaxane microtubule-stabilizing agents in 
clinical development include epothilone B (patupilone; 
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EPO906, Novartis), ixabepilone (azaepothilone B; 
BMS-247550, Bristol-Myers Squibb), BMS-310705 (a 
water-soluble epothilone B derivative, Bristol-Myers 
Squibb), ZK-EPO (ZK-219477, a third-generation 
epothilone B derivative, Schering AG), and KOS-
862 (epothilone D; desoxyepothilone B, Kosan 
Biosciences) [94]. Similar to the  taxanes, the epothi-
lones promote microtubule stabilization and lead to 
mitotic arrest at the G2/M phase of the cell cycle, ulti-
mately inducing apoptosis [94]. However, it has been 
shown that the epothilones differ from the taxanes with 
respect to the binding site on b-tubulin and thus, the 
epothilones represent a distinct class of antimicrotu-
bule agents [96].

Preclinical Data

The epothilones have demonstrated potent antitumor 
activity in vitro as well as in experimental animal models 
of prostate cancer [93]. In cell culture assays utilizing 
human prostate cancer cell lines DU145 and PC-3M, 
epothilone B (patupilone; EPO906) and aza-epothilone 
B (ixabepilone®; BMS-247550) have demonstrated 
more potent cytotoxicity than paclitaxel (Taxol®) [97]. 
In athymic murine xenograft models of castrate-resis-
tant prostate cancer using these same two human pros-
tate cancer cell lines, administration of epothilone B 
(patupilone) was associated with the inhibition of 
tumor growth, followed by sustained regression [98].

Preclinical studies have shown that epothilones 
have cytotoxic activity against taxane-resistant tumor 
models and thus lack cross-resistance with the 
 taxanes [93]. Possible explanations for this include the 
minimal effect on epothilone cytotoxicity generated by 

either P-glycoprotein overexpression or mutations in 
b-tubulin, both of which are known to mediate taxane 
resistance [99–101].

Phase I Clinical Trials of the Epothilones

Multiple dosing schedules of patupilone and its 
 semisynthetic derivative ixabepilone (BMS – 247550) 
have been studied in phase I trials. The toxicity profiles 
of the epothilones are diverse and depend on the particu-
lar agent and administration schedule [94] Table 16.1.

Patupilone has been evaluated as a single agent in 
several regimens, including dosing once every 3 weeks 
[102] with a maximum tolerated dosage (MTD) of 
8 mg/m2, and a weekly schedule [103] with an MTD of 
2.5 mg/m2. The most common dose-limiting toxicities 
for both schedules of patupilone were diarrhea and 
fatigue [93, 94]. Multiple phase I studies of ixabepi-
lone (BMS-247550) have been reported in the litera-
ture and two of them will be discussed here. An 
accelerated titration phase I trial of BMS-247550 in 17 
patients was reported in 2005 [104]. BMS-247550 was 
administered as a 1-h infusion every 3 weeks; all 
patients received prophylaxis for hypersensitivity reac-
tions with steroids and histamine antagonists. The 
MTD of every 3-week administration of BMS-247550 
in this study was 40 mg/m2 with neutropenia being the 
dose-limiting toxicity [104]. A subsequent accelerated 
dose-escalation phase I trial of ixabepilone was 
reported in 2007 in which BMS-247550 was given as a 
1-h infusion every 3 weeks to patients with advanced 
solid tumors or relapsed/refractory non-Hodgkin’s 
lymphoma. Sixty-one patients were enrolled and the 
most common dose-limiting toxicities were neutropenia, 

Table 16.1 Epothilones in clinical development

Epothilones Other names Characteristics Clinical phase of development Manufacturer

Ixabepilone BMS247550 Aza-epothilone B FDA approval for breast cancer Bristol-Myers Squibb
Patupilone EPO906 Epothilone B (natural 

epothilone)
Phase III Novartis

BMS-310705 NA Water-soluble, semisynthetic 
analog of epothilone B

Phase I (terminated) Bristol-Myers Squibb

KOS-862 NA Epothilone D (deoxyepothi-
lone B)

Phase II (terminated) Bristol-Myers Squibb

KOS-1584 NA 9,10-didehydroepothilone D Phase I Roche and Bristol-Myers Squibb
ZK-EPO NA Synthetic epothilone Phase II Schering

Adapted with permission from Macmillan Publishers Ltd [97]. Copyright 2009
NA not available
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stomatitis/pharyngitis, myalgia, and arthralgia. The 
MTD of ixabepilone in this study was determined to be 
50 mg/m2 when given as a 1-h infusion every 3 weeks 
[105]. A 3-h infusion time is recommended, because a 
higher risk for neurotoxicity was observed with the 
shorter infusion time [96, 104]. The current FDA-
approved dose and schedule for ixabepilone in phase II 
trials is 40 mg/m2 I.V. over 3 h, given once every 
3 weeks [96]. The most common grade 3 or 4 toxicity 
associated with single-agent ixabepilone at 40-mg/m2 
dose every 3 weeks is neutropenia [96], although it 
should be noted that grade 3 peripheral sensory neu-
ropathy was also commonly encountered. Phase I clinical 
trials have shown that single-agent patupilone and 
ixabepilone have activity against castration-resistant 
prostate cancer, and this finding has led to subsequent 
phase II evaluations of these two drugs.

Phase II Clinical Trials  
of the Epothilones for CRPC

To date, ixabepilone and patupilone have provided the 
most convincing data regarding clinical activity in 
patients with castration-resistant prostate cancer [93]. 
The phase II SWOG0111 clinical trial [106] evaluated 
ixabepilone (at 40 mg/m2 over 3 h once every 3 weeks) 
in 42 patients [median age, 73 years; median prostate 

specific antigen (PSA) level 111 ng/mL] with chemo-
therapy-naïve, metastatic castration-resistant prostate 
cancer [106]. The primary objective was to assess the 
proportion of patients achieving a ³50% reduction in 
PSA levels in response to ixabepilone. Of the 42 patients 
treated with ixabepilone, 14 patients (33%) had a 
 confirmed PSA response; the majority of these patients 
(72%) had PSA declines of greater than 80%, and two 
patients achieved undetectable PSA (<0.2 ng/mL) [106]. 
Among the 20 patients with measurable disease, one 
patient had an unconfirmed complete response and two 
patients had unconfirmed partial responses [106]. 
There were no confirmed objective complete responses. 
The estimated progression-free survival was 6 months 
(95% CI, 4–8 months), and the median survival was 18 
months (95% CI, 13–24 months). All grade 4 toxicities 
were neutropenia or leukopenia. The most frequent 
grade 3 adverse events were neuropathy, hematologic 
toxicity, flu-like symptoms, and infection. The 
SWOG0111 trial has thus demonstrated that single-
agent ixabepilone has activity in chemotherapy-naive 
metastatic CRPC (Table 16.2).

Combination studies have been undertaken to deter-
mine if there is a synergistic clinical effect when ixabepi-
lone is added to estramustine phosphate (EMP) therapy 
for the treatment of castration-resistant prostate cancer. 
Smaletz et al. [112] performed a dose-escalation study 
of BMS-247550 and determined that 35 mg/m2 given 
over 3 h on day 1 of a 21-day cycle was the MTD when 

Table 16.2 Phase II clinical trials of epothilones in patients with metastatic castration-resistant prostate cancer

Response rate (%)

Agents References Clinical setting of CRPC
Number of 
patients

PSA decline 
50%

Tumor 
shrinkage

Ixabepilone (40 mg/m2 Q3 weeks) Hussain et al. [106] Chemotherapy-naive 42 33 ND
Ixabepilone (35 mg/m2 Q3 weeks) Galsky et al. [107] Chemotherapy-naive 45 48 32
Ixabepilone (35 mg/m2 Q3 weeks) with 

estramustine (280 mg TID on D1-5)
Galsky et al. [107] Chemotherapy-naive 47 69 48

Ixabepilone (35 mg/m2 Q3 weeks) or 
mitoxantrone (14 mg/m2 Q3 weeks) 
with prednisone

Rosenberg et al. 
[108]

Taxane-refractory 41 17  4

Ixabepilone (20 mg/m2 weekly for  
3/4 weeks)

Wilding et al. [109] Chemo-naïve 31 32.3 20.8

Ixabepilone (20 mg/m2 weekly for  
3/4 weeks)

Wilding et al. [109] Taxane-refractory 36 22.2  7.1

Patupilone (10 mg/m2 Q3 weeks) Chi et al. [110] Taxane-refractory 19 42 0
Patupilone (2.5 mg/m2 weekly for  

3/4 weeks)
Hussain et al. [111] First-line or second-line 45 13 0

Adapted with permission from Macmillan Publishers Ltd [97]. Copyright 2009
CRPC castration-resistant prostate cancer, ND not determined, PSA prostate-specific antigen
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administered in combination with EMP (280 mg three 
times daily on days 1–5 of the 21-day cycle) for the 
treatment of chemotherapy-naïve patients with meta-
static CRPC. Neutropenia was the dose-limiting toxicity 
that established the MTD. A subsequent multicenter, 
randomized noncomparative phase II trial [107] was 
undertaken to test the safety and clinical efficacy of 
ixabepilone (BMS-247550; 35 mg/m2 every 3 weeks) 
with and without EMP (280 mg three times daily on 
days 1–5 of a 21-day cycle) in chemotherapy-naïve 
patients with metastatic CRPC. The primary endpoint 
was the proportion of patients achieving a ³50% post-
therapy reduction in PSA [107]. Forty-five patients were 
randomized to receive ixabepilone alone and 47 patients 
received the combination. Posttherapy PSA declines of 
at least 50% occurred more frequently in the combina-
tion group than in the monotherapy group; 31 of 45 
patients (69%; 95% CI, 55–82%) in the combination 
cohort compared to 21 of 44 patients (48%; 95% CI, 
33–64%) in the ixabepilone only group [107]. In patients 
with measurable disease, the objective response rate as 
assessed by RECIST criteria was also higher in the 
combination group than in the monotherapy group. 
Partial responses were observed in 11 of 23 (48%; 95% 
CI, 27–68%) patients in the combination cohort com-
pared to 8 of 25 patients (32%; 95% CI, 14–50%) in the 
monotherapy group [107]. The most common toxic 
effects were neutropenia and neuropathy; treatment was 
discontinued due to neuropathy in eight patients (18%) 
in the combination cohort compared to 13 patients 
(28%) in the monotherapy group [107].

Rosenberg et al. [108] performed a multicenter, 
noncomparative, crossover phase II trial in which 
patients with castrate-resistant, taxane-refractory meta-
static prostate cancer were randomized to receive 
either ixabepilone (35 mg/m2 once every 3 weeks) or 
mitoxantrone (14 mg/m2 once every 3 weeks plus daily 
oral prednisone). The primary objective was to deter-
mine if a ³50% reduction in serum PSA would occur 
in at least 25% of these highly pretreated patients. 
Forty-one patients were accrued to each arm of the 
study. PSA declines of ³50% were observed in 17% of 
ixabepilone-treated patients (95% CI, 7–32) and in 
20% of mitoxantrone/prednisone treated patients (95% 
CI, 9–35) [108]. In those patients with evaluable mea-
surable disease, partial responses were observed in 
1 of 24 ixabepilone-treated and 2 of 21 mitoxantrone/
prednisone-treated patients. Median overall survival 
was 10.4 months for those receiving ixabepilone and 

9.8 months with mitoxantrone [108]. Assessment of 
survival by treatment cohort is confounded by the fact 
that 16 of 41 patients (39%) on second-line ixabepi-
lone crossed over to MP treatment and 30 of 41 patients 
(73%) on second-line mitoxantrone/prednisone crossed 
over to ixabepilone therapy. The most common grade 
three and four toxicity associated with second-line 
treatment was neutropenia (54% in the ixabepilone 
cohort and 63% in the mitoxantrone cohort) [108]. 
These results indicate that single-agent ixabepilone 
has modest activity as second line chemotherapy in 
this population of taxane-refractory CRPC patients [93].

Wilding et al. [109] have published in abstract form 
updated results of a phase II trial examining the toxicity 
and antitumor activity of ixabepilone when adminis-
tered on a weekly basis to both chemotherapy-naïve 
and taxane-refractory patients with castration-resistant 
prostate cancer. Ixabepilone was administered at a dose 
of 20 mg/m2 weekly for three out of a total 4 week 
cycle. Patients were stratified to one of three arms, 
either chemotherapy-naïve, prior taxane-only treatment 
or a third arm which had received two prior chemo-
therapy regimens. The primary objective was a ³50% 
reduction in serum PSA by Consensus Criteria in at 
least 50% of the chemotherapy-naïve patients and in at 
least 30% of the patients in each of the other two cohorts 
[109]. Rates of PSA response were higher in the che-
motherapy-naïve group (10 of 31 patients, 32.3%) than 
in the group who had received prior taxane-only ther-
apy (8 of 36 patients, 22.2%) [109]. For those patients 
with measurable disease, 20.8% in the chemotherapy-
naïve group and 7.1% in the taxane-only group had evi-
dence of partial objective responses by RECIST criteria 
[109]. The most common toxicities seen were neutro-
penia, sensory neuropathy, and fatigue. The toxicity 
profile for the weekly administration of ixabepilone 
compared favorably to the every-3-week schedule, with 
a decreased rate of myelosuppression in those patients 
who were chemotherapy-naïve.

Epothilone B (patupilone) has been evaluated in two 
separate phase II trials. Chi et al. published results in 
abstract form [110] of a phase II trial of patupilone 
(10 mg/m2 IV every 3 weeks) for taxane-refractory, met-
astatic CRPC. PSA reduction of at least 50% was the 
primary endpoint with progression-free and overall sur-
vival, along with measurable disease response as second-
ary endpoints. At the time of abstract publication, 19 of 33 
enrolled patients had data available and 8/19 patients 
(42%) had a reduction in serum PSA of at least 50%. No 
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patients with measurable disease at that time had an 
objective response by RECIST criteria [110]. The most 
common grade 3 or 4 adverse events were diarrhea and 
fatigue with no hematologic adverse events [110].

Hussain et al. [111] report on a single arm phase II 
trial, the purpose of which was to establish the safety 
and efficacy of this agent in patients with castration-
resistant prostate cancer. Forty-five patients with CRPC 
(median age 69 years; documented metastatic disease 
not required) were administered patupilone at a dose 
of 2.5 mg/m2 weekly for 3 weeks of a 4-week cycle. 
64% of patients had prior chemotherapy (55% having 
received previous taxane therapy). Six of 45 patients 
(13%) had a ³50% decline in PSA; three of these 
patients had received prior taxane therapy. No patient 
with measurable disease had an objective response 
by RECIST criteria. Median overall survival was 
13.4 months. The most common adverse events were 
grade 3 diarrhea and fatigue with no patients experi-
encing neutropenia or thrombocytopenia [111].

Beer et al. [113] have reported results of a phase II 
study evaluating the potential role of KOS-862 (epothi-
lone D) in patients with docetaxel-refractory, castra-
tion-resistant prostate cancer. Epothilone D was 
administered at a dose of 100 mg/m2 weekly for three 
out of a 4 week cycle. Because of excess toxicity and 
limited clinical efficacy of KOS-862, further investiga-
tional studies are not planned [95].

Phase II trials of the epothilones patupilone and 
ixabepilone for the treatment of patients with CRPC 
have demonstrated single-agent antitumor activity as 
well as incomplete cross-resistance with the taxanes 
[94]. Phase III trials are now needed to confirm the 
activity of the epothilones and better define their role 
in the treatment algorithm for castration-resistant 
 prostate cancer [93].

Cabazitaxel, a Novel Taxane  
for the Treatment of Advanced CRPC

Cabazitaxel is a semisynthetic novel taxoid com-
pound [114]. Preclinical in vitro studies have shown that 
cabazitaxel not only promotes tubulin  polymerization 
and stabilizes microtubules as potently as docetaxel, 
but it also demonstrates greater cytotoxicity than 
 docetaxel in a broad array of cancer cell lines with 
P-glycoprotein overexpression. Cabazitaxel displays 

decreased affinity for the P-glycoprotein 1 drug efflux 
pump. Additional preclinical studies with cabazitaxel 
have shown antitumor activity in mice  bearing human 
DU-145  prostatic adenocarcinoma xenografts [114].

Phase I and II trials demonstrated antitumor activity 
in solid tumors including docetaxel-refractory mCRPC 
and that neutropenia was the primary dose-limiting 
toxicity [115, 116].  In June 2010, cabazitaxel (Jevtana, 
XRP6258) received US Food and Drug Administration 
approval for second-line use in combination with pred-
nisone for the treatment of patients with metastatic 
CRPC previously treated with a docetaxel-containing 
treatment regimen.  It was reviewed under the agency’s 
priority review program, an expedited 6-month review 
for drugs that offer an advance in treatment or provide 
a treatment where none exists. The approval was based 
on data from the international Phase III TROPIC trial 
conducted in 755 patients with mCRPC who all had 
been previously treated with docetaxel [117]. They were 
randomized to receive either cabazitaxel (25 mg/m2) or 
mitoxantrone (12 mg/m2), both administered intrave-
nously every three weeks in combination with predni-
sone (CP vs. MP). The median overall survival was 15.1 
months with cabazitaxel and 12.7 months with mito-
xantrone (HR= 0.70; 95% CI, 0.59-0.83; p< 0.0001). 
Investigator-assessed tumor response rates using 
RECIST criteria were 14.4% for CP vs 4.4% for MP 
(p= 0.0005), although no complete responses were 
observed on either treatment arm. The most common 
(≥5%) grade 3/4 adverse reactions were neutropenia, 
leukopenia, anemia, febrile neutropenia, diarrhea, 
fatigue and asthenia. The most common fatal adverse 
reactions in cabazitaxel-treated patients were infec-
tions and renal failure.  The most frequent grade 3/4 
toxicity was neutropenia (CP= 81.7%; MP=58.0%) 
and rates of febrile neutropenia were 7.5% and 1.3%, 
respectively. Granulocyte colony-stimulating factor 
(G-CSF) may be administered to reduce the risks of 
neutropenic complications associated with cabazitaxel 
use and primary prophylaxis with G-CSF should be 
considered in patients with high-risk clinical features.

With the approval of cabazitaxel, there is now a new 
treatment option for patients with the most advanced 
stage of prostate cancer and for whom there have been 
few options available.  Cabazitaxel in combination 
with prednisone is the first and only FDA approved 
regimen to provide significant survival benefit in 
patients previously treated with a docetaxel-based 
regimen.
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Conclusion

Microtubules are polymers composed of a,b-tubulin 
heterodimers. These filamentous structures associate 
to form the cytoskeleton of all eukaryotic cells. They 
also play critical roles in normal cellular physiology 
such as mitosis. There is a dynamic interplay between 
the intracellular pool of tubulin, and the mature micro-
tubule. Many chemotherapeutic agents have been 
developed that shift the balance of this dynamic rela-
tionship in favor of either soluble or polymerized tubulin 
and these microtubule-targeting agents play a critical 
role in many different types of malignancies, including 
castration-resistant prostate cancer.
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Abstract Angiogenesis is a critical process to both 
tumor growth and metastasis in prostate cancer. The 
markers of angiogenesis in prostate cancer have been 
identified and could potentially provide prognostic 
information in addition to clinicopathological data and 
patient outcome. Promising preclinical studies have 
led to the initiation of phase I/II studies of antiangio-
genic therapy in combination with docetaxel-based 
chemotherapy in patients with castration-resistant 
prostate cancer. This chapter describes the mecha-
nisms of the angiogenic process, establishes its role in 
prostate cancer, and discusses the markers of angio-
genesis in prostate cancer, in an attempt to provide 
an overall understanding of the basic principles of 
antiangiogenic therapy.

Keywords Angiogenesis • Angiogenic switch • Angio­
genesis inhibitor • Microvessel density • Antiangiogenic 
therapy

Introduction

Cancer metastasis occurs when cancer cells break 
away from the primary tumor and penetrate into lym-
phatic and blood vessels, circulating through the 
bloodstream to invade and grow in the normal tissues 
elsewhere. Understanding the metastatic process 
requires characterizing the growth and invasion of 

solid tumors and identifying the environmental cues 
that trigger and/or govern this event. Early cancer 
researchers investigating the conditions necessary for 
cancer metastasis observed that one of the critical 
events required for tumor growth is an increased vas-
cularization and the formation of a new network of 
blood vessels called angiogenesis. Over 70 years ago, 
the existence of tumor-derived factors responsible for 
promoting new vessel growth was postulated [1], and 
it was found that tumor growth is essentially depen-
dent on vascular induction and the development of a 
neovascular supply [2]. By the late 1960s, Dr. Judah 
Folkman and colleagues had begun the search for a 
tumor angiogenesis factor [3]. In his landmark report, 
Folkman proposed that inhibition of angiogenesis by 
means of holding tumors in a nonvascularized dormant 
state would be an effective strategy to treat human can-
cer, and hence laid the groundwork for the concept 
behind the development of “antiangiogenic” drugs [4]. 
This fostered the search for angiogenic factors, regula-
tors of angiogenesis, and antiangiogenic molecules 
over the next three decades and shed light on angio-
genesis as an important therapeutic target for the treat-
ment of cancer and other diseases.

Successful development and clinical translation of 
antiangiogenic agents depends on understanding the 
biology of angiogenesis in tumor progression and the 
regulatory proteins that govern this angiogenic process. 
This chapter provides an overview of the principles of 
antiangiogenic therapy by presenting the mechanisms 
behind the angiogenic process followed by a discussion 
of the markers of angiogenesis in prostate cancer. The 
next chapters in this section cover the investigational 
antiangiogenic agents used in the treatment of meta-
static castration-resistant prostate cancer (CRPC) as 
well as the pharmacogenetics of angiogenesis.
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Mechanisms of the Angiogenic Process

Angiogenic Switch and Regulatory 
Proteins

Tumor development and progression depends on 
angiogenesis. Recruitment of new blood vessels to the 
tumor site is required for delivery of nutrients and 
 oxygen to the cancerous growths and removal of waste 
products [5]. Cancer cells promote angiogenesis at an 
early stage of tumorigenesis beginning with the release 
of molecules that send signals to the surrounding nor-
mal host tissue and stimulating the migration of micro-
vascular endothelial cells (ECs) in the direction of the 
angiogenic stimulus. These angiogenic factors not 
only mediate EC migration but also EC proliferation 
and microvessel formation in tumors undergoing the 
switch to the angiogenic phenotype [6].

Experimental evidence for this “angiogenic switch” 
was observed when hyperplastic islets in transgenic 
mice (RIP-Tag model) switch from small (<1 mm), 
white microscopic dormant tumors to red, rapidly 
growing tumors [6]. Dormant tumors have been dis-
covered during autopsies of individuals who died of 
causes other than cancer [7]. These autopsy studies 
suggest that the vast majority of microscopic, in situ 
cancers never switch to the angiogenic phenotype dur-
ing a normal lifetime. Such incipient tumors are usu-
ally not neovascularized and can remain harmless to 
the host for long periods of time as microscopic lesions 
that are in a state of dormancy [8, 9]. These nonangio-
genic tumors cannot expand beyond the initial micro-
scopic size and become clinically detectable, lethal 
tumors until they have switched to the angiogenic phe-
notype [10–12] through neovascularization and/or 
blood vessel co-option [13]. Depending on the tumor 
type and the environment, this switch can occur at dif-
ferent stages of the tumor progression pathway and 
ultimately depends on a net balance of positive and 
negative regulators. Thus, the angiogenic phenotype 
may result from the production of growth factors by 
tumor cells and/or the downregulation of negative 
modulators.

Changes in this angiogenic balance affecting the 
levels of activator and inhibitor molecules dictate 
whether an EC will be in a quiescent or an angiogenic 
state. Normally, the inhibitors predominate, thereby 
blocking growth. Should a need for new blood vessels 

arise, the balance will shift in favor of the angiogenic 
state with an increase in the amount of activators and a 
decrease in inhibitors. This prompts the activation, 
growth, and division of vascular ECs, resulting in the 
formation of new blood vessels. The activated ECs 
produce and release matrix metalloproteinases (MMPs) 
into the surrounding tissue. These degradative enzymes 
breakdown the extracellular matrix to allow the ECs to 
migrate into the surrounding tissues and organize 
themselves into hollow tubes that eventually evolve 
into a mature network of blood vessels.

Proangiogenic factors or positive regulators of 
angiogenesis include vascular endothelial growth 
 factor (VEGF), basic fibroblast growth factor, (bFGF), 
platelet-derived growth factor (PDGF), placental 
growth factor (PlGF), transforming growth factor-b, 
pleiotrophins, and others [14]. VEGF (also known as 
vascular permeability factor) is a potent proangiogenic 
growth factor and its expression is upregulated by most 
cancer-cell types. It stimulates endothelial-cell prolif-
eration, migration, and survival as well as induces 
increased vascular permeability. The different forms 
of VEGF bind to transmembrane tyrosine kinase recep-
tors (RTKs) on ECs: VEGFR1 (Flt-1), VEGFR2 
(KDR/Flk-1), or VEGFR3 (Flt-4) [15]. This results in 
receptor dimerization, activation, and autophosphory-
lation of the tyrosine kinase domain, thereby trigger-
ing downstream signaling pathways. bFGF is present 
in basement membranes and in the subendothelial 
extracellular matrix of blood vessels. When activated, 
it can mediate the formation of new blood vessels. 
Other signaling molecules that may represent attrac-
tive therapeutic targets include PDGF and angiopoie-
tin-2 (Ang-2). PDGF-B/PDGF receptor-b plays an 
important role in the recruitment of pericytes and 
 maturation of the microvasculature [16]. Ang-2 (which 
binds the Tie-2 receptor) is mostly expressed in tumor-
induced neovasculature, whereby its selective inhibi-
tion results in reduced EC proliferation [17].

Activation of the hypoxia-inducible factor-1a 
(HIF-1a) via tumor-associated hypoxic conditions is 
also involved in the upregulation of several angio-
genic  factors [18]. The angiogenic switch can down-
regulate angiogenesis suppressor proteins that 
include endostatin, angiostatin, thrombospondin, 
and others (reviewed in ref. [19, 20]). Most notable 
is the link between many oncogenes and angiogene-
sis and the significant role oncogenes play in driving 
the angiogenic switch. These proangiogenic  oncogenes 
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not only induce the expression of stimulators but 
may also downregulate inhibitors of angiogenesis 
(reviewed in ref. [21]).

Endogenous Inhibitors of Angiogenesis

The first angiogenesis inhibitor was reported in 1980 
and involved low-dose administration of interferon-
alpha [22–24]. Over the next decade, several com-
pounds were discovered to have potent antiangiogenic 
activity and included protamine and platelet-factor 4 
[25], trahydrocortisol [26], and the fumagillin ana-
logue TNP-470 [27]. Additionally, at least 28 endoge-
nous angiogenesis inhibitors have been identified to 
date [19, 20].

The infrequency of microscopic in situ tumors that 
actually undergo the angiogenic switch (<1%) sug-
gests that naturally occurring endogenous inhibitors 
exist in the body to defend against the angiogenic 
switch in pathological conditions and limit physiologi-
cal angiogenesis [8]. These circulating endogenous 
inhibitors could also prevent microscopic metastases 
from growing into visible tumors. The discovery of 
angiostatin, an internal fragment of plasminogen, first 
revealed that an angiogenesis inhibitory peptide could 
be enzymatically released from a parent protein that 
lacked this inhibitory property [28]. Soon thereafter 
endostatin, an internal fragment of collagen XVIII, 
demonstrated for the first time that a basement-mem-
brane collagen contained an antiangiogenic peptide 
[29]. Endostatin is the most well-studied endogenous 
angiogenesis inhibitor (reviewed in ref. [30]). Other 
potent endogenous angiogenesis inhibitors include 
thrombospondin-1 (TSP-1) [31] and tumstatin, a 232-
amino acid antiangiogenic peptide in the alpha3 chain 
of collagen type IV [32]. The discovery that these 
endogenous angiogenesis inhibitors can suppress the 
growth of primary tumors raises the possibility that 
such inhibitors might also be able to slow tumor metas-
tasis. Indeed inhibition of angiogenesis by angiostatin 
significantly reduced the rate of metastatic spread.

Perhaps the most compelling genetic evidence that 
endogenous inhibitors suppress pathologic angiogen-
esis was observed in studies using mice deficient in 
tumstatin, endostatin, or TSP-1 [33]. These experi-
ments demonstrate that normal physiological levels of 
the inhibitors can retard the tumor growth, and that 

their absence leads to enhanced angiogenesis and 
increased tumor growth by two- to threefold. Tumors 
grow twofold faster in the tumstatin/TSP-1 double-
knockout mice compared with either the tumstatin- or 
the TSP-1-deficient mice. Additionally, tumor growth 
in transgenic mice overexpressing endostatin specifi-
cally in the ECs (a 1.6-fold increase in the circulating 
levels) is threefold slower than the tumor growth in 
wild-type mice. Collectively, these results strongly 
suggest that endogenous inhibitors of angiogenesis 
can act as endothelium-specific tumor suppressors.

The connection between a tumor suppressor protein 
and angiogenesis is best illustrated by the classic tumor 
suppressor p53. p53 is known to link the biology of the 
cell cycle to tumorigenesis and for its role in regulating 
tumor cell proliferation. However, p53 can also inhibit 
angiogenesis by increasing the expression of TSP-1 
[34], by repressing VEGF [35] and bFGF binding pro-
tein [36], and by degrading HIF-1 [37], which blocks 
downstream induction of VEGF expression. 
Furthermore, a recent study revealed that p53-medi-
ated inhibition of angiogenesis occurs in part via the 
antiangiogenic activity of endostatin and tumstatin 
[38]. This landmark finding clearly demonstrates that 
p53 not only controls cell proliferation but can also 
repress tumor angiogenesis through enzymatic mobili-
zation of these endogenous angiogenesis inhibitor pro-
teins to prevent ECs from being recruited into the 
dormant, microscopic tumors and thereby preventing 
the switch to the angiogenic phenotype [39]. It remains 
to be established whether other angiogenesis inhibitors 
are regulated by p53 or by other tumor suppressor 
genes.

Angiogenesis and Prostate Cancer

The significance of angiogenesis in prostate cancer is 
well established with the identification of several 
markers of angiogenesis in CaP, with microvessel den-
sity (MVD) and VEGF being two of the most com-
monly measured (Table 17.1). In general, many studies 
have demonstrated the direct correlation of angiogen-
esis with Gleason score, pathological stage, progres-
sion, metastasis, and survival [40, 41]. Weidner et al. 
determined that patients with metastatic prostate can-
cer have a higher mean MVD than those without 
metastasis [42]. VEGF expression is significantly 
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increased in prostate tumors (relative to normal tissue), 
which directly correlates with MVD, tumor stage and 
grade, and disease-specific survival in patients with 
CaP [43]. A strong expression of VEGF is detected in 
neuroendocrine-differentiated tumor cells [43], and 
the coexpression of VEGF with MMP­2 and MMP­9 
further increases the malignant potential of prostate 
tumors [44]. Serum VEGF levels are significantly 
higher in patients with metastatic prostate cancer than 
in patients with localized disease [45].

Several additional growth factors are thought to 
enhance angiogenesis in prostate cancer. Although 
bFGF is a known endothelial mitogen, the prognostic 
role of bFGF and its receptor (FGFR1) in prostate can-
cer has been controversial. Previous studies have 
shown that serum bFGF levels are elevated in most 
men with CaP and had a relatively high sensitivity 
(83%) in detecting carcinoma in patients with serum 
prostate-specific antigen (PSA) levels below 4.0 ng/
mL as well as in differentiating between patients with 
local and advanced disease [46]. Others have reported 
that while serum bFGF and VEGF were not helpful in 
differentiating between patients with benign and 
malignant prostatic disease [47], together they are cor-
related with poor prostate cancer survival [48]. Serum 
levels of interleukin­8 (IL­8) are significantly elevated 
in men with prostate cancer and bone metastases com-
pared with patients with localized disease [49], and the 
expression of IL­8 correlates directly with Gleason 
score, tumor stage, and MVD [50]. Endoglin, a recep-
tor for TGF-b that is expressed on proliferating ECs, 
has direct association with MVD, Gleason score, tumor 
stage and CaP metastasis and is a prognostic marker 

for survival in a subgroup of patients with Gleason 
score 5, 6, and 7 tumors [51]. While mutations in the 
p53 gene have been associated with increased MVD 
and higher stage and grade of CaP [52], the regulation 
of VEGF in CaP appears to be independent of p53 
expression [53]. Other markers that have shown a posi-
tive association with angiogenesis in prostate cancer 
include tumor-associated macrophages [54, 55] and 
tissue factor [56].

The role of HIF in prostate cancer development and 
its transition to a metastatic and castrate-resistant state 
remain to be elucidated. HIF, a key mediator of VEGF 
expression, is upregulated in the majority of prostate 
tumor tissues, compared with normal and benign pros-
tate tissues, and its expression is induced in prostate 
cancer in situ [57]. Immunohistochemical studies of 
HIF-1a in clinical specimens of high-grade prostate 
intraepithelial neoplasia lesions, considered the pre-
cursor of a majority of invasive prostate adenocarci-
noma, show an increase in HIF-1a relative to the 
respective normal epithelium, stromal cells, and benign 
prostatic hyperplasia [58]. These findings suggest that 
upregulation of HIF-1a is an early event in prostate 
carcinogenesis. Additionally, studies have shown that 
complete androgen blockade downregulates VEGF 
expression possibly via inhibition of HIF-1 with con-
comitant upregulation of thrombospondin and induc-
tion of EC apoptosis [59, 60]. Moreover, androgens 
can activate HIF-1, driving VEGF expression in andro-
gen­sensitive LNCaP cells. This regulation is mediated 
through an autocrine loop involving epidermal growth 
factor/phosphatidylinositol 3¢-kinase/protein kinase B, 
which in turn activate HIF-1a and HIF-1-regulated 
gene expression [61]. In prostate cancer cells, the 
androgen receptor (AR) has been shown to enhance 
HIF-1-mediated gene expression and that HIF-1 inter-
acts with the AR on the PSA gene promoter, thereby 
activating its expression [62]. Thus, HIF-1 might be 
involved in AR-mediated gene expression in prostate 
cancer and implicated in tumor growth and progres-
sion. Furthermore, single nucleotide polymorphisms 
(SNPs) in the oxygen-dependent degradation domain 
of the HIF-1a gene, which enhance HIF-1a activity 
and hence increase transcription of downstream angio-
genesis-related genes, have been identified in prostate 
cancer cell lines and clinical samples [63]. One of the 
SNPs (P582S) is associated with an increased risk of 
prostate cancer [64, 65]. Taken together, these findings 
indicate the importance of HIF-1-mediated VEGF and 

Table 17.1 Markers of angiogenesis in prostate cancer

Markers of angiogenesis References

MVD (factor VIII; CD34) [40, 41, 43, 52, 53, 55, 59]
VEGF [43, 44, 47, 48, 53, 59]
Serum VEGF [45, 84]
Matrix metalloproteinases 

(MMP­2, MMP­9)
[44]

bFGF [47]
Serum bFGF [46, 84]
IL­8 [50]
Serum IL­8 [49]
Endoglin [51]
p53 [52]
Tumor-associated macrophages [52, 54, 55]
Tissue factor [56]
Hypoxia-inducible factor 1 [57, 58]
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AR regulation in prostate tumorigenesis and identify 
HIF-1 as a possible prime target for prostate cancer 
therapy.

Antiangiogenic Therapy: Rationale  
and Classification

Rationale

Antiangiogenic therapy stems from the fundamental 
concept that tumor growth, invasion, and metastatsis 
are angiogenesis-dependent. The microvascular EC 
recruited by a tumor has become an important second 
target in cancer therapy. Unlike the cancer cell (the pri-
mary target of cytotoxic chemotherapy) that is geneti-
cally unstable with unpredictable mutations, the 
genetic stability of ECs may make them less suscepti-
ble to acquired drug resistance [66]. Moreover, ECs in 
the microvascular bed of a tumor may support 50–100 
tumor cells. Coupling this amplification potential 
together with the lower toxicity of most angiogenesis 
inhibitors results in the use of antiangiogenic therapy 
that should be significantly less toxic than conventional 
chemotherapy. Therefore, treating both the cancer cell 
and the EC in a tumor may be more effective than 
treating the cancer cell alone.

Classification of Antiangiogenic Agents

The proof of concept that targeting angiogenesis is an 
effective strategy for treating cancer came with the 
approval of the first angiogenesis inhibitor, bevaci-
zumab, by the US Food and Drug Admistration (FDA) 
following a phase III study showing a survival benefit. 
Since then, several antiangiogenesis agents have 
received FDA approval for cancer treatment and 
numerous investigational angiogenesis inhibitors cur-
rently are being tested in clinical trials of prostate can-
cer. The reader is referred to [67] for a general overview 
of the current state of drug development of angiogen-
esis inhibitors.

The inhibitors being investigated fall into several 
different categories, depending on their mechanism of 
action. Some inhibit ECs directly, while others inhibit 

the angiogenesis signaling cascade or block the ability 
of ECs to break down the extracellular matrix. Some 
antiangiogenic agents either target VEGF directly 
through neutralizing the protein, block the tumor 
expression of the angiogenic factor, or block the recep-
tor for the angiogenic factor on the ECs. Finally, these 
inhibitors may also be characterized by the degree of 
their blocking potential: drugs that block one main 
angiogenic protein, drugs that block two or three main 
angiogenic proteins, or drugs that have a broad spec-
trum effect, blocking a range of angiogenic regulators 
[67]. These broad spectrum inhibitors may target the 
angiogenic regulators and/or signaling pathways in 
both the tumor and ECs.

There are two general classes of angiogenesis 
inhibitors. A direct angiogenesis inhibitor blocks vas-
cular ECs from proliferating, migrating, or increasing 
their survival in response to proangiogenic proteins. 
Direct angiogenesis inhibitors are less likely to induce 
acquired drug resistance because they target the genet-
ically stable ECs. Examples in this category include 
angiostatin and TSP-1. Other drugs, which interact 
with the integrin protein, also can promote the destruc-
tion of proliferating ECs. Integrins are cell surface 
adhesion molecules that play an essential role in cell–
cell and cell–matrix adhesion. They are responsible for 
transmitting signals important for cell migration, inva-
sion, proliferation, and survival. One member of the 
integrin family, a5b3-integrin, is expressed on tumor 
and ECs. The involvement of integrin in tumor angio-
genesis was demonstrated in studies that show the b4 
subunit of integrin promoting endothelial migration 
and invasion [68].

Indirect angiogenesis inhibitors decrease or block 
the expression of a tumor cell product, neutralize the 
tumor product itself, or block its receptor on ECs. 
Examples of drugs that interfere with the angiogenesis 
signaling pathway include bevacizumab, sorafenib, 
and sunitinab. These drugs target the major signaling 
pathways in tumor angiogenesis: VEGF, PDGF, and 
their respective receptors as well as other growth 
 factors and/or signaling pathways. As such, most indi-
rect angiogenesis inhibitors are designed to target these 
signaling pathways and can block the activity of one, 
two, or a broad spectrum of proangiogenic proteins 
and/or their receptors. The limitation to indirect inhibi-
tors is that over time tumor cells may acquire  mutations 
that lead to increased expression of other proangio-
genic proteins not blocked by the indirect inhibitor. 
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This may give the appearance of drug resistance and 
warrants the addition of a second antiangiogenic agent, 
one that would target the expression of these upregu-
lated proangiogenic proteins.

Angiogenesis inhibitors may also be referred to as 
either being exclusive or inclusive. Drugs that are 
exclusively antiangiogenic only have one known func-
tion, which is to exhibit antiangiogenic activity. 
Examples of these drugs include bevacizumab, VEGF-
Trap, etc. For other angiogenesis inhibitors, the antian-
giogenic activity is included with other functions of 
the drug. Among them are certain cancer agents that 
exhibit dual roles. In many cases, the antiangiogenic 
activity is discovered as a secondary function after the 
drug has received FDA approval for a different primary 
function. For example, bortezomib is a proteasome 
inhibitor that is approved for multiple myeloma and 
later found to possess antiangiogenic acitivity via 
inhibiting VEGF. Certain orally available small mole-
cule drugs display their antiangiogenic activity through 
inducing the expression of endogenous angiogenesis 
inhibitors such as celecoxib, a cox-2 inhibitor, which 
inhibits angiogenesis by increasing levels of endosta-
tin [30]. Both bortezomib and celecoxib are under 
clinical investigation as potential angiogenesis inhibi-
tors in prostate cancer clinical trials.

Combination Therapies

Tumor angiogenesis is a highly complex process 
involving multiple growth factors and their receptor 
signaling pathways. Based on current evidence, with a 
few exceptions, effective therapy will probably rely on 
a combinatorial approach that involves targeting mul-
tiple pathways simultaneously. A number of studies 
have shown that antiangiogenic agents in combination 
with chemotherapy or radiotherapy result in additive 
or synergistic effects. Several models have been pro-
posed to explain the mechanism responsible for this 
potentiation, keying in on the chemosensitizing effects 
of antiangiogenic therapy [69]. One hypothesis is that 
antiangiogenic therapy may normalize the tumor vas-
culature, thus resulting in improved oxygenation, bet-
ter blood perfusion and, consequently, improved 
delivery of chemotherapeutic drugs [70]. A second 
model suggests that chemotherapy delivered at low 
doses and at close, regular intervals with no extended 

drug-free break periods preferentially damages ECs in 
the tumor neovasculature [71, 72] and suppresses cir-
culating endothelial progenitor cells [73, 74]. This 
regimen, also called metronomic chemotherapy, sus-
tains antiangiogenic activity and reduces acute toxicity 
[75]. Thus, the efficacy of metronomic chemotherapy 
may increase when administered in combination with 
specific antiangiogenic drugs. Finally, the third model 
addresses the use of antiangiogenic drugs to slow down 
tumor cell repopulation between successive cycles of 
cytotoxic chemotherapy [76]. This model underscores 
the importance of timing and sequence in achieving 
the maximal therapeutic benefit from combination 
therapies. Nevertheless, it remains a challenge to estab-
lish the most effective timing and combination of anti-
angiogenic agents, other targeted therapies, and 
conventional therapies to improve clinical outcomes, 
particularly in patients with CRPC who become refrac-
tory to docetaxel chemotherapy.

Surrogate Markers of Antiangiogenic 
Therapy

Antiangiogenesis therapy has created a need to develop 
effective biomarkers to assess the activity of these 
inhibitors. Surrogate markers of tumor angiogenesis 
activity are important to guide clinical development of 
these agents and to select patients most likely to  benefit 
from this approach. Several avenues are currently 
being investigated and include tumor biopsy analysis, 
MVD, noninvasive vascular imaging (positron 
 emission tomography, MRI) and measuring circulating 
 biomarkers (levels of angiogenic factors in serum, 
plasma, urine, or circulating ECs) [77]. Thus, reliable 
surrogate markers of activity are desparately needed to 
monitor and evaluate the clinical efficacy of these new 
drugs.

Resistance to Antiangiogenic Therapy

Resistance to VEGF inhibitors may be observed in late 
stage tumors when tumors re-grow during treatment, 
after an initial period of growth suppression from these 
antiangiogenic agents. This resistance to VEGF inhibi-
tors involves reactivation of tumor angiogenesis and 
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increased expression of other proangiogenic factors. 
As the disease progresses, it is possible that redundant 
pathways might be implicated, with VEGF being 
replaced by other angiogenic pathways, warranting the 
addition of a second antiangiogenesis agent that would 
target these secondary growth factors and/or their acti-
vated receptor pathways. Perhaps the administration of 
angiogenic drugs at earlier stages of the disease may 
be a more effective and beneficial approach. In addi-
tion, tumor cells bearing genetic alterations of the p53 
gene may display a lower apoptosis rate under hypoxic 
conditions, which might reduce their reliance on vas-
cular supply and thereby their responsiveness to anti-
angiogenic therapy [78]. Therefore, the selection and 
overgrowth of tumor-variant cells that are hypoxia 
resistant and thus less dependent [78] on angiogenesis 
and vasculature remodeling resulting in vessel stabili-
zation [79] could also explain the resistance to antian-
giogenic drugs. Finally, among the possible mechanisms 
for acquired resistance to antiangiogenic drugs [80, 
81] perhaps the most intriguing finding is that although 
ECs are assumed to be genetically stable, they may 
under some circumstances harbor genetic abnormali-
ties and thus acquire resistance as well [82, 83].

Conclusion

Antiangiogenic therapy has been established as a 
fourth modality in cancer treatment validating that 
angiogenesis as an important target for cancer. The 
role of angiogenesis in prostate cancer is well estab-
lished, and the inhibition of this process has been 
shown to suppress tumor growth and metastasis in both 
preclinical prostate cancer models and in current clini-
cal studies. Angiogenesis inhibition is likely to be a 
part of standard treatment strategy for CaP in the near 
future. Hence, current research efforts are needed to 
develop better surrogate markers of tumor angiogene-
sis and selection markers, determine the optimal dos-
ing strategy, define the target patient population, and 
identify the most effective combination therapy to 
ensure that patients will fully benefit from these new 
agents as well as determine the tumor types and stages 
that will benefit most from antiangiogenic therapy. 
Much progress is needed in understanding the 
 emergence of targeted therapy resistance and assessing 
the potential cumulative toxicities that arise from 

 combination therapies of multiple antiangiogenic 
 regimens. Nonetheless, while chemotherapy will 
remain a mainstay of cancer treatment for years to 
come, antiangiogenic therapy represents a promising 
add-on strategy for the treatment of prostate cancer for 
patients with CRPC.

References

 1. Ide AG, Baker NH, Warren SL. Vascularization of the Brown 
Pearce rabbit epithelioma transplant as seen in the transpar-
ent ear chamger. Am J Roentgenol 1939;42:891–9.

 2. Algire GH, Chalkley HW, Legallais FY, Park HD. Vascular 
reactions of normal and malignant tissues in vivo. I. Vascular 
reactions of mice to wounds and to normal and neoplastic 
transplants. J Natl Cancer Inst 1945;6:73–85.

 3. Folkman J, Merler E, Abernathy C, Williams G. Isolation of 
a tumor factor responsible for angiogenesis. J Exp Med 
1971;133:275–88.

 4. Folkman J. Tumor angiogenesis: therapeutic implications. N 
Engl J Med 1971;285:1182–6.

 5. Papetti M, Herman IM. Mechanisms of normal and tumor­
derived angiogenesis. Am J Physiol Cell Physiol 2002;282: 
C947–70.

 6. Hanahan D, Folkman J. Patterns and emerging mechanisms 
of the angiogenic switch during tumorigenesis. Cell 
1996;86:353–64.

 7. Black WC, Welch HG. Advances in diagnostic imaging and 
overestimations of disease prevalence and the benefits of 
therapy. N Engl J Med 1993;328:1237–43.

 8. Folkman J, Kalluri R. Cancer without disease. Nature 
2004;427:787.

 9. Weidner N, Semple JP, Welch WR, Folkman J. Tumor angio-
genesis and metastasis – correlation in invasive breast carci-
noma. N Engl J Med 1991;324:1–8.

 10. Udagawa T, Fernandez A, Achilles EG, Folkman J, D’Amato 
RJ. Persistence of microscopic human cancers in mice: alter-
ations in the angiogenic balance accompanies loss of tumor 
dormancy. FASEB J 2002;16:1361–70.

 11. Naumov GN, Bender E, Zurakowski D, et al. A model of 
human tumor dormancy: an angiogenic switch from the 
nonangiogenic phenotype. J Natl Cancer Inst 2006;98: 
316–25.

 12. Holmgren L, O’Reilly MS, Folkman J. Dormancy of micro-
metastases: balanced proliferation and apoptosis in the pres-
ence of angiogenesis suppression. Nat Med 1995;1:149–53.

 13. Holash J, Maisonpierre PC, Compton D, et al. Vessel coop-
tion, regression, and growth in tumors mediated by angio-
poietins and VEGF. Science 1999;284:1994–8.

 14. Relf M, LeJeune S, Scott PA, et al. Expression of the angio-
genic factors vascular endothelial cell growth factor, acidic 
and basic fibroblast growth factor, tumor growth factor beta-
1, platelet-derived endothelial cell growth factor, placenta 
growth factor, and pleiotrophin in human primary breast 
cancer and its relation to angiogenesis. Cancer Res 1997;57: 
963–9.



204 C.H. Chau and W.D. Figg

 15. Ferrara N, Gerber HP, LeCouter J. The biology of VEGF and 
its receptors. Nat Med 2003;9:669–76.

 16. Lindahl P, Johansson BR, Leveen P, Betsholtz C. Pericyte 
loss and microaneurysm formation in PDGF-B-deficient 
mice. Science 1997;277:242–5.

 17. Oliner J, Min H, Leal J, et al. Suppression of angiogenesis 
and tumor growth by selective inhibition of angiopoietin-2. 
Cancer Cell 2004;6:507–16.

 18. Carmeliet P, Dor Y, Herbert JM, et al. Role of HIF­1alpha in 
hypoxia-mediated apoptosis, cell proliferation and tumour 
angiogenesis. Nature 1998;394:485–90.

 19. Folkman J. Endogenous angiogenesis inhibitors. APMIS 
2004;112:496–507.

 20. Nyberg P, Xie L, Kalluri R. Endogenous inhibitors of angio-
genesis. Cancer Res 2005;65:3967–79.

 21. Rak J, Yu JL, Klement G, Kerbel RS. Oncogenes and angio-
genesis: signaling three-dimensional tumor growth. J 
Investig Dermatol Symp Proc 2000;5:24–33.

 22. Brouty-Boye D, Zetter BR. Inhibition of cell motility by 
interferon. Science 1980;208:516–8.

 23. Dvorak HF, Gresser I. Microvascular injury in pathogenesis 
of interferon-induced necrosis of subcutaneous tumors in 
mice. J Natl Cancer Inst 1989;81:497–502.

 24. Sidky YA, Borden EC. Inhibition of angiogenesis by inter-
ferons: effects on tumor- and lymphocyte-induced vascular 
responses. Cancer Res 1987;47:5155–61.

 25. Taylor S, Folkman J. Protamine is an inhibitor of angiogen-
esis. Nature 1982;297:307–12.

 26. Crum R, Szabo S, Folkman J. A new class of steroids inhib-
its angiogenesis in the presence of heparin or a heparin frag-
ment. Science 1985;230:1375–8.

 27. Ingber D, Fujita T, Kishimoto S, et al. Synthetic analogues 
of fumagillin that inhibit angiogenesis and suppress tumour 
growth. Nature 1990;348:555–7.

 28. O’Reilly MS, Holmgren L, Shing Y, et al. Angiostatin: a 
novel angiogenesis inhibitor that mediates the suppression 
of metastases by a Lewis lung carcinoma. Cell 1994;79: 
315–28.

 29. O’Reilly MS, Boehm T, Shing Y, et al. Endostatin: an endog-
enous inhibitor of angiogenesis and tumor growth. Cell 
1997;88:277–85.

 30. Folkman J. Antiangiogenesis in cancer therapy – endostatin 
and its mechanisms of action. Exp Cell Res 2006;312: 
594–607.

 31. Lawler J. Thrombospondin­1 as an endogenous inhibitor of 
angiogenesis and tumor growth. J Cell Mol Med 2002; 
6:1–12.

 32. Maeshima Y, Manfredi M, Reimer C, et al. Identification of 
the anti-angiogenic site within vascular basement mem-
brane­derived tumstatin. J Biol Chem 2001;276:15240–8.

 33. Sund M, Hamano Y, Sugimoto H, et al. Function of endog-
enous inhibitors of angiogenesis as endothelium-specific 
tumor suppressors. Proc Natl Acad Sci U S A 2005;102: 
2934–9.

 34. Dameron KM, Volpert OV, Tainsky MA, Bouck N. Control 
of angiogenesis in fibroblasts by p53 regulation of thrombo-
spondin­1. Science 1994;265:1582–4.

 35. Zhang L, Yu D, Hu M, et al. Wild­type p53 suppresses 
angiogenesis in human leiomyosarcoma and synovial sar-
coma by transcriptional suppression of vascular endothelial 
growth factor expression. Cancer Res 2000;60:3655–61.

 36. Sherif ZA, Nakai S, Pirollo KF, Rait A, Chang EH. Down-
modulation of bFGF-binding protein expression following 
restoration of p53 function. Cancer Gene Ther 2001;8: 
771–82.

 37. Ravi R, Mookerjee B, Bhujwalla ZM, et al. Regulation of 
tumor angiogenesis by p53-induced degradation of hypoxia-
inducible factor 1alpha. Genes Dev 2000;14:34–44.

 38. Teodoro JG, Parker AE, Zhu X, Green MR. p53­mediated 
inhibition of angiogenesis through up-regulation of a colla-
gen prolyl hydroxylase. Science 2006;313:968–71.

 39. Folkman J. Tumor suppression by p53 is mediated in part by 
the antiangiogenic activity of endostatin and tumstatin. Sci 
STKE 2006;2006:pe35. 

 40. Bono AV, Celato N, Cova V, Salvadore M, Chinetti S, 
Novario R. Microvessel density in prostate carcinoma. 
Prostate Cancer Prostatic Dis 2002;5:123–7.

 41. Borre M, Offersen BV, Nerstrom B, Overgaard J. Microvessel 
density predicts survival in prostate cancer patients subjected 
to watchful waiting. Br J Cancer 1998;78:940–4.

 42. Weidner N, Carroll PR, Flax J, Blumenfeld W, Folkman J. 
Tumor angiogenesis correlates with metastasis in invasive 
prostate carcinoma. Am J Pathol 1993;143:401–9.

 43. Borre M, Nerstrom B, Overgaard J. Association between 
immunohistochemical expression of vascular endothelial 
growth factor (VEGF), VEGF-expressing neuroendocrine-
differentiated tumor cells, and outcome in prostate cancer 
patients subjected to watchful waiting. Clin Cancer Res 
2000;6:1882–90.

 44. Kuniyasu H, Troncoso P, Johnston D, et al. Relative expres-
sion of type IV collagenase, E-cadherin, and vascular 
endothelial growth factor/vascular permeability factor in 
prostatectomy specimens distinguishes organ-confined from 
pathologically advanced prostate cancers. Clin Cancer Res 
2000;6:2295–308.

 45. Duque JL, Loughlin KR, Adam RM, Kantoff PW, Zurakowski 
D, Freeman MR. Plasma levels of vascular endothelial 
growth factor are increased in patients with metastatic pros-
tate cancer. Urology 1999;54:523–7.

 46. Meyer GE, Yu E, Siegal JA, Petteway JC, Blumenstein BA, 
Brawer MK. Serum basic fibroblast growth factor in men 
with and without prostate carcinoma. Cancer 1995;76: 
2304–11.

 47. Trojan L, Thomas D, Knoll T, Grobholz R, Alken P, Michel 
MS. Expression of pro­angiogenic growth factors VEGF, 
EGF and bFGF and their topographical relation to neovascu-
larisation in prostate cancer. Urol Res 2004;32:97–103.

 48. West AF, O’Donnell M, Charlton RG, Neal DE, Leung HY. 
Correlation of vascular endothelial growth factor expression 
with fibroblast growth factor-8 expression and clinico-
pathologic parameters in human prostate cancer. Br J Cancer 
2001;85:576–83.

 49. Lehrer S, Diamond EJ, Mamkine B, Stone NN, Stock RG. 
Serum interleukin-8 is elevated in men with prostate cancer 
and bone metastases. Technol Cancer Res Treat 2004; 
3:411.

 50. Murphy C, McGurk M, Pettigrew J, et al. Nonapical and cyto-
plasmic expression of interleukin-8, CXCR1, and CXCR2 
correlates with cell proliferation and microvessel density in 
prostate cancer. Clin Cancer Res 2005;11:4117–27.

 51. Wikstrom P, Lissbrant IF, Stattin P, Egevad L, Bergh A. 
Endoglin (CD105) is expressed on immature blood vessels 



20517 Principles of Antiangiogenic Therapy

and is a marker for survival in prostate cancer. Prostate 
2002;51:268–75.

 52. Mehta R, Kyshtoobayeva A, Kurosaki T, et al. Independent 
association of angiogenesis index with outcome in prostate 
cancer. Clin Cancer Res 2001;7:81–8.

 53. Strohmeyer D, Rossing C, Bauerfeind A, et al. Vascular 
endothelial growth factor and its correlation with angiogen-
esis and p53 expression in prostate cancer. Prostate 
2000;45:216–24.

 54. Lissbrant IF, Stattin P, Wikstrom P, Damber JE, Egevad L, 
Bergh A. Tumor associated macrophages in human prostate 
cancer: relation to clinicopathological variables and survival. 
Int J Oncol 2000;17:445–51.

 55. Sivridis E, Giatromanolaki A, Papadopoulos I, Gatter KC, 
Harris AL, Koukourakis MI. Thymidine phosphorylase 
expression in normal, hyperplastic and neoplastic prostates: 
correlation with tumour associated macrophages, infiltrating 
lymphocytes, and angiogenesis. Br J Cancer 2002;86: 
1465–71.

 56. Abdulkadir SA, Carvalhal GF, Kaleem Z, et al. Tissue factor 
expression and angiogenesis in human prostate carcinoma. 
Hum Pathol 2000;31:443–7.

 57. Du Z, Fujiyama C, Chen Y, Masaki Z. Expression of 
hypoxia-inducible factor 1alpha in human normal, benign, 
and malignant prostate tissue. Chin Med J (Engl) 2003; 
116:1936–9.

 58. Zhong H, Semenza GL, Simons JW, De Marzo AM. 
Up-regulation of hypoxia-inducible factor 1alpha is an early 
event in prostate carcinogenesis. Cancer Detect Prev 
2004;28:88–93.

 59. Mazzucchelli R, Montironi R, Santinelli A, Lucarini G, 
Pugnaloni A, Biagini G. Vascular endothelial growth factor 
expression and capillary architecture in high-grade PIN and 
prostate cancer in untreated and androgen-ablated patients. 
Prostate 2000;45:72–9.

 60. Quinn DI, Henshall SM, Sutherland RL. Molecular markers 
of prostate cancer outcome. Eur J Cancer 2005;41:858–7.

 61. Mabjeesh NJ, Willard MT, Frederickson CE, Zhong H, 
Simons JW. Androgens stimulate hypoxia-inducible factor 1 
activation via autocrine loop of tyrosine kinase receptor/
phosphatidylinositol 3¢-kinase/protein kinase B in prostate 
cancer cells. Clin Cancer Res 2003;9:2416–25.

 62. Horii K, Suzuki Y, Kondo Y, et al. Androgen­dependent 
gene expression of prostate-specific antigen is enhanced 
synergistically by hypoxia in human prostate cancer cells. 
Mol Cancer Res 2007;5:383–91.

 63. Fu XS, Choi E, Bubley GJ, Balk SP. Identification of 
hypoxia-inducible factor-1alpha (HIF-1alpha) polymor-
phism as a mutation in prostate cancer that prevents nor-
moxia­induced degradation. Prostate 2005;63:215–21.

 64. Chau CH, Permenter MG, Steinberg SM, et al. Polymorphism 
in the hypoxia-inducible factor 1alpha gene may confer sus-
ceptibility to androgen-independent prostate cancer. Cancer 
Biol Ther 2005;4:1222–5.

 65. Orr­Urtreger A, Bar­Shira A, Matzkin H, Mabjeesh NJ. The 
homozygous P582S mutation in the oxygen-dependent deg-
radation domain of HIF-1 alpha is associated with increased 
risk for prostate cancer. Prostate 2007;67:8–13.

 66. Kerbel RS. Inhibition of tumor angiogenesis as a strategy to 
circumvent acquired resistance to anti-cancer therapeutic 
agents. Bioessays 1991;13:31–6.

 67. Folkman J. Angiogenesis: an organizing principle for drug 
discovery? Nat Rev Drug Discov 2007;6:273–86.

 68. Nikolopoulos SN, Blaikie P, Yoshioka T, Guo W, Giancotti 
FG. Integrin beta4 signaling promotes tumor angiogenesis. 
Cancer Cell 2004;6:471–83.

 69. Kerbel RS. Antiangiogenic therapy: a universal chemosensi-
tization strategy for cancer? Science 2006;312:1171–5.

 70. Jain RK. Normalization of tumor vasculature: an emerging 
concept in antiangiogenic therapy. Science 2005;307: 
58–62.

 71. Browder T, Butterfield CE, Kraling BM, et al. Antiangiogenic 
scheduling of chemotherapy improves efficacy against 
experimental drug­resistant cancer. Cancer Res 2000;60: 
1878–86.

 72. Klement G, Baruchel S, Rak J, et al. Continuous low-dose 
therapy with vinblastine and VEGF receptor-2 antibody 
induces sustained tumor regression without overt toxicity. 
J Clin Invest 2000;105:R15–24.

 73. Bertolini F, Paul S, Mancuso P, et al. Maximum tolerable 
dose and low-dose metronomic chemotherapy have oppo-
site effects on the mobilization and viability of circulating 
endothelial progenitor cells. Cancer Res 2003;63:4342–6.

 74. Mancuso P, Colleoni M, Calleri A, et al. Circulating endothe-
lial-cell kinetics and viability predict survival in breast can-
cer patients receiving metronomic chemotherapy. Blood 
2006;108:452–9.

 75. Kerbel RS, Kamen BA. The anti-angiogenic basis of metro-
nomic chemotherapy. Nat Rev Cancer 2004;4:423–36.

 76. Hudis CA. Clinical implications of antiangiogenic therapies. 
Oncology (Williston Park) 2005;19:26–31.

 77. Davis DW, McConkey DJ, Abbruzzese JL, Herbst RS. 
Surrogate markers in antiangiogenesis clinical trials. Br J 
Cancer 2003;89:8–14.

 78. Yu JL, Rak JW, Coomber BL, Hicklin DJ, Kerbel RS. Effect 
of p53 status on tumor response to antiangiogenic therapy. 
Science 2002;295:1526–8.

 79. Glade Bender J, Cooney EM, Kandel JJ, Yamashiro DJ. 
Vascular remodeling and clinical resistance to antiangio-
genic cancer therapy. Drug Resist Updat 2004;7: 
289–300.

 80. Sweeney CJ, Miller KD, Sledge GW, Jr. Resistance in the 
anti-angiogenic era: nay-saying or a word of caution? Trends 
Mol Med 2003;9:24–9.

 81. Kerbel RS, Yu J, Tran J, et al. Possible mechanisms of 
acquired resistance to anti-angiogenic drugs: implications for 
the use of combination therapy approaches. Cancer Metastasis 
Rev 2001;20:79–86.

 82. Streubel B, Chott A, Huber D, et al. Lymphoma­specific 
genetic aberrations in microvascular endothelial cells in 
B­cell lymphomas. N Engl J Med 2004;351:250–9.

 83. Hida K, Hida Y, Amin DN, et al. Tumor­associated endothe-
lial cells with cytogenetic abnormalities. Cancer Res 2004; 
64:8249–55.

 84. Walsh K, Sherwood RA, Dew TK, Mulvin D. Angiogenic 
peptides in prostatic disease. BJU Int 1999;84:1081–3.



207

Abstract Prostate cancer is the leading non-cutaneous 
malignancy in American men. Only the combination of 
docetaxel and prednisone has been shown to improve 
survival in patients with metastatic castration-resistant 
prostate cancer. Typically responses to docetaxel in 
patients with castrate-resistant disease are modest and 
additional therapies are needed. Angiogenesis has been 
shown to be a prerequisite event for tumor growth and 
metastasis in prostate cancer. Several strategies have 
been used to target angiogenesis in prostate cancer, 
which include blocking of pro-angiogenic factors via 
monoclonal antibodies or small-molecule inhibitors that 
target downstream signaling pathways for angiogenesis, 
direct inhibition of endothelial cells, or targeting other 
receptors involved in cell adhesion, proliferation, and 
survival. The following sections will discuss further 
the rationale for targeting the angiogenesis pathway in 
prostate cancer and the emergence of bevacizumab as a 
promising agent for the treatment of prostate cancer.

Keywords Angiogenesis • Prostate cancer • Drugs  
• Bevacizumab

Mechanism of Angiogenesis

For survival, tumor cells must obtain a steady supply 
of oxygen and nutrients needed to support metabolic 
activity. A tumor that relies on existing vasculature can 

reach a size of only about 2 mm. In tumor cells, 
increased production of pro-angiogenic factors occurs 
as the result of a phenomenon known as the “angio-
genic switch.” Pathological angiogenesis results from 
disruption of the regulatory processes that normally 
maintain the stability of the vascular system. Although 
usually confined to a localized area, the growth of new 
blood vessels during pathological angiogenesis is 
excessive and it often involves the intrusion of these 
vessels into an area where their presence is harmful. 
Growth factors generated as a result of the “angiogenic 
switch” enable a tumor to increase its supply of nutri-
ents via tumor angiogenesis. Tumor angiogenesis 
begins when vascular endothelial growth factor 
(VEGF) and other growth factors diffuse away from 
the tumor and come into contact with established blood 
vessels of surrounding tissues. These factors activate 
endothelial cells that line the walls of existing vessels, 
trigger the angiogenic cascade, and lead to the sprout-
ing of new capillaries [1].

VEGF plays a central role in the regulation of 
angiogenesis. Many environmental factors stimulate 
VEGF expression, including hypoxia, low pH, hor-
mones (e.g., progesterone, estrogen), growth factors 
(e.g., epidermal growth factor [EGF], TGF-b[beta], 
bFGF, PDGF, insulin-like growth factor [IGF]-1), and 
cytokines (e.g., IL-1a[alpha], IL-6). Tumorigenic 
mutations involving p53, p73, src, ras, vHL, and 
 Bcr-Abl can also stimulate VEGF expression. VEGF 
binds and activates its receptor (VEGFR), resulting in 
stimulation of downstream signaling cascades such as 
phospholipase C, protein kinase C, the cytoplasmic 
tyrosine kinase src, avb5 integrins, phosphatidylinositol-
3- kinase, ras, and MAP kinase. These downstream 
 signaling pathways in endothelial cells lead to  inhibition 
of apoptosis, stimulation of mitosis, and  cytoskeletal 
changes associated with motility [1].
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VEGF (also known as VEGF-A) is part of a family 
of related proteins with similar structural motifs, 
including placenta growth factor (PlGF), VEGF-B, 
VEGF-C, VEGF-D, and VEGF-E (viral VEGF 
homolog), identified in the parapoxvirus Orf virus 
(Fig. 18.1). The family of VEGF proteins binds to sev-
eral different VEGFRs with distinct binding and sig-
naling properties. VEGFR1 (Flt-1), VEGFR2 (Flk-1, 
KDR), and VEGFR3 (Flt-4) have similar structural 
features and form homodimers upon ligand binding. 
Alternative splicing leads to the production of a solu-
ble form of VEGFR-1, which does not bind to the 
membrane and functions as a negative regulator of 
VEGF signaling. The neuropilins, a distinct family of 
receptors, also interact with members of the VEGF 
family. Neuropilin-1 may function as co-receptor, 
enhancing VEGF interactions with VEGFR2. VEGFR1 
interacts with PlGF, VEGF-B, and VEGF-A. The func-
tion of VEGFR1 remains to be elucidated. VEGFR1 
signaling is only weakly activated by VEGF. VEGFR1 
may function as a decoy receptor, much like soluble 
VEGFR1. VEGFR2 interacts with VEGF-C and D in 

addition to VEGF. This receptor is the major mediator 
of the mitogenic and angiogenic effects of VEGF. 
VEGFR-3 only interacts with VEGF-C and D and is 
involved in lymphangiogenesis [1].

Because tumors require new blood vessel develop-
ment in order to grow and metastasize, tumor vascula-
ture provides a useful target for anticancer therapy. In 
preclinical models, therapies that inhibit the activity of 
the VEGF pathway have been shown to slow tumor 
progression. Therapies that inhibit the VEGF pathway 
in combination with chemotherapy or radiation ther-
apy has been shown to be synergistic in preclinical 
models. VEGF is over-expressed in many types of 
human tumors, and its over-expression is frequently 
associated with malignant progression. Inhibiting 
VEGF represents a promising anticancer approach, as 
it targets the key regulator of angiogenesis. A mouse 
monoclonal antibody that neutralizes the activity of 
human VEGF (A.4.6.1) is the precursor antibody to 
Bevacizumab [AvastinTM (BV)]. BV is a recombinant 
humanized monoclonal antibody that binds to VEGF 
with high specificity and affinity, resulting in potent 

Fig. 18.1 VEGF family pathways
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VEGF-neutralizing activity. Once bound, BV prevents 
VEGF interactions with VEGFR-1 (Flt-1) and 
VEGFR-2 (KDR) on the surface of endothelial cells, 
inhibiting VEGF-stimulated downstream signaling 
events. The estimated half-life of Bevacizumab is 
about 20 days (with a range of 11–50 days) [2].

Rationale for Targeting the Angiogenesis 
Pathway in Prostate Cancer

Inhibition of angiogenesis prevents the growth of 
tumor cells at the primary site and can prevent the 
emergence of metastasis [3]. Efforts to inhibit angio-
genesis as a means of controlling the growth and spread 
of cancer cells began more than 30 years ago when it 
was demonstrated that progressive tumor growth is 
contingent upon formation of new vessels that support 
proliferation [4–6]. With the implication of tumor 
angiogenesis in the pathological progression of a num-
ber of tumor models, numerous angiogenic growth 
factors, many of which may be targeted with modern 
drugs, have been identified. These include VEGF, 
platelet-derived endothelial cell growth factor 
(PD-ECGF), basic fibroblast growth factor (bFGF), 
platelet-derived growth factor (PDGF), IGFs, angio-
genin, thrombospondin, angiopoeitins, and integrins 
[7]. Additionally, early studies importantly demon-
strated that higher microvessel density counts, a mea-
sure of angiogenesis, was associated with metastasis in 
solid tumors such as breast, lung, and bladder cancer 
[8–11], and was considered a negative prognostic indi-
cator for several solid tumors, including prostate can-
cer [12]. Weidner et al. reported on 74 radical 
prostatectomy specimens that were stained for endothe-
lial cells using factor VIII-related antigen and in which 
microvessel density was counted per 200 fields [12]. 
After a median follow-up of between 30 and 50 months, 
29 of the 74 patients were found to have metastases. 
The mean number of microvessels counted for the 
patients with metastatic disease was 76.8 microvessels 
per 200 field (median, 66; SD, 44.6), a much higher 
count compared with the 39.2 microvessels per 200 
field (median, 36; SD, 18.6) (P < 0.0001) found in the 
45 patients who did not develop metastasis during the 
length of the follow-up period. This suggests that 
microvessel density appears to be a predictor of tumor 
metastasis in prostate cancer. Furthermore, this increase 

in microvessel density was limited to invasive cancer 
areas and was notably different from surrounding 
benign areas of prostate tissue within the same patient 
[13]. Such observations have supported an increased 
focus on angiogenesis as a therapeutic target in  prostate 
cancer.

VEGF Targeted Inhibition

The use of angiogenesis inhibitors is rapidly emerging 
as a promising treatment strategy in a variety of solid 
tumors, currently including prostate cancer [14]. 
Importantly, the inevitable emergence of drug resis-
tance that is seen with the use of cytotoxic chemother-
apy alone may be overcome by targeting endothelial 
cells that possess little or no inherent mutation [15]. In 
addition, there is evidence suggesting enhanced 
 efficacy of cytotoxic chemotherapy when it is com-
bined with specific angiogenesis inhibitors as a result 
of vessel normalization and improvement in intratu-
moral or interstitial fluid pressure, allowing for better 
delivery of chemotherapy to areas of tumor [16, 17].

Specific strategies, which have been used to target 
angiogenesis in prostate cancer, include blocking of 
pro-angiogenic factors such as VEGF via monoclonal 
antibodies such as bevacizumab or other small mole-
cule inhibitors targeting downstream signaling path-
ways for angiogenesis, direct inhibition of endothelial 
cells, or targeting other receptors involved in cell adhe-
sion, proliferation, and survival [18].

The Clinical Role of Bevacizumab  
in Prostate Cancer

Preclinical Data

VEGF plays a role in the pathogenesis and progression 
of human prostate cancer [19, 20]. Flk-1/KDR recep-
tors are expressed in human prostate cancer, and their 
presence correlates with higher grade lesions [21]. VEGF 
is present in both localized and metastatic  prostate tumors 
as well as the plasma of patients with metastatic disease, 
and increasing expression  correlates with disease pro-
gression [22–24]. In patients with  castrate-resistant 
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disease, both plasma and urine VEGF levels are inde-
pendent predictors of survival [25, 26]. In vivo and in 
situ molecular analysis demonstrated that castration 
leads to tumor regression and  concomitant decrease in 
VEGF expression [27, 28]. Subsequently, replacement 
of androgens to long term castrated rats stimulated 
eightfold increase rise in VEGF content. In studies 
with the Shionogi murine tumor (an androgen-depen-
dent mammary tumor), castration leads to tumor 
regression with a marked decrease in VEGF within 1 
week. Once these tumors relapse in the absence of 
androgens, the dominant angiogenic factor is VEGF.

Antibodies to VEGF have caused tumor regression 
in preclinical prostate tumor models [29–31]. In human 
prostate cancer xenograft, an oral inhibitor of VEGF 
(ZD6474) produced greater inhibition of tumor growth 
than orchiectomy but increased tumor necrosis was 
observed when ZD6474 was combined with orchiec-
tomy. In studies that evaluated, androgen-independent 
AT-1 prostate cancer cells that were grown inside the 
ventral prostate of adult non-castrated rats, ZD6474 
decreased tumor vascular density, increased tumor 
hypoxia and apoptosis, and decreased tumor growth 
[32]. Similar effects were seen with castration that 
suggested castration and inhibition of VEGF may work 
through similar mechanisms. In these studies, the com-
bination of ZD6474 and castration had synergistic 
effects on the tumor growth.

These studies suggests that VEGF pathway specifi-
cally plays a critical role in development and progres-
sion of prostate cancer, and that inhibitors of the VEGF 
signaling in combination with other standard treat-
ments may improve the outcomes of patients with 
prostate cancer.

Success of Bevacizumab in Cancer

Bevacizumab has been approved by the FDA for first- 
and second-line therapy of metastatic colorectal can-
cer (CRC), first-line therapy of non-small cell lung 
cancer (NSCLC), and more recently metastatic HER2-
negative breast cancer. In patients with CRC, bevaci-
zumab was shown to extend patients’ lives by about 5 
months when given intravenously as a combination 
treatment along with the standard regimen of ironote-
can, 5-fluorouracil (5FU), and leucovorin [33]. In the 
second-line setting, an absolute 17% improvement in 

overall survival (OS) and a 26% relative reduction  
in risk of death has been shown in patients receiving 
the combination of bevacizumab plus FOLFOX-4 
 compared with those receiving FOLFOX-4 alone [34]. 
This study is noteworthy as it was the first Phase III 
study to demonstrate the ability of bevacizumab to 
enhance the efficacy of an oxaliplatin-based regimen.

The recommendation for the initial systemic treat-
ment of patients with unresectable, locally advanced, 
recurrent, or metastatic, nonsquamous, NSCLC is 
based on the demonstration of a statistically significant 
improvement in OS in patients receiving bevacizumab 
with carboplatin and paclitaxel compared with those 
receiving carboplatin and paclitaxel alone [35].

The recent approval in breast cancer was based on 
the demonstration of an improvement in progression-
free survival (PFS) in patients receiving bevacizumab 
with paclitaxel compared with those receiving pacli-
taxel alone as a first-line treatment for metastatic breast 
cancer [36].

Most of the data elucidating the toxicities associ-
ated with bevacizumab have come from trials in CRC. 
Specific adverse effects, which have been attributed to 
bevacizumab, include hemorrhage (2–9.3%), throm-
boembolism (0–19%), proteinuria (1–28%), hyperten-
sion (7–25%), and perforation (0–3.3%).

Clinical Trials in Castration-Resistant 
Prostate Cancer

Bevacizumab is a humanized monoclonal antibody that 
was developed from a murine antihuman VEGF mono-
clonal antibody that functions as an inhibitor of all 
major isoforms of VEGF-A [37]. A series of phase II 
and III clinical trials are being conducted to evaluate 
response to single-agent therapy as well as response to 
therapy in combination with other agents, which have 
demonstrated effect on prostate cancer and offered the 
potential of a synergistic effect when administered with 
bevacizumab (Table 18.1). Bevacizumab as a single 
agent in castration-resistant prostate cancer has shown 
modest clinical activity. In a phase II study, 15 patients 
with castration-resistant disease were treated with 
10 mg/kg rhuMAb VEGF every 14 days for six infu-
sions followed by additional treatment for selected 
patients exhibiting a response or stable disease. After 
12 weeks of therapy, none of the 15 patients evaluable 
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for tumor response had an objective complete or partial 
res ponse. Three possible mixed responses were observed.  
No patient achieved a >50% decrease in serum PSA, 
although four patients (27%) had a PSA decline of 
<50%. The median time to objective progression was 
3.9 months, and the median time to PSA progression 
was 2 months. Toxicity was generally mild with asthe-
nia present in 6/15 (40%). Two patients developed 
severe hyponatremia, although the association with 
rhuMAb VEGF was unclear. The conclusion was that 
single-agent rhuMAb VEGF in this dose and schedule 
did not produce significant objective responses in this 
population. It was recommended that further develop-
ment of this agent in prostate cancer should include its 
evaluation in combination with other therapies [38].

Because of the encouraging safety profile in pros-
tate cancer and data from other malignancies showing 
enhanced clinical activity and benefit when combined 
with a cytotoxic agent, several combinational studies 
have been done. The investigators from the Cancer and 
Leukemia Group B (CALGB) performed a phase II 
trial investigating the role of bevacizumab with estra-
mustine and docetaxel in patients with progressive cas-
trate metastatic prostate cancer (CALGB 90006) [39]. 
Seventy-nine patients were treated with this combina-
tion (EMP-280 mg po TID days 1–5; Docetaxel 70 mg/
m2 – day 2; Bevacizumab 15 mg/kg over 30 min-day 
2). Typical premedication for Docetaxel was given, 
and daily 2 mg of coumadin was administered to help 
prevent any thromboembolic disease related to the 
estramustine. Patients tolerated the therapy well. There 
was one death due to mesenteric vein thrombosis, one 
unrelated death due to a perforated sigmoid colon 
diverticulum, two patients with a CNS bleed, and two 
patients each with pulmonary embolism and deep 

venous thrombosis. Although these thromboembolic 
events were of concern, the overall incidence was not 
dramatically higher than what has been observed with 
estramustine and docetaxel without bevacizumab. An 
increase in neutropenia without neutropenic fever was 
observed. Additionally, an increased number of infec-
tions were also seen. The other toxicities were similar 
to what were published studies from Savarese and col-
leagues with estramustine, docetaxel, and hydrocorti-
sone [40]. Perhaps, most importantly, the results observed 
with this combination compared favorably with other 
concurrent combinations tested by the CALGB. 
Compared with another CALGB triplet trial in which 
carboplatin was added to estramustine and docetaxel 
(CALGB 99813) [41], the use of bevacizumab resulted 
in a post-therapy PSA decline in 58 out of 72 (81%) 
patients compared with 68% of the patients treated with 
the carboplatin regimen, median time to objective disease 
progression of 9.7 months compared with 8.1, median 
time to PSA failure of 9.9 vs. 9 months, and OS of 21 
months compared with 18 months. DiLorenzo et al. 
also evaluated the combination of docetaxel (60 mg/
m2) and bevacizumab (10 mg/kg) every 3 weeks in 
patients with castrate-resistant disease, who had been 
treated with up to two prior chemotherapy regimens 
with one being docetaxel. Twenty heavily pretreated 
patients were enrolled, 11 (55%) of the patients had 
major PSA declines posttherapy and one third of the 
evaluable patients achieved a partial response [42]. Of 
interest, four patients who had no response to doc-
etaxel previously had significant post-therapy PSA 
decline with the combination. This would suggest that 
bevacizumab may reverse docetaxel resistance in some 
patients either by improving drug delivery or by 
another mechanism that still needs to be elucidated.

Table 18.1 Selected clinical trials of bevacizumab in prostate cancer

Clinical trials
Study 
designation Disease designation Agents

CALGB 9006 Phase II HRPC Bevacizumab, docetaxel, and estramustine
NCI-04-C-0257 Phase II HRPC Bevacizumab, thalidomide, and docetaxel
CALGB 90401 Phase III HRPC Docetaxel and prednisone with or without bevacizumab
WSU-2006-064 Phase II HRPC Bevacizumab
NCT00321646 Phase II High-risk, localized PC Neoadjuvant Bevacizumab plus Docetaxel before surgery
BRIVMRC-3031500 Phase II High-risk, locally advanced PC Bevacizumab plus ADT and RT
NCT00574769 Phase I/II HRPC Bevacizumab plus Docetaxel and RAD001 (mTOR 

inhibitor)
TORI GU-01 Phase II High-risk, localized PC Adjuvant Bevacizumab plus erlotinib following surgery
NCT00658697 Phase II Rising PSA after local therapy Bevacizumab, Docetaxel, and ADT followed by 

continued Bevacizumab and ADT
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Colleagues at the National Cancer Institute (NCI) 
conducted a trial using the combination of bevacizumab 
(15 mg/kg) with docetaxel (75 mg/m2) every 3 weeks, 
prednisone 5 mg twice daily, and thalidomide 200 mg 
every night, with thromboprophylaxis. Sixty evaluable 
patients with unfavorable characteristics evidenced by 
a high Gleason score and a short PSA doubling time 
were enrolled. Ninety percent of patients receiving the 
combination therapy had PSA declines of ≥ 50%, and 
88% achieved a PSA decline of ≥ 30% within the first 
3 months of treatment. The median time to progression 
was 18.3 months, and the median overall survival was 
28.2 months [43]. Significant toxicities reported were 
febrile neutropenia, syncope, GI perforation or fistula, 
thrombosis, and grade 3 bleeding.

These encouraging data have lead to a randomized 
phase III double-blinded study comparing Docetaxel 
and prednisone with bevacizumab or placebo (CALGB 
90401) [44] (Fig. 18.2). Preliminary results of the 
study have been reported. In an intent to treat analysis 
there was no significant difference in the median sur-
vival  between the two arms (22.6 for the Docetaxel, 
prednisone and bevacizumab vs. 21.6 months for 
Docetaxel and prednisone alone, p = 0.181; Hazard 
ratio (HR) = 0.91). The median progression free sur-
vival favored patients  treated on the bevacizumab arm 
(9.9 months verses 7.5 months, p< 0.0001; HR = 0.77). 
Secondary endpoints of ≥ 50% post- therapy PSA 
declines (69.5% vs. 53.2%, p = .0002) and objective 
response proportions (57.9 % vs. 53.2%, p = .0113) 
significantly favored the bevacizumab treated patients. 
Overall summary for maximum hematologic and non-
hematologic adverse events showed that there was an 
increase in morbidity and mortality associated with 
docetaxel, prednisone and bevacizumab in this elderly 
population. This study showed that the addition of 

bevacizumab to docetaxel and prednisone did increase 
progression free survival; objective and PSA response 
along with the toxicity, but not the overall survival.  
The lack of survival benefit may have been related to 
the heterogeneity of the study population as well as 
impact of secondary chemotherapies on the primary 
outcome of the study. Further randomized studies are 
needed to define the role of  anti-angiogenic therapy in 
this metastatic castrate resistant prostate cancer. (Kelly, 
WK et al. Jouranl of Clinical Oncology Proceeding 
2010 ASCO, LBA 4511, Chicago, Ill June 4-8, 2010).

Bevacizumab in Castrate-Sensitive 
Prostate Cancer

Preclinical data demonstrate a strong association 
between castration and VEGF expression as well as a 
synergy between androgen deprivation and blockage 
of the VEGF pathway. This would suggest that castra-
tion and VEGF inhibition may lead to increased pros-
tate cell death and prolong the effects of castration. 
Moreover, it is foreseeable that bringing bevacizumab 
to the forefront in treating patients with castrate- 
sensitive disease could potentially improve androgen 
deprivation therapy (ADT) clinical activity.

However, as we introduce biologic agents such as 
bevacizumab to earlier disease populations that have 
longer OSs, investigators need to ensure that these 
agents are not increasing other morbidities such as car-
diovascular disease. Men with prostate cancer have a 
higher rate of non-cancer mortality than men in the 
general population with some of this excess mortality 
related to treatment. Keating and collogues, in an 
observational study of 73,196 patients with prostate 
cancer from the SEER database, showed that the use of 
GnRH agonists was associated with increased risk of 
incident of diabetes, coronary heart disease, myocar-
dial infarction, and sudden cardiac arrest [45]. An 
increased risk of diabetes and coronary heart disease 
was evident even with 1–4 months of initiating GnRH 
analog therapy. Thus, the addition of any agent to ADT 
must consider the impact on non-cancer morbidity and 
mortality. Ultimately, to bring such a combination of 
bevacizumab plus ADT therapy forward into an 
asymptomatic population will require establishing the 
safety of this combination along with understanding 
the biological and clinical effects of these therapies Fig. 18.2 CALGB 90401 clinical trial treatment schema
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combined in androgen-dependent patients. Several tri-
als are currently ongoing to further explore the safety 
and clinical activity of anti-angiogenesis agents in 
combination with ADT.

Future Directions

The search for better angiogenic inhibitors in terms of 
potency, tolerability, safety, and efficacy is a burgeon-
ing field in all aspects of cancer research. It holds true 
promise with remarkable objective tumor response in 
synergism with conventional cytotoxic chemotherapy. 
Bevacizumab has a significant potential to augment the 
impact of other cytotoxic agents when given in combi-
nation. However, a significant limitation for bevaci-
zumab as well as other agents working along related 
pathways is the concerns over debilitating toxicities in 
some patients. In this context, studies investigating the 
optimal dosing regimen and duration of treatment with 
bevacizumab combination therapies are needed to help 
circumvent a number of the toxicities. As in other 
malignancies, biomarkers and prognostic models that 
select patients for angiogenesis therapy are desperately 
needed. These data to date remain encouraging, and 
the ongoing trials will help determine the role of beva-
cizumab in patients with prostate cancer.
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Abstract Thalidomide (Thalomid®), originally 
 marketed as a sedative in Europe in the 1950s but 
withdrawn after teratogenicity was observed, has expe-
rienced a resurgence of interest due to its apparent 
anti-angiogenic and immunomodulatory properties. 
Thalidomide is currently in clinical testing for the 
treatment of prostate cancer. Numerous studies that 
have been completed, or are currently ongoing, have 
demonstrated promising activity. Thalidomide has 
been tested as a single agent and in combination 
with both targeted agents, such as bevacizumab, and 
traditional cytotoxic drugs, such as paclitaxel and 
docetaxel, in the majority of the studies. A range of 
thalidomide analogs have been generated in an effort 
to improve the clinical activity while reducing the side 
effect profile. Lenalidomide (Revlimid™), an immu-
nomodulatory analog of thalidomide, has entered 
clinical trials in prostate cancer and is being tested in 
many of the same combinations. This chapter reviews the 
clinical trials of thalidomide and lenalidomide initi-
ated or completed to date, including dosing, clinical 
response, and toxicity.

Keywords Thalidomide • Lenalidomide • Angiogenesis 
• Prostate cancer • Immunomodulatory

Introduction

Thalidomide was originally developed by the German 
company Chemie Gruenthal in the 1950s as an oral 
sedative and was widely prescribed outside of the US 
for off-label usage as an antiemetic. It was withdrawn 
from the market in 1961 after thalidomide was found 
to be teratogenic, causing phocomelia in over 10,000 
babies, whose mothers had taken the drug during their 
first trimester of pregnancy [1].

Over 30 years later, a resurgence of interest in thali-
domide occurred when D’Amato et al. reported that it 
was an inhibitor of angiogenesis [2]. They postulated 
that the observed limb defects were directly caused by 
inhibition of blood vessel growth in the developing 
fetal limb bud and demonstrated that thalidomide 
inhibits blood vessel growth in the chicken chorioal-
lantoic membrane assay and inhibits bFGF-stimulated 
corneal neovascularization in treated rabbits. Interes-
tingly, thalidomide is believed to exert its anti-angiogenic 
effects only when metabolized, as reported by several 
groups, though the exact mechanism of action has not 
been elucidated [2, 3]. In addition to its anti-angiogenic 
activity, thalidomide has also been shown to inhibit 
COX-2 and have immunomodulatory and anti- 
inflammatory activity [4].

The observed anti-angiogenic activity of thalido-
mide is of particular interest for the treatment of prostate 
cancer and other solid tumors. Numerous studies have 
shown that tumor angiogenesis correlates with both 
early hormone-dependent prostate growth and develop-
ment of metastatic tumors [5–7].

In late 1997, thalidomide (marketed as Thalomid®, 
by Celgene Corp.) was granted the US Food and 
Drug Administration (FDA) approval for the treat-
ment of erythema nodosum leprosum, a serious skin 
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complication of leprosy. In 2006, thalidomide was 
granted the accelerated FDA approval for the treat-
ment of multiple myeloma, in combination with 
dexamethasone.

Because of the severe teratogenicity of thalidomide, 
all distribution is heavily restricted and monitored, 
under Celgene’s S.T.E.P.S. program (System for 
Thalidomide Education and Prescribing Safety) [8]. 
This program was designed to minimize the chance of 
fetal exposure, and requires prescribers and pharma-
cists to register with the program. For male patients, 
the program involves extensive counseling about the 
risks and benefits, along with requirements for taking 
the drug. Additionally, male patients are instructed to 
use a latex condom during sexual intercourse, regard-
less of vasectomy, because of the presence of thalido-
mide in semen.

Thalidomide as a Single Agent

On the basis of the anti-angiogenic activity of thalido-
mide reported by D’Amato et al., and the numerous 
publications linking angiogenesis with prostate cancer 
progression, an open-label, randomized Phase II study 
of thalidomide was initiated at the National Cancer 
Institute [9]. This study enrolled a total of 63 men with 
castration-resistant prostate cancer (CRPC), 50 of 
which received 200 mg/day (the low-dose arm) and 13 of 
which received 1,200 mg/day (the high-dose arm). The 
high-dose arm was poorly tolerated, and many patients 
could not be escalated above 200 mg/day owing to the 
side effects, primarily sedation and fatigue. This arm 
was terminated early, as none of the 13 patients had a 
>50% decline in prostate-specific antigen (PSA). 
However, a total of 28% of patients had a >40% decline 
in PSA. Four patients maintained a >50% decline in 
PSA for more than 150 days. This is of note considering 
that thalidomide has been shown to upregulate the 
expression of PSA in prostate cancer cells [10]. 
However, by computed tomography (CT) or bone scan 
criteria, there were no partial responses (PR). 
Microvessel count and the expression of angiogenic 
markers (vascular endothelial growth factor, VEGF, 
and basic fibroblast growth factor, bFGF) were also 
evaluated in biopsy samples, although a correlation 
with response was not observed. Conversely, circulating 

bFGF did appear to decrease in patients who received 
the drug for more than 4 months. Figg et al. reported 
that constipation, dizziness, edema, fatigue, mood 
changes were the most prevalent toxicities observed 
[9]. Molloy et al. published detailed information about 
the development of thalidomide-induced neuropathy 
in this trial [11]. Of the eight patients remaining on 
study at 6 months, three patients had clinical and elec-
trophysiologic evidence of sensory neuropathy. The 
three patients who remained on study after 9 months of 
treatment had all developed symptoms of peripheral 
neuropathy since the previous examination [11].

A second open-label Phase II study of thalidomide 
as a single agent was subsequently reported by Drake 
et al. [12]. Twenty men with CRPC received 100 mg/day 
thalidomide for up to 6 months. A >50% decline in 
PSA was observed in three (15%) of the treated men. 
A correlation between PSA and serum bFGF and 
VEGF was observed, with 5 of the 6 men whose PSA 
declined also exhibiting a decrease in circulating bFGF 
and VEGF. Similar to the initial study published by 
Figg et al., the most commonly observed adverse 
effects were constipation, fatigue (“sedation hangover”), 
and dizziness. Although these side effects were generally 
mild, all seven of the men who completed 6 months of 
thalidomide therapy exhibited subclinical peripheral 
neuropathy.

Both the Figg and Drake studies enrolled patients 
with CRPC, a population that has typically been heavily 
pretreated and has significant tumor burden. However, 
as angiogenesis inhibitors are anticipated to be cytostatic, 
halting tumor progression rather than resulting in 
regression, it has been hypothesized that treatment 
 earlier in the course of the disease process would be 
more beneficial. Recently, a double-blind randomized 
crossover Phase III study of thalidomide vs. placebo 
control in patients with stage D0 androgen-dependent 
prostate cancer following limited hormonal ablation 
was completed [13]. The study enrolled 159 patients 
and after 6 months of intermittent GnRH agonist 
 treatment (with leuprolide or goserelin), therapy with 
thalidomide (200 mg/day) or placebo was initiated. 
The median time to PSA progression for the thalidomide 
group was 17.1 months vs. 6.6 months on placebo 
(p = 0.0002). Despite thalidomide having no effect on 
testosterone normalization, there was a clear effect on 
PSA progression. Neuropathy was evident with 
 prolonged use of thalidomide.
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Much interest is focused on the role of the tumor 
microenvironment and how interruption of the interaction 
between the tumor and its surrounding normal stroma 
may result in inhibition of tumor progression. 
Efstathiou et al. evaluated the effect of thalidomide on 
the tumor microenvironment by treating 18 men with 
200–600 mg/day for 12 weeks immediately prior to 
radical prostatectomy [14]. All patients were started at a 
dosage of 200 mg/day and the dose was then escalated 
to 600 mg/day in the absence of grade 3 or 4 toxicity. 
Serum PSA levels declined in 17 of the 18 men enrolled, 
with a median reduction of 42% after 12 weeks of 
treatment. Similar to previous studies, the most frequent 
toxicities observed were low-grade somnolence, fatigue, 
neurotoxicity, and constipation. Following radical 
prostatectomy, thalidomide-treated prostate tissue was 
compared with untreated match-control prostate tissue 
using microarrays. VEGF and interleukin-6 (IL-6), 
both of which are involved in prostate cancer angio-
genesis, were significantly lower in the thalidomide 
treated group, in both the tumor epithelium and the stroma. 
Significantly decreased expression of Smoothened 
(Smo), a key component of the sonic hedgehog signal-
ing pathway was observed, as was a decrease in the 
matrix metalloproteinases (MMPs), MMP-2 and 
MMP-9 expression, in thalidomide-treated tissue when 
compared with control. These observations suggest 
that thalidomide is affecting the tumor microenviron-
ment in a manner that may result in a decrease in the 
invasiveness of the tumor phenotype [14]. Table 19.1 
provides a summary of single agent thalidomide trials 
in men with prostate cancer.

Thalidomide in Combination Therapy

In 2004, docetaxel (Taxotere®), a traditional cytotoxic 
agent, was approved in combination with prednisone 
for advanced CRPC, based on the improved overall 
survival when compared with mitoxantrone plus pred-
nisone [15]. Docetaxel had previously been shown to 
have activity in CRPC both as a single agent and in 
combination with estramustine [16–18]. In 1999, a 
randomized Phase II clinical study compared thalido-
mide plus weekly docetaxel with weekly docetaxel 
alone as first-line treatment in men with CRPC [19]. 
Twenty-five men were randomized to receive 30 mg/m2 
docetaxel intravenously each week for 3 out of 4 weeks. 
Fifty men were randomized to the same regimen with 
the addition of 200 mg daily oral thalidomide. At a 
median follow-up time of 26.4 months, the proportion 
of patients with >50% decline in PSA was higher in the 
combination group (53% in the docetaxel/thalido-
mide group compared with 37% for docetaxel alone).  
In addition, overall survival at 18 months was greater 
in the combination treatment arm when compared with 
docetaxel alone (68.2% vs. 42.9%). Median progression-
free survival (PFS) was also longer in the docetaxel/
thalidomide cohort (5.9 months when compared with 
3.7 months). However, none of these findings were sta-
tistically significant. The majority of observed toxici-
ties were expected based on earlier studies of these two 
agents. However, of serious concern was the observa-
tion that 12 of the first 43 patients in the docetaxel/
thalidomide cohort experienced thromboembolic 
events, either venous thrombosis, transient ischemic 

Table 19.1 Summary of single agent thalidomide trials in prostate cancer

Investigator Patients enrolled Dose Clinical results Major toxicities

Figg et al. [9] 63 men with CRPC  
(50 low-dose and  
13 high-dose)

200 mg/day (low-dose)  
or 1,200 mg/day 
(high-dose)

28% of patients >40% 
PSA decline

Sedation, fatigue, constipation, 
dizziness, edema, mood 
changes, neuropathy

Drake et al. [12] 20 men with CRPC 100 mg/day 15% of patients >50% 
PSA decline

Constipation, fatigue, dizziness, 
peripheral neuropathy

Figg et al. [13] 159 men with stage D0 
androgen-dependent 
disease (randomized 
crossover)

200 mg/day Median time to PSA 
progression  
17.1 months vs.  
6.6 with placebo

Standard toxicities,  
neuropathy

Efstathiou  
et al. [14]

18 men with prostate 
cancer, prior to  
radical  
prostatectomy

200–600 mg/day PSA decline in 17/18 
mean enrolled 
(median of 42% 
decline after 12  
weeks of treatment)

Somnolence, fatigue,  
neurotoxicity, and 
constipation

CRPC castration-resistant prostate cancer; PSA prostate-specific antigen
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attack, or stroke. Conversely, none of the patients 
receiving docetaxel alone experienced thromboembo-
lic events. The addition of low-molecular-weight hep-
arin (LMWH) to the combination regimen prevented 
any further events from occurring [19].

Numerous subsequent studies continued to combine 
thalidomide with traditional cytotoxic chemotherapy. 
One study added estramustine to the combination of 
doctetaxel and thalidomide described earlier, based on 
the synergistic activity of estramustine with docetaxel 
and promising preclinical activity of this triple combi-
nation [20]. A total of 20 patients with metastatic 
CRPC were enrolled into this phase II clinical trial. 
PFS was 7.2 months and 18 of the patients had a >50% 
decline in PSA. Two of the 10 patients with soft-tissue 
lesions had a partial response based on CT scan. The 
majority of patients (17/20) required a dose reduction 
of at least one of the three agents, and 65% of patients 
experienced grade 3 or 4 toxicities. On the basis of the 
incidence of thromboembolic events in the initial 
 docetaxel-thalidomide trial, LMWH was administered 
to all patients. Despite this prophylactic treatment, two 
patients experienced thromboembolic events [19]. 
Based on the results of this trial, a larger, randomized 
study is required to confirm that the addition of thali-
domide to the combination of docetaxel and estramus-
tine is warranted.

The same regimen was also tested in a community-
based study of elderly men, using 100–200 mg/day 
thalidomide [21]. Ten of 17 patients (59%) experi-
enced a PSA decline of >50%, with one PR and seven 
stable disease (SD) by RECIST criteria. Following 
6 months of treatment, those responding or with SD 
switched over to maintenance thalidomide only. 
Overall, three patients experienced life threatening 
deep vein thrombosis (despite warfarin prophylaxis), 
and more than half of the patients receiving 200 mg/
day thalidomide required dose reductions. The authors 
concluded that in elderly men with CRPC, this combi-
nation did not represent an improvement over the 
 previously reported efficacy of docetaxel or estramustine, 
especially in light of the apparent toxicity [21].

A similar study was performed by Mathew et al. 
that combined thalidomide and estramustine with 
another taxane, paclitaxel [22]. The trial was designed 
as a Phase I/II, to establish the maximum tolerated 
dose (MTD) of thalidomide, when used in this combi-
nation. The MTD was established at 600 mg/day, in 
combination with 100 mg/m2 paclitaxel (days 3 and 10) 
and 140 mg estramustine (three times daily on days 

1–5 and 8–12). However, the majority of patients could 
not be escalated beyond 400 mg/day thalidomide, 
because of the somnolence or fatigue. Regardless, 76% 
of evaluable patients experienced >50% decline in 
PSA, with 5 of 18 patients with measurable disease 
exhibiting an objective response. Interestingly, 64% of 
the patients with disease refractory to previous taxane 
therapy had >50% decline in PSA. The overall median 
time to progression was 3 months and median survival 
duration was 13.6 months. Grade 3/4 toxicities included 
neutropenia, fatigue, dyspnea, and thromboembolic 
events (despite prophylactic low-dose warfarin and 
aspirin). Because of the early and cumulative toxicity 
observed with thalidomide, Mathew et al. recommended 
future dosing of thalidomide in this combination not to 
exceed 200 mg/day.

The use of low-dose thalidomide in combination 
therapy was also confirmed in a small Phase I study 
evaluating thalidomide and paclitaxel in combination 
with doxorubicin in men with CRPC [23]. The thalido-
mide dose was escalated from 200 to 400 mg/day, and 
the MTD was determined to be 300 mg/day. This 
 regimen also proved to be efficacious in this heavily 
pretreated population. All nine patients evaluable for 
response experienced at least SD, with 5 of the 9 having 
PSA declines of >50%. Neutropenia was the most 
common grade 3/4 toxicity, occurring in 9 of the 
12 patients across all dose levels [23]. A Phase II study 
at the University of Pittsburgh is currently underway, 
evaluating thalidomide and doxorubicin, without 
 paclitaxel, in men with CRPC [24].

Romero et al. recently investigated the oral combi-
nation of dexamethasone and thalidomide in patients 
with CRPC, who had progressed after chemotherapy [25]. 
Steroid-only treatments (prednisone, hydrocortisone, 
or dexamethasone) had previously exhibited some 
activity in CRPC [26–31]. In this study of 39 men, 
median PFS was 84 days. Ten individuals (26%) had at 
least a 50% decline in PSA with no radiological or 
clinical progression. An additional 14 individuals 
exhibited a decline in PSA, but had other progression 
by 12 weeks. In addition to poor efficacy, this regimen 
resulted in five thromboembolic events and significant 
neuropathy [25].

A phase I study by Di Lorenzo et al. evaluated the 
combination of thalidomide and cyclophosphamide in 
16 highly pretreated men with CRPC [32]. The MTD 
of thalidomide was found to be 100 mg/day, because 
of one incident each of grade 3 peripheral neuropathy 
and venous thrombosis in the 200 mg/day cohort. This 
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low MTD is perhaps unsurprising considering that it 
has previously been reported that cyclophosphamide 
alters the pharmacokinetics of thalidomide, prolonging 
the half-life and increasing drug exposure [33]. In this 
heavily pretreated population, only 2 of 13 evaluable 
patients had a decline in PSA >50% [32].

The combination of thalidomide and granulocyte 
stimulating factor (GM-CSF) was initially evaluated 
in 22 men with CRPC, based on the observed single 
agent activity of these two therapies [34]. Patients 
received GM-CSF three times weekly, and oral thali-
domide dose was escalated up to 200 mg/day. All 
patients experienced a decline in PSA, with five 
patients (23%) exhibiting a decrease of >50%. 
Furthermore, two patients achieved an objective reduc-
tion in measurable soft tissue disease [34]. This rela-
tively well-tolerated regimen was subsequently evaluated 
in a Phase II study enrolling patients with hormone-
naïve disease [35]. Thalidomide was initially admin-
istered at 100 mg/day, and escalated up to 400 mg/day 
based on individual tolerance. Of 20 evaluable 
patients, 18 experienced a decline in PSA (median of 
59%, range 26–89%). The median duration of response 
was 11 months [35]. A subsequent study was initiated 
by the same  investigators, adding docetaxel to the tha-
lidomide and GM-CSF  regimen in patients with 

hormone-naïve prostate cancer, but has since been ter-
minated [36].

Laber et al. reported the results of a Phase I study of 
thalidomide, capecitabine, and temozolomide that 
included two patients with advanced prostate cancer 
[37]. Thalidomide was administered at 100 mg/day. 
Both of the men with prostate cancer experienced a 
partial response, suggesting that this regimen may 
warrant further study.

Finally, a promising phase II trial combining thalido-
mide with bevacizumab (to block multiple antiangiogenic 
pathways) along with docetaxel and prednisone is cur-
rently underway [38]. Thalidomide (200 mg) and predni-
sone (10 mg) are being administered daily, with docetaxel 
(75 mg/m2) and bevacizumab (15 mg/kg) given every 3 
weeks. A total of 60 patients with metastatic mCRPC have 
been enrolled. Ninety percent of patients receiving the 
combination therapy had PSA declines of ≥ 50%, and 
88% achieved a PSA decline of ≥ 30% within the first 3 
months of treatment. The median time to progression was 
18.3 months with a median overall survival of 28.2 months 
[38]. The addition of bevacizumab and thalidomide to 
docetaxel is an active combination with manageable tox-
icities and future studies are warranted in this patient pop-
ulation. Table 19.2 summarizes the completed clinical 
trials of thalidomide combinations in prostate cancer.

Table 19.2 Summary of completed thalidomide combination trials in prostate cancer

Investigator
Patients  
enrolled

Thalidomide 
dose Combination agents Clinical Results Major toxicities

Dahut et al. 
[19]

75 men with 
CRPC (50 
randomized  
to combina-
tion, 25 to 
docetaxel 
alone)

200 mg/day 30 mg/m2 docetaxel 
weekly

No statistically  
significant findings. 
Overall survival at 18 
months: 68.2% vs. 
42.9% for docetaxel 
alone. Median PFS:  
5.9 months vs. 3.7 
months for docetaxel 
alone

Fatigue, edema, constipation, 
sensory neuropathy.  
High incidence of 
thromboembolic events  
led to addition of  
prophylactic LMWH

Figg et al.  
[20]

20 men with 
metastatic 
CRPC

200 mg/day 30 mg/m2 docetaxel 
weekly on days 1,  
8 and 15, plus 
estramustine (3×/
day on days 1–3, 
8–10, and 15–17  
of each 28-day 
cycle)

PFS of 7.2 months. PSA 
decline of >50% in 
18/20 patients. Two  
PR in patients with  
soft tissue lesions

17/20 patients required dose 
reductions in 1 or more 
drug. Nausea, sedation, 
constipation, alopecia, 
sensory neuropathy.  
2 thrombotic events,  
despite prophylactic 
anticoagulation

Frank et al. 
[21]

17 elderly  
men with 
CRPC

100–200 mg/
day

25 mg/m2 docetaxel 
weekly on days 1,  
8, and 15, plus 
140 mg estramus-
tine 3×/day, 3×  
per week

PSA decline of >50% in 
10/17 patients. 1 PR,  
7 SD. Median survival 
of 17 months

Major grade 3/4 toxicities 
included: DVT, asthenia, 
edema and dyspnea. More 
than half of the patients 
required dose reductions of 
thalidomide from 200 mg

(continued)
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Thalidomide Analogs

Numerous thalidomide analogs have been synthesized 
to optimize the antiangiogenic and anti-tumor proper-
ties of thalidomide, while reducing the side effects [39]. 
This includes efforts to reduce teratogenticity, improve 
TNF-alpha inhibitory activity, or eliminate the need 
for metabolism. Of the thalidomide analogs currently 
in development, two agents in a class termed immuno-
modulatory drugs (IMiDs) have entered  clinical testing. 
Lenalidomide (Revlimid®, CC-5013) and CC-4047 
(Actimid®) act similarly to thalidomide, but have 
improved TNF-alpha inhibitory activity [39]. Initial 
in vitro and in vivo testing has suggested that lenalido-
mide possesses anti-migratory and anti- angiogenic 
activity [40]. It was shown to inhibit vascularization in 
a dose-dependent manner in the rat mesenteric window 
assay. Furthermore, endothelial cell migration was 
inhibited by lenalidomide in vitro [40]. In 2006, 

Lenalidomide was approved for use in combination 
with dexamethasone in patients with  multiple myeloma 
by the US FDA.

Lenalidomide as a Single Agent

A Phase I study of oral lenalidomide was initiated in 
2002 by Dahut et al. [41]. Although open to any patient 
with a refractory solid tumor or lymphoma, 35 of the 
45 patients accrued presented with prostate cancer. 
Lenalidomide was initially administered orally once 
per day continuously from 5 to 20 mg. This was subse-
quently modified, with patients receiving lenalidomide 
for the first 21 days of each 28-day cycle, starting at 
15 mg/day and dose escalating to 40 mg/day. The most 
frequent grade 1 and 2 toxicities included fatigue, 
 nausea, pruritus/rash, neutropenia, and neuropathy. 

Table 19.2 (continued)

Investigator
Patients  
enrolled

Thalidomide 
dose Combination agents Clinical Results Major toxicities

Mathew et al. 
[22]

40 men with 
CRPC (10 
Phase I + 30 
Phase II)

200–600 mg/
day (600 
established 
as 
thalido-
mide 
MTD)

100 mg/m2 paclitaxel 
on days 3 and  
10, 140 mg 
estramustine 3×/ 
day on days 1–5 
and 8–12 of  
21-day cycle

PSA decline of >50%  
in 29/38 patients. 
Objective response  
in 5/18 patients with 
measurable disease

Major grade 3/4 toxicities 
included: neutropenia, 
fatigue, dyspnea and 
thromboembolic events

Amato and 
Sarao [23]

12 men with 
CRPC

200–400 mg/
day (300 
estab lished 
as 
thalido-
mide 
MTD)

100 mg/m2 paclitaxel 
and 20 mg/m2 
doxorubicin  
weekly for 3  
weeks of each  
5 week cycle

PSA decline of >50%  
in 5/9 evaluable  
patients

Major grade 3/4 toxicities 
included: neutropenia, 
fatigue, constipation and 
leukopenia

Romero et al. 
[25]

39 men with 
CRPC, 
following  
one or more 
cytotoxic 
treatment

100–400 mg/
day

0.75 mg dexametha-
sone twice  
daily

PSA decline of >50%  
in 10/39 patients. 
Median PFS:  
84 days

Major grade 3/4 toxicities 
included: neuropathy, 
thrombotic events and 
fatigue

Di Lorenzo 
et al. [32]

16 men with 
CRPC

100–200 mg/
day (100 
established 
as MTD)

50 mg/day oral 
cyclophosphamide

PSA decline of >50%  
in 2/16 patients

Grade 3/4 toxicities included 
neutropenia, anemia, 
constipation, peripheral 
neuropathy and venous 
thrombosis

Dreicer et al. 
[34]

22 men with 
CRPC

100–200 mg/
day

250 mg GM-CSF  
three times  
weekly

PSA decline of >50%  
in 5/22 patients

Grade 3/4 toxicities included 
neutropenia, fatigue, venous 
thrombosis and 
hyperglycemia

CRPC castration-resistant prostate cancer; DVT deep vein thrombosis; LMWH low molecular weight heparin; MTD maximum 
 tolerated dose; PFS progression free survival; PSA prostate-specific antigen
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Neutropenia was the most commonly observed grade 
3/4 toxicity. SD was observed in a total of 12 patients, 
9 of whom had prostate cancer. However, no durable 
PSA responses were noted [41].

In 2006, a randomized, double-blinded clinical 
study was initiated, enrolling patients with evidence of 
biochemical relapse following surgery or radiation 
[42]. Patients were randomized to receive either 5 or 
25 mg/day of lenalidomide. An open-label phase II 
clinical trial was started in early 2008 to assess the tox-
icity and efficacy of lenalidomide in chemotherapy-
naïve CRPC patients [43]. The drug is being 
administered orally at a dose of 25 mg/day for 21 days 
of each 28-day cycle. As of September 2008, both 
studies are continuing patient recruitment.

Lenalidomide in Combination Therapy

Several combination studies with lenalidomide have 
been initiated, many of which are designed based on 
completed thalidomide trials, using lenalidomide in 
place of thalidomide. Lenalidomide is currently being 
evaluated in combination with ketoconazole, based on 
the hypothesis that the immune stimulatory activity might 
augment the activity of ketoconazole against prostate 
cancer in chemotherapy-naïve men with castrate-
resistant disease [44]. Patients receive 25 mg/day oral 
lenalidomide on a 21 out of 28 day schedule, along 
with 400 mg ketoconazole three times daily continu-
ously. As of May 2008, the study was still open to 
accrual. Toxicity has been reasonable, with fatigue 
commonly observed. Ten (56%) of the 18 evaluable 
patients had PSA declines of >50%. Of the four indi-
viduals with measurable disease, three have achieved a 
partial response and the fourth has SD with tumor 
 volume reduction [44].

A Phase I dose-finding study of lenalidomide in 
combination with docetaxel (based on the activity 
observed with thalidomide plus docetaxel) was initi-
ated by Moss et al. [45]. As of early 2007, dosing has 
been escalated to 75 mg/m2 docetaxel every 3 weeks, 
with an oral daily dose of lenalidomide up to 20 mg/day 
on days 1–14. No dose limiting toxicities had been 
observed and the MTD was not reached. Nine (47.4%) 
of the 19 evaluable patients experienced a PSA decline 
of >50%. Of the 13 patients with measurable disease, 
12 experienced a partial response or SD [45].

A combination study in men with metastatic CRPC 
who had previously received taxane therapy employed 
a 28-day lead-in of 10 mg lenalidomide (daily, 21/28 
days) followed by the addition of weekly paclitaxel at 
100 mg/m2 [46]. Subsequent deescalation of the lenali-
domide dose to 5 mg was necessary. In addition, five of 
the ten total patients enrolled discontinued therapy due 
to toxicity. Only one of the nine evaluable patients had 
a minor PSA decline during the lenalidomide lead-in. 
Overall, weekly paclitaxel combined with even low-dose 
lenalidomide was very poorly tolerated in this patient 
population [46].

Following on from the promising results of combin-
ing GM-CSF with thalidomide, a Phase I/II clinical 
trial was started with GM-CSF and lenalidomide in 
patients with CRPC [47]. Lenalidomide was adminis-
tered daily at 25 mg/day on days 1–21 of each 28-day 
cycle. At an interim analysis, four of 17 evaluable 
patients had experienced a PSA decline of >50%. 
Fatigue and diarrhea were the most common side 
effects observed [47].

Finally, a Phase II study of lenalidomide, ketocon-
azole, and hydrocortisone was opened in 2007 and is 
continuing to accrue men with CRPC [48].

Summary

Overall, thalidomide has demonstrated potentially 
promising activity against prostate cancer, especially 
in combination with cytotoxic or antiangiogenic 
agents. Activity has been observed both in earlier stage 
disease and in heavily pretreated populations of men 
with metastatic CRPC. Thalidomide appears to be alter-
ing the tumor microenvironment and may be working 
via several different mechanisms. However, it is appar-
ent from the completed studies that the dose must be 
carefully determined in each regimen to minimize the 
toxicity. None of the published clinical studies of thali-
domide have shown a benefit of doses of higher than 
200 mg/day, and several have utilized 100 mg/day. 
Of particular concern is the occurrence of thromboem-
bolic events, even with the administration of prophy-
lactic anticoagulation, and the development of sensory 
neuropathy.

Initial results with lenalidomide are suggestive of 
activity in prostate cancer. To date, the most efficacious 
regimen appears to be the combination of lenalidomide 
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with ketoconazole. In vitro and preclinical testing  differs 
greatly between thalidomide and lenalidomide, and the 
two agents are likely working via different mechanisms 
of action. As such, different combinations may be 
required to achieve the best activity with each agent.
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Abstract Targeting angiogenesis is an evolving field 
of cancer research. Tumor angiogenesis is considered 
as an important step in the progression and metastasis 
of prostate cancer. Several pathways that converge 
toward promotion of growth, proliferation, and survival 
of prostate cancer cells have been targeted, including 
modulation of proangiogenic factors such as vascular 
endothelial growth factor (VEGF), tyrosine kinases, 
cytokines, and the extracellular matrix. Accurately 
measuring antitumor activity remains a challenge with 
the use of investigational angiogenesis inhibitors in 
prostate cancer.

Keywords Antiangiogenesis • Clinical trials • Prostate 
cancer • Tyrosine kinases

Introduction

Angiogenesis has rapidly emerged as a target for 
 anticancer therapy in the last decade. Since the dis-
covery by Dr. Judah Folkman that tumors require 
blood supply in order to proliferate [1], the strategy 
of inhibiting angiogenesis has become one of the 
most promising fields in cancer research. Almost all 
neoplasms exhibit neovascularization properties either 
within the tumor itself or its surrounding stroma by 
altering homeostatic mechanisms [2]. Tumor neovas-
cularization is a  multistep process that involves a 
complex interaction between proangiogenic stimuli, 

basement membrane disruption, endothelial cell 
migration to the extracellular matrix, endothelial cell 
proliferation, reorganization, and organization into 
new blood vessels [3]. Targeting angiogenesis 
involves blocking several  different pathways in the 
angiogenesis cascade. This occurs either directly by 
targeting endothelial cells or indirectly by decreasing 
or blocking proangiogenic factors or its endothelial 
cell receptors, and may vary also by the ability to 
block one, two, or several factors [4]. At the forefront 
of investigational angiogenesis inhibitors is the lead 
agent bevacizumab, a monoclonal antibody to vascu-
lar endothelial growth factor (VEGF). Bevacizumab 
in combination with chemotherapy is approved by 
the Food and Drug Administration (FDA) for the 
treatment of metastatic colon, lung, and breast cancer 
[5]. Although limited activity has been shown using 
single agent bevacizumab [6, 7], increased activity is 
seen when combined with chemotherapy [8–10], 
 possibly due to normalization of the tumor vascula-
ture [11], allowing for better delivery of chemothera-
peutic drugs. Metastatic prostate cancer has also been 
shown to exhibit increased angiogenic activity [12]. 
As such, there is significant interest in targeting 
angiogenesis in prostate cancer.

Evidence for the Role of Angiogenesis  
in Prostate Cancer

Tumor angiogenesis is a highly complex process with 
distinct yet overlapping mechanisms. Early studies 
showed that aberrant blood formation as well as 
increasing microvessel density (MVD) count, which 
was a measure of angiogenesis, were associated with 
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recurrence or metastasis in malignancies including 
melanoma [13, 14], breast [15, 16], lung [17], and bladder 
cancer [18]. Elevated circulating VEGF and other soluble 
growth factors have been associated with poorer 
 prognosis in prostate cancer [19, 20]. Numerous studies 
have looked at the role of angiogenesis in prostate cancer 
and attempted to correlate the extent of angiogenesis 
with the risk for progression. One study examined the 
microvessel density using immunoperoxidase technique 
of staining endothelial cells for Factor VIII-related 
antigen [12] in radical prostatectomy specimens of 
74 patients with invasive prostate cancers, of whom 
29 eventually developed metastasis. Patients with 
 metastatic disease had a higher mean MVD compared 
to those without metastasis. In another study using 
immunostaining against the von Willebrand factor to 
stain endothelial cells, 64 consecutive radical prostate-
ctomy specimens were quantified for mean and maximal 
MVD [21]. Maximal MVD was found to be an impor-
tant independent prognostic variable for survival in 
men with prostate cancer. Several other studies have 
reported the utility of microvessel density as a predic-
tor of disease specific survival in prostate cancer, either 
alone [22, 23] or in combination with standard prog-
nostic factors for prediction of extraprostatic disease 
extension [24].

Prostate cancer cells also express and/or are regulated 
by a variety of cytokines or proteins that are involved 
in angiogenesis, basement membrane degradation, 
VEGF interaction, or endothelial cell activation [25]. 

For instance, VEGF mRNA and protein were found to 
be overexpressed in the highly metastatic LNCaP pros-
tate cancer cell line variant LNCaP-LN3 compared to 
the less metastatic potential variant LNCaP-Pro5 [26]. 
Although basic fibroblast growth factor (bFGF) was not 
found to be overexpressed in this study, other in vitro 
studies have found augmented response to bFGF either 
alone or in addition to VEGF [27, 28]. Other factors 
found to be upregulated in prostate cancer include 
the hypoxia-inducible factor-1 (HIF-1) [29–32], 
cyclooxygenase-2 (COX-2) [33], urokinase-type 
 plasminogen activator [34, 35], matrix metalloprotei-
nases [36–38], and cytokines such as interleukin-8 [39] 
and tumor necrosis factor (TNF) [40, 41]. Several other 
dysregulated pathways that are involved in the angio-
genic signaling cascade have been described, including 
the Ras/Raf/Mek/Erk pathway [42–44] and phosphati-
dylinositol-3 kinase/protein kinase B (PI3/AKT) [31, 45] 
signaling pathway via inactivation of phosphatase and 
tensin homologue (PTEN) [46], all contributing toward 
tumor angiogenesis and proliferation.

Investigational Angiogenesis Inhibitors

The emergence of different pathways and molecular 
targets for angiogenesis inhibition has resulted in a 
robust field of research investigation in prostate cancer 
(see Table 20.1). This section describes the clinical 

Table 20.1 Selected antiangiogenic agents in clinical development for prostate cancer

Mechanisms and drugs Cellular targets Clinical phase of development References

Anti-VEGF agents
Bevacizumab VEGF-A Phase II in combination with docetaxel  

and thalidomide
[57]

Phase III in combination with docetaxel 
and estramustine

[54, 55]

VEGF Trap VEGF, PlGF Phase I in combination with docetaxel [61]
Phase III in combination with docetaxel [62]

Small-molecule tyrosine kinase inhibitors
AZD2171 VEGFR1, VEGFR2, VEGFR-3, 

PDGFR, c-Kit
Phase I single agent [76]
Phase II single agent [77]

Sorafenib VEGFR, PDGFR, c-Kit, Raf 
kinase

Phase II single agent [68–70]
Phase II in combination with docetaxel [71]

Tandutinib (MLN518/CT53518) FLT3, PDGFR, c-Kit Phase II single agent [78]
Agents that target extracellular matrix, cytokines, or cell-matrix adhesion
Thalidomide Unknown, immunomodulatory Phase II in combination with docetaxel  

and bevacizumab
[57]

Cilengitide (EMD-121974) Alpha-5 beta-3 integrin Phase II single agent [90]

FLT3 FMS-like tyrosine kinase 3; PDGFR platelet-derived growth factor receptor; PlGF platelet growth factor; VEGF vascular 
endothelial growth factor



22720 Investigational Angiogenesis Inhibitors

 trials investigating agents that inhibit various targets, 
including the VEGF ligands and its receptors, receptor 
tyrosine kinases involved in angiogenic signaling, and 
the epithelial-stromal interactions including protei-
nases and cytokines that support the surrounding 
microenvironment.

Targeting VEGF and VEGF-Receptor 
(VEGF-R) Family

The VEGF family of ligands and receptors constitute a 
diverse yet distinct pathway of activating signals that 
result ultimately in proliferation, endothelial cell 
migration, and survival of newly formed vasculature 
[47, 48]. At least seven members of this family have 
been described [49–51]. VEGF-A isoform is the most 
widely studied mediator of tumor angiogenesis [52] 
and binds to major VEGF receptors 1 and 2 (VEGFR1 
and VEGFR2), leading to receptor dimerization and a 
cascade of signaling pathways. The lead angiogenesis 
inhibitor bevacizumab was a humanized IgG mono-
clonal antibody against all isoforms of VEGF-A [53]. 
An early clinical trial using single-agent bevacizumab 
in prostate cancer used a dose of 10 mg/kg every 
2 weeks for six infusions. Results showed no objective 
or partial responses by day 70 in the eight patients who 
had measurable disease and no significant PSA declines, 
although there were PSA declines of <50% in 4 of 
15 patients [7]. Although single-agent bevacizumab 
lacked significant activity in prostate cancer, the encour-
aging results from other clinical trials using combined 
bevacizumab and chemotherapy led to a Cancer and 
Leukemia Group B (CALGB) trial 90006 that combined 
bevacizumab with docetaxel and estramustine [54]. 
The CALGB 90006 trial enrolled 79 patients, and a 
77% PSA response rate was observed (defined as PSA 
decline of >50% in 58 of 75 patients with sufficient 
PSA data) [55]. Forty-four percent (15 out of 34 patients 
who had measurable disease) achieved a partial 
response (PR), and 32% achieved stable disease (SD) 
for at least 6 weeks. In another study, the CALGB 
90401 trial had the primary objective of comparing 
overall survival between men with chemotherapy-
naïve metastatic castration-resistant prostate cancer 
(CRPC) treated with docetaxel and prednisone and 
those treated with docetaxel, prednisone, and bevaci-
zumab [56]. Preliminary results demonstrate that 

despite an improvement in PFS, measurable disease 
response and post-therapy PSA decline, the addition of 
bevacizumab to docetaxel and prednisone did not 
improve OS in men with mCRPC, and was associated 
with greater morbidity and mortality. A trial at the 
National Cancer Institute (NCI) utilized a combination 
of bevacizumab given at 15 mg/kg every 3 weeks, 
which  constituted one cycle, in combination with doc-
etaxel 75 mg/m2 every 3 weeks, thalidomide 200 mg 
daily, prednisone 10 mg daily, with appropriate throm-
boprophylaxis. This phase II trial accrued 60 patients 
with metastatic CRPC, with a median of 66 years 
(range 44–79), median Gleason score of 8, on-study 
PSA of 99 ng/mL (range: 6.0–4,399), and prestudy PSA 
doubling time of 1.6 months (0.3–18.2, 81% <3 months) 
[57]. Ninety percent of patients receiving the combina-
tion therapy had PSA declines of ≥ 50%, with a median 
time to progression of 18.3 months and a median OS 
of 28.2 months. The four drug regimen was generally 
tolerable with manageable toxicities [57]. Thus, despite 
the negative findings in the CALGB 90401 study, 
there still may be a role for antiangiogenic agents in 
advanced prostate cancer. Future studies are needed to 
address treatment combinations and to clarify the role 
of angiogenesis as a target in mCRPC (see Chap. 18, 
Bevacizumab in Advanced Prostate Cancer).

Another strategy for targeting VEGF is through 
blocking the VEGF receptors. One of the most potent 
VEGF-R inhibitors is a decoy receptor fusion protein, 
which comprises the extracellular domains of VEGFR1 
and VEGFR2, fused to the constant region (Fc por-
tion) of human IgG1 [58]. Earlier studies using trun-
cated soluble VEGFR1 inhibitors, while effective at 
inhibiting VEGF bioactivity and angiogenesis, also 
exhibited poor pharmacokinetic profile and had to be 
administered more frequently and at high concentra-
tions [59, 60]. Engineering of the parental VEGF Trap 
(aflibercept) by switching the Ig domains resulted in a 
fusion protein that interacts minimally with the extra-
cellular matrix, thus improving its pharmacokinetic 
profile while maintaining in vivo tumor growth sup-
pression [58]. A phase I dose escalation study using 
aflibercept in combination with docetaxel 75 mg/m2 
every 3 weeks has been preliminarily reported [61]. 
The recommended dosing of aflibercept at 6 mg/kg 
with docetaxel did not show any exacerbation of 
docetaxel-related side effects. In prostate cancer, a 
phase III trial using aflibercept with docetaxel and 
prednisone is currently ongoing, with the primary 
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objective of determining improvement in overall 
survival for metastatic CRPC [62].

While these agents targeting VEGF are very 
 promising, patterns of resistance against antiangio-
genic agents given in combination with chemotherapy, 
are slowly emerging [52].

Targeting Receptor Tyrosine Kinases 
Involved in Angiogenesis

Tyrosine kinases are key enzymes that play a major role 
in regulating various cellular processes that modulate 
signaling for tumor growth, proliferation, and  survival 
[63]. Binding of VEGF to VEGFR2 triggers intracel-
lular signaling cascade via autophosphorylation and 
activation of the tyrosine kinase domains [64, 65], thus 
promoting and sustaining angiogenesis. As such, small-
molecule inhibitors that target these receptor tyrosine 
kinases have been investigated in prostate cancer.

Sorafenib is a multikinase inhibitor that targets Raf 
kinase and the tyrosine kinases including VEGF-R, 
platelet derived growth factor receptor (PDGF-R), 
stem cell factor receptor c-kit, and c-Ret [66]. 
Preclinical tumor models have shown apoptosis in 
response to sorafenib inhibition [67]. Dysregulation of 
the Ras/Raf/Mitogen activated protein (Map) kinase 
was also associated with prostate cancer progression 
[43, 44], providing the rationale for the use of sorafenib 
in prostate cancer. There have been several studies 
 utilizing sorafenib for metastatic CRPC [68–70]. 
Modest response has been observed using this agent, 
with apparent lack of reliability in using PSA as a 
 measure of response. One trial enrolled an initial 22 out 
of 46 patients [68]. No PSA declines >50% were noted. 
However, discordance between increasing PSA values 
and improvement in bone lesions by bone scan was 
observed in two patients, and accrual to the full 46 patients 
continued. A search for alternative biomarkers using 
phosphorylated extracellular signal regulated kinase 
(Erk) also showed no consistent correlation with 
response. Another trial enrolled 57 patients with meta-
static CRPC and had a primary end point of PFS of 
³12 weeks based on PSA progression [70]. Of the 
eight patients with measurable disease, four patients 
were categorized with SD. Of the 47 patients evaluable 
for PSA response, 11 patients achieved SD according 

to PSA-based criteria, with two additional patients 
who had PSA declines > 50%. These trials also showed 
immediate posttreatment PSA declines without admin-
istration of any further therapy, suggesting possible 
modulation of PSA secretion by sorafenib [68]. 
Combinations using sorafenib and docetaxel are 
 currently underway for metastatic CRPC patients [71].

Sunitinib is another small-molecule inhibitor tar-
geting VEGFR1 and VEGFR2, along with PDGF-R, 
c-kit, and RET kinases [72]. It has exhibited antitumor 
properties in preclinical models, especially in combi-
nation with docetaxel [73]. As such, a phase 1 and 2 
dose escalating trial using docetaxel and sunitinib in 
chemotherapy-naïve patients with metastatic CRPC is 
currently being investigated [74].

A promising, highly potent, ATP-competitive small-
molecule that inhibits all VEGF receptors has also 
shown activity in prostate cancer. AZD2171 (cediranib) 
has been studied in patients with advanced solid malig-
nancies with hypertension as the most frequently 
observed dose limiting toxicity (DLT) [75]. A phase I 
dose escalation study utilizing AZD2171 in patients 
with prostate cancer has been completed [76]. Similar 
to sorafenib, posttreatment PSA declines were noted in 
four patients within 30 days following drug discontin-
uation. There was also one objective response noted. 
A phase II clinical trial using AZD2171 as second line 
therapy for patients with metastatic CRPC who have 
failed prior docetaxel is currently ongoing at the 
NCI [77]. The primary endpoint was a 30% 6 month 
probability of progression-free survival using clinical 
and radiographic criteria. Of the 18 patients currently 
enrolled, significant decreases in lymph node as well 
as other sites of metastases, including the lung, liver, 
and bone lesions have been documented despite 
 discordant effect on PSA levels. Of the 11 patients 
who had measurable disease, two patients had PR. 
Correlative dynamic contrast enhanced-magnetic reso-
nance imaging (DCE-MRI) showed circulatory and 
vascular changes which correlated with clinical 
response to AZD2171 in some patients.

Tandutinib is another small-molecule compound 
that inhibits the autophosphorylation of FLT3 (FMS-
Like Tyrosine kinase-3), c-KIT, and PDGF receptor 
tyrosine kinases, thereby inhibiting cellular prolifera-
tion and inducing apoptosis. Tandutinib has also been 
reported to have activity in metastatic CRPC patients 
who have progressed on taxanes [78]. This phase II 
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trial used oral tandutinib at 500 mg twice daily dosage 
given every 28 days with the primary endpoint of 
 measuring freedom from disease progression in 
8 weeks. Two (13%) out of 15 evaluable patients were 
free from symptomatic or radiological progression 
beyond 8 weeks (35, 50 weeks), and PSA declines of 
50% and 40%, respectively were seen in these two 
patients. Unlike sorafenib and AZD2171, no PSA 
declines were noted following drug discontinuation.

Targeting the Extracellular Matrix, 
Cytokines, and Cell–Matrix Adhesion

It is increasingly being recognized that different 
 cytokines such as FGF, transforming growth factor 
(TGF), endothelial cell-activating factors, stromal 
fibroblasts, and components of the tumor microenvi-
ronment, all help to sustain angiogenesis [79, 80]. 
To this end, thalidomide and its analogues have been 
widely studied for its antiangiogenic and immuno-
modulatory effects in prostate cancer [81–83], with 
encouraging results (see Chap. 19, Thalidomide and 
Analogs). The thalidomide analogue lenalidomide has 
also been studied in solid tumors [84], and in combina-
tion with docetaxel in prostate cancer [85]. This open-
label phase I trial utilized docetaxel at two dose levels 
every 3 weeks at 60 mg/m2 and 75 mg/m2, prednisone 
5 mg twice a day, and lenalidomide at doses of 10 mg, 
15 mg, 20 mg, or 25 mg. Of the 13 patients with 
 measurable disease, five patients achieved PR (38.5%) 
and seven patients (53.9%) had SD. Another phase 
I trial combining lenalidomide with docetaxel [86] 
in patients with solid tumors showed that of the nine 
patients with prostate cancer, SD was seen in five patients 
and PSA declines of 32–95% were observed.

5,6-Dimethylxanthenone acetic acid (DMXAA) is an 
agent that disrupts the tumor vasculature by directly caus-
ing apoptosis and necrosis as well as tumor necrosis factor 
(TNF) induction [87]. A randomized phase II trial in met-
astatic prostate cancer utilizing docetaxel 75 mg/m2 every 
3 weeks, with or without DMXAA at 1,200 mg/m2 every 
21 days has been completed. Sixty-two and a half percent 
of patients in the DMXAA treatment arm had at least a 
30% reduction in PSA during the first 3 months, com-
pared with 47.4% patients in the control arm, who received 
docetaxel alone [88], with tolerable safety profiles.

An integral component in the maintenance of the 
basal membrane is the integrins, which are heterodi-
mer transmembrane receptors composed of an alpha 
and beta subunit in the extracellular matrix, of which 
the heterodimers a(alpha)Vb(beta)3 and a(alpha)
Vb(beta)5 were the earliest known integrin targets for 
inhibiting endothelial cell-cell interactions, endothelial 
cell-matrix interactions, and tumor angiogenesis [89]. 
Integrins recognize several ligands via their arginine-
glycine-aspartic acid (RGD) sequence, including, but 
not limited to, laminin, fibrinogen, fibronectin, throm-
bospondin, matrix metalloproteinase-2 (MMP-2), and 
FGF-2. Several approaches in blocking integrins are in 
development, including monoclonal antibodies against 
integrins and synthetic peptides or peptidomimetics 
that contain the RGD sequence. One of the synthetic 
peptides in development which has been studied in a 
phase II clinical trial for chemotherapy-naïve asymp-
tomatic metastatic CRPC patients is cilengitide (EMD 
121974) [90]. The primary endpoint was a 6-month 
objective progression-free rate, excluding PSA as a 
criterion. Using a Simon two-stage design, patients 
were randomized to cilengitide 500 mg or 2,000 mg 
intravenously twice a week in 6-week cycles. SD was 
documented as the best objective response in 27% of 
patients on the 500 mg arm and 36% on 2,000 mg arm. 
No significant trends in biologic markers such as 
N-telopeptides were noted. Based on this activity, 
accrual to the second stage was halted.

The potential role of MMPs in prostate cancer 
 progression has also been investigated [91]. Several 
agents that modulate angiogenesis partly via MMP 
inhibition include endostatin [92], TNP-470 [93], and 
perhaps 2-methoxyestradiol [94]. Although these 
agents have been studied in prostate cancer, significant 
meaningful clinical responses have not been seen.

Conclusions

Targeting angiogenesis is a burgeoning field of cancer 
research. Early investigations have established the 
improved utility of combining these targeted agents 
with cytotoxic chemotherapy without undue additional 
toxicity. Specific challenges include defining outcome 
measures, especially since PSA is proving to be an 
unreliable surrogate marker for response or progression. 



230 J.B. Aragon-Ching and W. Dahut

The search for appropriate biomarkers as surrogates 
for response is ongoing and must be clinically validated, 
including circulating levels of proangiogenic factors, 
circulating tumor cells or endothelial cells, and assess-
ment of functional imaging, such as DCE-MRI. In 
addition, patterns of resistance against these antiangio-
genic agents, are slowly emerging [52]. It had been an 
initially held belief that endothelial cells were genetically 
stable and thus might not develop resistance. However, 
some harbor cytogenetic abnormalities would render 
them with acquired resistance [95]. Increasing recog-
nition of varying mechanisms of resistance would be 
valuable in developing strategies for circumventing 
this resistance patterns. One possible approach is to 
use combinational therapies, whether with additional 
cytotoxic chemotherapy or another antiangiogenic 
agent that utilizes a different activating pathway. The 
optimal dosing schedule as well as potential long-term 
safety antiangiogenic agents alone or in combination 
must also be addressed.
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Abstract Angiogenesis is a complex cascade of events 
involving extensive interplay between cells, soluble fac-
tors, and extracellular matrix components. Soluble 
factors including cytokines and growth factors have 
multifaceted stimulatory or inhibitory roles, thereby 
finely tuning the process. The angiogenic potential of 
tumors was initially demonstrated in animal models, 
and it is now recognized that angiogenesis not only pre-
cedes tumor growth but is also necessary for metastasis. 
Vascular endothelial growth factor (VEGF) plays a 
central role in prostate angiogenesis. Genetic variability 
of VEGF involves mainly the untranslated region of the 
gene and may be associated with increased VEGF tran-
scription and protein expression. Indeed, the -1154G>A 
polymorphism increases VEGF transcription and has 
been associated with significantly increased risk of 
prostate cancer. Hypoxia inducible factor-1a (HIF-1a) 
is a transcription factor overexpressed in early stage 
prostate cancer; through its binding to hypoxic respon-
sive elements, it activates the transcription of a wide 
variety of genes as a part of the cellular response to 
hypoxia, including VEGF, and potentially plays a key 
role in prostate cancer development and response to 
antiangiogenic drugs. Therefore, angiogenesis-related 
genes seem to have an important role in prostate cancer 
risk and aggressiveness, thus influencing the outcome 
of antiangiogenic treatments and survival of patients.

Keywords Antiangiogenic therapy • Cancer risk  
• HIF • MMP • Single nucleotide polymorphisms  
• TNF • VEGF

Introduction

The increasing incidence of prostate cancer and the 
pivotal role that tumor-driven angiogenesis has in the 
aggressive behavior of this malignancy [1] have led to 
the evaluation of several antiangiogenic drugs in pros-
tate cancer clinical trials [2]. As a matter of fact, the 
inhibition of endothelial cell proliferation and normal-
ization of blood vessels may circumvent several mech-
anisms of chemoresistance, allowing the achievement 
of a better clinical response. During the last years, the 
therapeutic scenario has been significantly changed 
because of the introduction in clinical trials of newer 
drugs acting at different levels along the angiogenic 
pathway. However, the most interesting targets are rep-
resented by the vascular endothelial growth factor-A 
(VEGF-A) and/or its receptors, against which mono-
clonal antibodies, “small molecules” inhibitors of the 
tyrosine kinase domain or immunomodulatory agents 
have been tested.

Bevacizumab is a monoclonal antibody targeting 
the VEGF-A isoform, to prevent the binding of the 
growth factor to its receptors, hence inhibiting the 
angiogenesis process. While bevacizumab did not 
show meaningful activity as a single agent in prostate 
cancer patients [3], when it was combined with other 
drugs (i.e., docetaxel and thalidomide), it was effective 
in reducing the levels of PSA [4]. Thalidomide, whose 
antiangiogenic activity has been demonstrated in sev-
eral in vitro and in vivo animal models, although its 
exact molecular mechanism remains to be fully eluci-
dated, it seems to be effective in castration-resistant 
prostate cancer (CRPC) patients [5], because in several 
studies, performed in CRPC subjects, thalidomide alone 
or in combination with other agents (i.e., docetaxel and 
bevacizumab) was able to increase the response rate 
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observed with docetaxel alone and measured as decline 
of PSA >50% [6, 7]. These encouraging results are 
prompting to the evaluation of the thalidomide analog 
lenalidomide [8], which shows an improved tolerability 
and similar effectiveness with respect to thalidomide 
in clinical trials in patients affected by multiple 
myeloma [9].

VEGF and endothelial growth factor (EGF) stimu-
lation of prostate cancer cells occurs via the activation 
of the tyrosine-kinase (TK) domain within the cyto-
plasmic portion of the VEGF receptor (VEGFR) and 
EGF receptor (EGFR) (Fig. 21.1). Because this step is 
crucial for signal transduction, several TK inhibitors 
have been developed and some of them are now in 
clinical evaluation for the treatment of prostate cancer. 
Among the newer drugs, sorafenib (BAY 43-9006), an 
inhibitor of B-raf and C-raf isoforms, is able to reduce 
signal transduction through VEGFR2, VEGFR3, and 
the platelet-derived growth factor receptor (PDGF)-b 
[10]. In castration-resistant prostate cancer patients, 
the drug has been demonstrated to be effective as 
single agent when responses were assessed by PSA 
levels and RECIST criteria [11], despite other studies 
showed some discordances between PSA and objec-
tive responses [12, 13]. Other inhibitors of VEGF TK 

activity are under clinical evaluation in prostate cancer 
patients. AZD2171, a pan-VEGFR inhibitor [14] and 
sunitinib (SU011248) seem to have a promising role in 
prostate cancer treatment. Finally, integrin signaling 
(cilengitide, EMD 121974) as well as mammalian 
 target of rapamycin (RAD001) are being evaluated as 
potential target of angiogenesis in prostate cancer [3]. 
Figure 21.2 shows the multiple advantages of optimal 
antiangiogenic therapy and its potential for combina-
tion with conventional treatments.

Genetic Variants of VEGF Gene  
and Prostate Cancer

Polymorphisms are naturally occurring DNA sequence 
variations, which differ from mutations in that they 
occur in the healthy population and have a frequency 
of at least 1%. Approximately, 90% of DNA polymor-
phisms are single nucleotide polymorphisms (SNPs) 
due to single base substitutions [15]. Others include 
insertion/deletion polymorphisms, minisatellite poly-
morphisms, and microsatellite polymorphisms. Although 
most polymorphisms are functionally  neutral (i.e., 

Fig. 21.1 VEFG intracellular signaling via VEGFR-2. The 
binding of VEGF to VEGFR-2 produces a number of intrac-
ellular reactions that promote endothelial cells survival, 
migration, and proliferation. PLC-α phospholipase C-α; PCK 

protein kinase C; ERK extracellular regulated kinase; MAPK 
mitogen activate protein kinase; FAK focal adhesion kinase; 
PI3-K phosphatidyl inositol 3¢ kinase; Akt/PBK protein 
kinase B
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intronic and exonic synonymous SNPs), some have 
effects on regulation of gene expression or on the func-
tion of the coded protein [15]. These functional poly-
morphisms, despite having low penetrance, could 
contribute to the differences between individuals in 
susceptibility to and severity of disease as well as to 
responsiveness to drug treatment. Certain polymor-
phisms alone, in combination or by interaction with 
environmental factors may affect the angiogenic path-
way and thereby susceptibility to the development of 
selected cancers [15]. Identification of the role of 
angiogenic gene polymorphisms that influence cancer 
susceptibility and/or severity may improve the under-
standing of tumor angiogenesis and may influence risk 
stratification and detection, use of new treatment strat-
egies, and definition of prognosis of the disease [15].

Studies specifically addressing the involvement of 
genetic variants of angiogenesis-related genes, VEGF 
in particular, in the risk of prostate cancer and response 
to treatment are few and quite frequently in disagree-
ment with each other. Potential reasons are as follows: 
(1) small cohort of patients, (2) criteria of disease strat-
ification, (3) ethnic stratification, (4) retrospective 
design, (5) choice of polymorphism, and (6) lack of 
validation of techniques for genome analysis.

A study examined the association between 58 SNPs 
in nine angiogenesis-related candidate genes, namely 
epidermal growth factor (EGF), lymphotoxin-a (LT-a), 
hypoxia inducible factor-1a (HIF-1a), HIF-1a subunit 

inhibitor (HIF-1aN), metalloproteinase-2 (MMP2), 
MMP9, endothelial nitric oxide synthase (NOS3), induc-
ible nitric oxide synthase (NOS2A), and VEGF, and the 
risk of overall and advanced prostate cancer in a large 
cohort of prostate cancer patients (n = 1,425) and con-
trols (n = 1,453) [16]. No associations were found 
between either SNPs in VEGF,  HIF-1a, or NOS3, nor 
SNPs in EGF, LT-a, HIF-1αN, MMP9, or NOS2A and 
prostate cancer [16]. In the MMP2 gene, three intronic 
SNPs, all in linkage  disequilibrium, were apparently 
associated with overall and advanced prostate cancer 
[16]. However, two of these SNPs (rs17301608 and 
rs11639960) were examined, and their association was 
not confirmed when the results of this study were 
pooled with those from the prostate, lung, colorectal, 
and ovary cohort study;  neither SNP was associated 
with prostate cancer [16].

The single-gene approach in association studies of 
polygenic diseases is likely to provide limited value in 
predicting risk. The combined analysis of genetic vari-
ants that interact in the same pathway may amplify the 
effects of individual polymorphisms and enhance the 
predictive power. To evaluate higher order gene–gene 
interaction, a study has examined the contribution of 
four gene polymorphisms of factors involved in angio-
genesis (VEGF -1154G>A, VEGF 634G>C, MMP9 
1562C>T, and TSP1 8831A>G) in combination to the 
risk of prostate cancer [17]. For the combined analysis 
of VEGF and MMP9 SNPs, it was found a significant 

Fig. 21.2 Normalization of tumor vasculature after treatment with antiangiogenic agents might improve the effectiveness of 
chemotherapy
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gene–dosage effect for increasing numbers of potential 
high-risk genotypes. Compared to referent group 
 (low-risk genotypes), individuals with one (OR = 2.79), 
two (OR = 4.57), and three high-risk genotypes 
(OR = 7.11) had increasingly elevated risks (OR, odd 
ratio) of prostate cancer [17]. Similarly, gene–gene 
interaction of VEGF and thrombospondin-1 (TSP1) 
polymorphisms increased the risk of prostate cancer in 
additive manner (OR = 6.00, P = 0.03), although the 
TSP1 polymorphism itself was not associated with the 
risk [17]. In addition, the analysis of the synergistic 
effect of these polymorphisms, in relation to prostate 
cancer prognosis according to histopathological grade 
and clinical stage at diagnosis, revealed potential 
higher order gene–gene interactions between VEGF 
and TSP1 polymorphisms in increasing the risk of 
developing an aggressive phenotype disease [17]. 
Patients carrying three high-risk genotypes showed a 
20-fold increased risk of high-grade tumor (OR = 20.75). 
These results suggest that the interaction between 
polymorphic genes increase the risk of prostate cancer 
and its aggressiveness [17].

Another study evaluated the role of the functional 
VEGF polymorphisms as genetic markers for prostate 
cancer susceptibility and prognosis. The study included 
101 patients with prostate cancer and 100 age-matched 
healthy men. The VEGF genotypes -1154G>A were 
identified by allele-specific polymerase chain reaction, 

and the genotypes -634G>C and 936C>T were identi-
fied by restriction fragment length polymorphism-
polymerase chain reaction [18]. The study found a 
negative association between VEGF -1154G>A geno-
type and prostate cancer risk (OR = 0.27). Furthermore, 
the presence of the VEGF -1154A allele appeared to 
be associated with an increased risk of higher tumor 
grade (OR = 0.37) [18]. A significant increased risk of 
prostate cancer was associated with the VEGF -634 
(GC + CC) combined genotype (OR = 1.95). The VEGF 
-634C allele was associated with the aggressive pheno-
type of prostate cancer as defined by the high histo-
logical grade (OR = 3.48). On the contrary, the VEGF 
-1154A/-634G haplotype was negatively associated 
with prostate cancer risk (OR = 0.48) and high tumor 
grade compared to low grade (OR = 0.37) [18]. 
Therefore, in this study, genetic variations in the VEGF 
may predict not only prostate cancer risk but also 
tumor aggressiveness [18] (Table 21.1).

A study investigated the potential association 
between DNA sequence variations in VEGF –460 gene 
region and occurrence of sporadic prostate cancer 
patients in the Turkish population. Two cohorts of 133 
sporadic prostate cancer patients and 157 healthy con-
trols were examined. Genotypes were determined by 
restriction fragment length polymorphism-polymerase 
chain reaction analysis. The distribution of genotype 
and allele frequencies of the polymorphism did not 

Table 21.1 VEGF polymorphisms and prostate cancer 

Polymorphisms Risk (OR) References

101 Patients vs. 74 controls
-1154Ga>A plus MMP9 1562C>T 1 Risk genotype (2.79) [17]
-634G>C 2 Risk genotypes (4.57)

3 Risk genotypes (7.11)
Plus TSP1 8831A>G 3 Risk genotypes (20.75)

101 Patients vs. 100 controls
-1154G>A AA genotype (0.27) [18]

-1154A/-634G (0.37)
-634G>C GC + CC 1.95

133 Patients vs. 157 controls
-460C>T No association [19]

247 Patients vs. 263 controls
-1154G>A AA genotype (0.45) [20]
IL8 251A>T TT genotype (0.66)
IL10 1082A>G AA genotype (1.78b)

64 Controls
–2578C>A, –2498C>T, –1498C>T, –634G>C, –7C>T, 936C>T,  

1612G>A
No association [21]

aIn boldface, high risk alleles
bAssociated with PSA levels
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show a statistically significant difference between 
patients and controls [19]. Furthermore, classification 
of patients by tumor-lymph nodes-metastasis stage, 
Gleason scores, and PSA levels did not demonstrate 
significant differences among the VEGF –460C>T 
genotypes. This negative study demonstrated that the 
VEGF –460C>T polymorphism in men is not associ-
ated with sporadic prostate cancer at least in the 
Turkish population [19].

Polymorphisms in the promoter regions of cytokine 
genes may influence prostate cancer development via 
regulation of the antitumor immune response and/or 
pathways of tumor angiogenesis. Prostate cancer 
patients (247) and 263 healthy controls were geno-
typed for interleukin (IL)-1b 511C>T, IL-8 251A>T, 
IL-10 1082A>G, tumor necrosis factor (TNF)-a 
308A>G, and VEGF -1154A>G single nucleotide 
polymorphisms [20]. IL-8 TT and VEGF AA  genotypes 
were decreased in patients compared with controls 
(23.9 versus 32.3%, OR = 0.66 and 6.3 versus 12.9%, 
OR = 0.45, respectively), whereas the IL-10 AA geno-
type was significantly increased in patients compared 
with controls (31.6 versus 20.6%, OR = 1.78) [20]. 
Stratification according to prognostic indicators 
showed significant association between IL-8 genotype 
and log PSA level. Therefore, these results suggest that 
single nucleotide polymorphisms associated with dif-
ferential production of IL-8, IL-10, and VEGF are risk 
factors for prostate cancer, possibly acting via their 
influence on angiogenesis [20].

A haplotype represents a linear arrangement of 
alleles at different SNPs on a single chromosome, or 
part of a chromosome. The pair of haplotypes is called 
a diplotype and the observed phenotype of a diplotype 
is called a genotype. A case–control study addressed 
the role of VEGF single nucleotide polymorphisms 
and haplotypes in prostate cancer by including 702 
prostate cancer patients and 702 male age-matched 
healthy control subjects. Seven VEGF candidate poly-
morphisms (–2578C>A, –2498C>T, –1498C>T, 
–634G>C, –7C>T, 936C>T, and 1612GA) were deter-
mined and VEGF plasma levels and genotypes were 
analyzed in a group of 64 healthy men [21]. Haplotype 
analysis showed two separate blocks of high-linkage 
disequilibrium, formed by five polymorphisms upstream 
of the coding sequence (–2578C>A, –2498C>T, 
–1498C>T, –634G>C, and –7C>T) and two polymor-
phisms downstream of the coding sequence (936C>T 
and 1612G>A). None of the single polymorphisms or 

haplotypes was significantly associated with the pres-
ence of prostate cancer [21]. In a multivariate regres-
sion analysis including age, VEGF genotypes, and 
haplotypes as covariates and VEGF plasma level as 
dependent variable, none of the VEGF polymorphisms 
or haplotypes was a significant predictor of VEGF 
plasma levels [21]. The present data suggest that poly-
morphisms or haplotypes in the VEGF gene do not 
modify the risk of prostate cancer [21].

Genetic Variants of Endostatin Gene  
and Prostate Cancer

Endostatin is an important molecule and one of the 
most potent inhibitors of angiogenesis. Lower level or 
impaired function of endostatin is associated with a 
higher risk of developing malignant solid tumors and 
with a worse prognosis of the disease. The missense 
change D104N (aspartic acid [D] to asparagine [N]), 
which corresponds to amino acid position 1437 and 
nucleotide 4349G>A of the cDNA medium form of 
collagen XVIII, leads to the creation of a restriction 
site for MseI [22]. The association study between the 
coding single nucleotide polymorphism (D104N) in 
endostatin and prostate cancer revealed that heterozy-
gous N104 individuals have a 2.5 times increased 
chance of developing prostate cancer as compared with 
homozygous D104 subjects (OR, 2.4). Modeling of 
the endostatin mutant showed that the N104 protein is 
stable [22]. These results together with the observation 
that residue 104 is evolutionary conserved suggest 
that: (a) the DNA segment containing this residue 
might include a novel interaction site to a yet unknown 
receptor and (b) the presence of N104 impairs the 
function of endostatin [22].

The same D104N polymorphism was analyzed in 
the tissues from 98 Caucasian prostate cancer patients. 
The frequencies of homozygous 4349G/G (104D/D) 
and heterozygous 4349G/A (104D/N) were 83.67% 
and 16.33%, respectively; no individuals were found 
to be homozygous for 4349A/A (104N/N) [23]. 
Analyses of genotype frequencies by Fisher’s exact 
test showed that the genotype of D104N was not 
 significantly related to tumor grade, PSA, and clinical 
stage [23]. There was no difference in relapse-free 
 survival or overall survival between patients with 
104D/N and those with 104D/D. The study concluded 
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that endostatin polymorphism was not associated with 
the aggressiveness of prostate cancer in Caucasian 
patients [23] (Table 21.2).

Genetic Variants of HIF Gene  
and Prostate Cancer

HIF-1a regulates  cellular responses to hypoxia and is 
rapidly degraded under normoxia through von Hippel-
Lindau (VHL) mediated ubiquitination. Although 
HIF-1a stabilization appears to be the molecular basis 
for VHL-associated cancers, stabilizing mutations in 
HIF-1a have not been reported. A study examined 
metastatic androgen-independent prostate cancers for 
mutations in the oxygen-dependent domain (ODD) of 
HIF-1a by PCR amplification and DNA sequencing 
[24]. A somatic proline to serine mutation in codon 
582 (P582S) was identified in one sample. Transfection 
studies with a HIF-1a regulated reporter gene showed 
increased transcriptional activity that correlated with 
higher mutant HIF-1a protein expression [24]. It was 
found that increased expression of the P582S mutant 
induced by iron chelation, which blocks proline 
hydroxylation of wild-type HIF-1a, was markedly 
attenuated. The mutant also showed increased stability 
under normoxic versus hypoxic conditions. The P582S 
HIF-1a is a stable variant and HIF-1a mutation is a 
mechanism for enhancing HIF-1a activity in human 
cancer. Therefore, this variant may increase tumor 
 susceptibility or cause more aggressive biological 
behavior [24].

A second study examined a cohort of prostate cancer 
patients (n = 1,072 incident cases) and 1,271 controls 

for the prevalence of two nonsynonymous polymor-
phisms (P582S C>T and A588T G>A) in the coding 
region of HIF-1a gene, which have been associated 
with enhanced stability of the protein and androgen-
independent prostate cancer. The study also investi-
gated the levels of insulin-like growth factor binding 
protein (IGFBP)-3, which is more abundantly expressed 
in hypoxia-related inflammatory angiogenesis and 
recent in vivo data suggest that IGFBP-3 has direct 
IGF-independent inhibitory effects on angiogenesis [25]. 
Neither the P582S nor the A588T polymorphism was 
associated with the risk of overall or metastatic/fatal 
prostate cancer. However, the study found that among 
men with the homozygous CC wildtype (but not CT/
TT) of the HIF-1a P582S, higher IGFBP-3 levels were 
associated with a 28% lower risk of overall prostate 
cancer and a 53% lower risk of metastatic and fatal 
prostate cancer [25]. The occurrence of A588T 
 polymorphism in the population of patients enrolled in 
this study was too rare to assess interactions. Therefore, 
the two HIF-1a gene polymorphisms selected in this 
study were not directly associated with prostate cancer, 
although the authors suggested that the interaction 
between the P582S polymorphism and IGFBP-3  merits 
further evaluation in mechanistic studies [25].

Genetic Variants of PDGF and  
PDGFR Gene and Prostate Cancer

Although there are no studies published thus far on the 
role of genetic variants of PDGF and PDGFR-a/-b in 
the progression of prostate cancer, several direct 

Table 21.2 Endostatin, HIF, MMP1 and TNF polymorphisms and prostate cancer

Gene Polymorphisms Risk (OR) References

Endostatin 181 Patients vs. 198 controls
4349G>A (D104N)

DN heterozygous (2.4) [22]

98 Patients
4349G>A (D104N)

No association [23]

HIF 1,072 Patients vs. 1271 controls
P582S (C>T), A588T (G>A)

No association [25]

MMP1 55 Patients vs. 43 controls
-1607insG (1G/2G)

No association [31]

TNF 2,321 Patients vs. 2560 controls
rs1799964, rs1800630
rs1799724, rs1800629
rs361525, rs1800610

No association [32]

In boldface, high risk alleles
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 evidences are in favor of its involvement. Therefore, 
variability in PDGF production or PDGFR expression 
may play an important role in prostate cancer biology.

In vitro, prostate carcinoma cell lines DU-145 and 
PC-3 express both PDGFR-a and PDGFR-b genes. 
Concomitantly, these cells synthesize and secrete 
PDGF-like proteins [26]. Both DU-145 and PC-3 cell 
lines appear to lack receptors for PDGF as indicated by 
their inability to mitogenically respond to PDGF and 
receptor binding of 125I-labeled PDGF [26]. Production 
of PDGF-like proteins by human prostate carcinoma 
cells may play an important role in a paracrine mode in 
the organization of the extracellular matrix of the 
malignant tissue and stimulate the development of 
angiogenesis [26].

A study analyzed the combined VEGF (SU5416) 
and PDGF (SU6668) receptor tyrosine kinase inhibi-
tion with irradiation in human endothelial (HUVEC) 
and prostate cancer (PC3) cells in vitro and in vivo. 
Combined inhibition of VEGF and PDGF signaling 
resulted in enhanced apoptosis, reduced cell prolifera-
tion, and clonogenic survival as well as reduced 
endothelial cell migration and tube formation com-
pared with single pathway inhibition. These effects 
were further enhanced by additional irradiation. 
Likewise, in PC3 tumors grown subcutaneously (s.c.) 
on BALB/c nu/nu mice, dual inhibition of VEGF and 
PDGF signaling significantly increased tumor growth 
delay than in each monotherapy. Radiation at approxi-
mately 20% of the dose necessary to induce local 
tumor control exerts similar tumor growth-inhibitory 
effects as the antiangiogenic drugs given at their maxi-
mum effective dose. Addition of radiotherapy to both 
mono- as well as dual-antiangiogenic treatments 
 markedly increased tumor growth delay. With respect 
to tumor angiogenesis, radiation further decreased 
microvessel density (CD31 count) and tumor cell pro-
liferation (Ki-67 index) in all drug-treated groups. Of 
note, the slowly growing PC3 tumor responded well to 
the antiangiogenic drug treatments. Interestingly, 
 radiation induced up-regulation of all four isoforms of 
PDGF in endothelial cells resulting in a prosurvival 
effect of radiation. The addition of SU6668 attenuated 
this undesirable paracrine radiation effect, which may 
rationalize the combined application of radiation with 
PDGF signaling inhibition to increase antitumor effects 
in prostate cancer [27].

The factors regulating the bone tropism of dissemi-
nated prostate cancer cells are still vaguely defined. 

Prostate cancer cells that metastasize to the skeleton 
respond to human bone marrow with a robust stimula-
tion of the phosphatidylinositol 3-kinase/Akt pathway, 
whereas prostate cells that lack bone-metastatic poten-
tial respond negligibly [28]. The majority of this Akt 
activation is dependent on PDGFRa signaling. Low 
concentrations of PDGF-AA and PDGF-BB found in 
bone marrow aspirates do not account for the high levels 
of PDGFRa signaling. Additionally, neutralization of 
PDGF binding using PDGFRa-specific antibody failed 
to produce a significant inhibition of bone marrow-
induced Akt activation [28]. However, the inhibitory 
effect of the antibody antagonized that of AG1296. 
The study concluded that PDGFRa is activated by 
multiple soluble factors contained within human bone 
marrow, in addition to its natural ligands, and this trans-
activation is dependent on receptor localization to the 
plasma membrane. Therefore, PDGFRa expression 
may provide selected prostate phenotypes with a growth 
advantage within the bone microenvironment [28].

To further assess the role of PDGF and its 
 receptors in cancer biology and aggressiveness, a study 
selected multidrug-resistant human PC-3MM2  prostate 
cancer cells (PC-3MM2-MDR cells) by culturing 
them in increasing concentrations of paclitaxel [29]. 
PC-3MM2-MDR cells were implanted orthotopically 
into one tibia of 80 nude mice. Two weeks later, the 
mice were randomly assigned to receive vehicle 
 control, paclitaxel, imatinib (an inhibitor of PDGFR), 
or imatinib plus paclitaxel for 10 weeks. The results 
showed that PC-3MM2-MDR cells were resistant to 
paclitaxel and imatinib in vitro [29]. Treatment of 
implanted mice with imatinib plus paclitaxel led to 
 statistically significant decreases in bone tumor inci-
dence, median tumor weight, bone lysis, and the 
 incidence of lymph node metastasis. Treatment with 
imatinib alone had similar effects, and imatinib treat-
ment also inhibited phosphorylation of PDGFR on 
tumor cells and tumor-associated endothelial cells and 
increased the level of apoptosis of endothelial cells, 
but not tumor cells [29]. Treatment with imatinib alone 
or in combination with paclitaxel decreased mean vessel 
density, which was followed by apoptosis of tumor 
cells. These interesting results provide evidence that 
tumor-associated endothelial cells, rather than tumor 
cells themselves, appear to be the target for imatinib in 
prostate cancer bone metastasis [29].

Despite these promising preclinical data, the crucial 
issue is the selection of patients who may benefit from 



240 G. Bocci et al.

treatment with anti-PDGFR drugs. A study character-
ized the expression of PDGFR-b in a wide spectrum of 
prostate cancer samples to provide a rational basis to 
treatment strategy [30]. A survey of five published 
prostate expression array studies, including 100 clini-
cally localized prostate cancers, did not identify tumors 
with increased PDGFR-b expression level. Protein 
expression of PDGFR-b, as determined by immuno-
histochemistry, revealed 5% of clinically localized 
prostate cancers and 16% of metastatic prostate cancer 
cases to show moderate or strong expression [30]. 
To develop a strategy to detect patients most likely to 
benefit from anti-PDGF treatment, cDNA expression 
array data from 10,000 transcripts for PDGFR-b 
expression were examined and tumors were stratified 
based on PDGFR-b expression level [30]. Performing 
a supervised analysis to identify potential comarkers 
of PDGFR-b in prostate cancer, a set of genes were 
identified whose expression was associated with 
PDGFR-b status including early growth response 1 
(Egr1), an upstream effector of PDGF (4.2-fold  
upregulation), alpha-methylacyl-CoA racemase, as 
well as v-Maf and neuroblastoma suppressor of tum-
origenicity (both with a 2.2-fold downregulation) [30]. 
This study suggests that only a small subset of prostate 
cancers is likely to benefit from treatment with tyrosine 
kinase inhibitors of PDGFR.

Genetic Variants of MMP and  
TNF Gene and Prostate Cancer

Metalloproteinase-1 (MMP1) promoter displays poly-
morphic variants (1G/2G); this variation is a single 
nucleotide polymorphism (SNP) located at –1607 bp, 
where an insertion of a guanine base (G) creates the 
sequence of 5¢-GGAT-3¢, the core binding site for 
members of the Ets family of transcription factors. A 
study on prostate carcinoma risk in the Turkish popu-
lation analyzed a small cohort of 55 prostate cancer 
patients and 43 healthy controls and demonstrated that 
the frequency of 1G/2G genotypes in prostate cancer 
patients was similar to that of the controls [31]. 
Compared with the 1G/1G genotype, neither the 2G/2G 
nor a combination with the 1G/2G genotype signifi-
cantly modified the risk of developing prostate cancer 
and metastasis. In addition, the frequencies of geno-
types were not significantly different among patients 

stratified by family history of prostate cancer [31]. 
Therefore, the 2G allele of the MMP1 promoter poly-
morphism does not apparently modify the risk of pros-
tate cancer, at least in the Turkish population [31] 
although these data should be taken with caution owing 
to the small cohort of patients examined.

Inflammation has been hypothesized to increase 
prostate cancer risk. Tumor necrosis factor (TNF) is an 
important mediator of the inflammatory process, but 
the relationship between TNF variants and prostate 
cancer remains unclear. Therefore, a study investigated 
the associations between TNF single nucleotide poly-
morphisms (rs1799964, rs1800630, rs1799724, 
rs1800629, rs361525, rs1800610) and prostate cancer 
risk among 2,321 cases and 2,560 controls from two 
nested case-control studies within the Prostate, Lung, 
Colorectal, and Ovarian (PLCO) Cancer Screening 
Trial and the Cancer Prevention Study II Nutrition 
Cohort [32]. No TNF SNP was associated with pros-
tate cancer risk in PLCO, while in the Nutrition Cohort, 
associations were significant for two highly correlated 
variants (rs1799724 and rs1800610) [32]. In pooled 
analyses, no single SNP was associated with prostate 
cancer risk. After adjustment for multiple testing, no 
SNP was associated with prostate cancer risk in either 
cohort individually or in the pooled analysis [32]. 
Haplotypes based on five TNF SNPs did not vary by 
case/control status in PLCO but showed marginal asso-
ciations in the Nutrition Cohort. Therefore, despite 
some results are suggestive of a borderline role of hap-
lotype, overall no firm association has been found 
between TNF variants and prostate cancer risk [32].

Conclusions

The development and progression of prostate cancer has 
biologically and genetically bases that remained a mys-
tery. A man’s risk of developing prostate cancer is influ-
enced by both genetic and environmental factors. Single 
nucleotide polymorphisms in angiogenesis-dependent 
genes may affect to some extent the individual predispo-
sition to developing cancer and may also affect disease 
progression. Polymorphisms in the angiogenic genes/
factors may in part explain the variation in tumor angio-
genesis observed among individuals. However, angio-
genesis is a multifactorial process regulated by a plethora 
of factors and attempts to correlate prostate cancer risk 
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and progression to specific angiogenic genotypes have 
been disappointing, although these studies have had the 
merit of  having increased our knowledge on the biology 
of this complex disease. Well designed, large case–
control studies are necessary to establish associations 
between polymorphisms and cancer, but as yet there are 
few such studies. Individual polymorphisms, even if 
proven to be functional, may only contribute to (and not 
solely determine) the heritable variation in protein lev-
els and/or function. Many protein molecules acting 
along  different carcinogenic pathways influence the 
development and spread of tumors, and hence the final 
outcome. It is therefore possible that specific combina-
tions of polymorphisms within one or several genes will 
have a greater impact on the final phenotype than the 
individual polymorphisms.

At the present time, polymorphisms in the VEGF, 
MMP and PA system and TNF genes seem to be prom-
ising in the quest for markers influencing the severity 
and extent of tumor angiogenesis. In parallel with the 
search for functional polymorphisms in angiogenesis 
related genes, epidemiological studies to detect 
 associations of gene polymorphisms with disease 
 phenotypes are desired.
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Abstract Prostate cancer (CaP) is the most frequently 
diagnosed cancer in men and the second leading cause 
of cancer death among men in the United States. The 
most common site of CaP metastasis is the bone with 
skeletal metastases identified in virtually all patients 
dying from CaP. Skeletal metastasis in CaP patients 
results in bone pain, impaired mobility, pathological 
fracture, spinal cord compression, and symptom-
atic hypercalcemia. The mechanisms through which 
CaP metastasizes to and interacts with bone are not 
well-defined. There are both osteolytic and osteo-
blastic components of CaP metastasis. A variety of 
factors including receptor activator of NFkB ligand 
(RANKL), interleukin-6 (IL-6), matrix metallopro-
teinases (MMPs), and parathyroid hormone-related 
protein (PTHrP) have been implicated in the osteolytic 
activity of CaP. In terms of osteoblastic metastasis, 
many proteins including bone morphogenetic proteins 
(BMPs), Wnts, and endothelin-1 (ET-1) have been 
implicated as CaP-produced osteoblastic factors. Once 
in the bone microenvironment, the CaP cells interact 
with the bone resulting in an overall balance that shifts 
the CaP from an osteolytic to an osteoblastic activity. 
Understanding the mechanisms through which CaP 
metastasizes and interacts with bone will hopefully 
lead to therapies for CaP bone metastasis.

Keywords Prostate cancer • Bone metastasis • RANKL 
• Bone morphogenetic protein

Introduction

Prostate cancer (CaP) is the most frequently diagnosed 
cancer in men and the second leading cause of cancer 
death among men in the United States [1]. The most 
common site of CaP metastasis is the bone with skel-
etal metastases identified in virtually all patients dying 
from CaP [2]. Skeletal metastasis in CaP patients 
results in bone pain, impaired mobility, pathological 
fracture, spinal cord compression, and symptomatic 
hypercalcemia [3]. Significant advances in the diagno-
sis and management of primary CaP have been made 
that have improved cure rates; however, once disease 
becomes advanced, it remains incurable. In the case of 
metastatic disease, most therapies are palliative and 
include hormonal therapy, pharmacological manage-
ment of bone pain, radiotherapy for pain and spinal 
cord compression. It is critical that a solid understand-
ing of the pathophysiology of CaP skeletal metastatic 
process is developed to provide the basis for creating 
strategies to prevent or diminish their occurrence and 
associated complications.

Bone Biology

An understanding of the basic components and functions 
of bone is critical to provide a basis for understanding 
bone metastasis. The skeleton functions as a frame-
work for the body, the main site for hematopoiesis, a 
reservoir for calcium, and a structure for muscle attach-
ments. The skeleton is divided into the appendicular 
skeleton consisting of the limbs and the axial skeleton 
consisting of the skull, vertebral column, ribs, and ster-
num. The skeleton is a dynamic organ and is constantly 
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remodeling in response to stress placed on it [4]. 
A typical bone consists of both a cortical (also known 
as compact bone) component and a trabecular (also 
known as spongy or cancellous bone) component 
(Fig. 22.1). Cortical bone is made of concentric layers 
of bone that forms a hard outer shell and typically 
found in the shafts of appendicular bone. Trabecular 
bone consists of struts of bone found within the con-
centric bone shell and found in through the metaphyses 
and epiphyses of bones.

Bone is a very active substance that is composed of 
mineralized and nonmineralized components [5]. 
Collagen is the main protein constituent of the unmin-
eralized extracellular matrix (also known as osteoid) 
and is considered to provide the framework for miner-
alization. Other proteins that contribute to the osteoid 
include osteopontin, bone sialoprotein (BSP), osteonec-
tin, and alkaline phosphatase (BAP) [6, 7]. Bone 
 mineral consists of primarily calcium and phosphate 
that forms an organized crystalline structure called 
hydroxyapatite. When bone is initially formed, the 
 collagen fibers are laid down in a disorganized inter-
woven fashion forming what is termed as woven bone [8]. 
As bone matures, the collagen fibrils become lined up 
in a parallel fashion forming lamellar bone [9]. Woven 
bone is not as strong in terms of biomechanical proper-
ties as lamellar bone [10]. As bone becomes more 
 mineralized, its strength increases up to a point, but 

further mineralization beyond an optimal level reduces 
bone elasticity leading to the inability of the bone to 
respond to certain stresses which then results in fragile 
bone that is predisposed to fracture [11].

The key cells that are involved in bone production 
and remodeling are the osteoblasts and osteoclasts. 
Osteoblasts are the cells that lay down collagen matrix 
and promote mineralization. Osteoblast production 
requires specific transcription factors. RUNX2 (also 
called Cbfa1 and OSF2), a member of the runt/Cbfa 
family of transcription factors, was first identified as the 
nuclear protein binding to an osteoblast-specific cis-
acting element activating the expression of osteocalcin 
[12]. RUNX2 was shown to regulate the expression of 
all the major genes expressed by osteoblasts and be a 
key regulator of osteoblast differentiation in vivo [13].

As opposed to osteoblasts that produce mineralized 
matrix, osteoclasts are multinucleated cells responsible 
for bone resorption that dissolve the mineralized 
hydroxyapatite and degrade nonmineralized bone 
matrix [14]. They are derived from the colony-forming 
unit granulocyte-macrophage (CFU-GM) hematopoi-
etic precursor cells. Several factors promote osteoclas-
togenesis including growth factors and cytokines. Both 
colony stimulating factor (CSF-1) and interleukins-1 
and -6 (IL-1 and IL-6) expand the osteoclast precursor 
pool. TNF-alpha promotes conversion of the promono-
cyte to a committed osteoclast precursor [15].

Although several factors promote osteoclastogenesis, 
one factor that is required for production of mature 
osteoclasts is receptor activator of nuclear factor kappa 
B ligand (RANKL). A member of the tumor necrosis 
factor family, RANKL is initially expressed by bone 
marrow stromal cells, osteoblasts, and activated-T cells. 
RANKL is most commonly a membrane anchored 
molecule; however, a small fraction of RANKL is 
released through proteolytic cleavage from the cell 
surface as a soluble 245 amino acid homotrimeric mol-
ecule (sRANKL) [16]. Both soluble and membrane 
bound RANKL promote osteoclast formation and acti-
vation by binding to RANK on the osteoclast precursor 
membrane that has the characteristics of a monocyte [17]. 
RANKL binding to RANK induces NFkappaB and 
Fos activation [18].

In addition to RANKL and RANK, another key 
modulator of osteoclastogenesis is osteoprotegerin 
(OPG) (also known as osteoclastogenesis inhibitory 
factor-OCIF) [19, 20]. OPG serves as a decoy receptor 
that binds RANKL and thus blocks its ability to bind to 
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RANK and induce osteoclastogenesis. In contrast 
to RANKL and RANK, whose expression is mainly 
restricted at low levels to the skeletal and immune 
 systems, OPG is expressed in a variety of tissues, such 
as liver, lung, heart, kidney, stomach, intestines, skin, and 
calvaria in mice and lung, heart, kidney, and placenta 
in humans. In bone, OPG is mainly produced by osteo-
blastic lineage cells, and its expression increases as the 
cells become more differentiated [21]. Several factors 
including, 1,25-dihydroxyvitamin D3, interleukin-1-b 
(IL-1-b), tumor necrosis factor-a (TNF-a), and bone 
morphogenetic protein 2 (BMP-2) induce OPG mRNA 
expression in human osteoblast cell lines [22]. 
Administration of recombinant OPG to normal rodents 
resulted in increased bone mass [19] and completely 
prevented ovariectomy-induced bone loss without 
apparent adverse skeletal and extraskeletal side 
effects [19]. It appears that the balance of the ratio of 
RANKL to OPG is very important in controlling the over-
all activity (i.e., lysis vs. no lysis) that will be observed.

When initiating bone resorption, osteoclasts become 
polarized, and three distinct membrane domains appear: 
a ruffled border, a sealing zone, and a functional secre-
tory domain [14]. The actin cytoskeleton forms an 
attachment ring at the sealing zone that anchors the 
osteoclast to the bone matrix. The ruffled border 
appears inside the sealing zone and vesicle transport to 
the ruffled border delivers hydrochloric acid and pro-
teases to an area between the ruffled border and the 
bone surface called the resorption lacuna [14]. In this 
extracellular compartment, crystalline hydroxyapatite 
is dissolved by acid, and a mixture of proteases degrades 
the organic matrix. The degradation products of collagen 
and other matrix components are endocytosed, trans-
ported through the cell, and exocytosed through a 
functional secretory domain [23].

Proteases that are important mediators of osteoclastic 
activity include cathepsin K and metalloproteinases. 
Cathepsin K can cleave bone proteins such as Type I 
collagen, osteopontin, and osteonectin [24]. Over-
expression of cathepsin K in the mouse results in 
accelerated bone turnover [25], whereas knockout of 
cathepsin K results in retarded bone matrix degrada-
tion and osteopetrosis [26]. In addition to the proteases, 
acid is secreted from osteoclasts to resorb the mineral-
ized matrix. Acid is believed to be secreted through 
vacuolar H(+)-ATPase-dependent pumps present on 
the osteoclasts ruffled membranes [27]. Several 
 hormones regulate acid secretion, including parathyroid 

hormone, which increases acid secretion and calcitonin, 
which decreases acid secretion. Carbonic anhydrase II 
appears to be an important mediator of acid production 
because acetazolamide, a carbonic anhydrase inhibi-
tor-based diuretic, can block bone resorption [28]. 
Another diuretic, indapamide, increased osteoblast 
proliferation and decreased bone resorption, at least in 
part, by decreasing osteoclast differentiation via a 
direct effect on hematopoietic precursors in vitro [29].

Bone Remodeling

Bone remodeling is the cyclical replacement of old 
bone by new bone. Remodeling serves to maintain 
bones’ mechanical stability and allows it to perform its 
metabolic actions. In each cycle, a defined volume of 
bone is removed by osteoclastic resorption and subse-
quently replaced by osteoblastic formation at the same 
location. Remodeling is carried out by elongated 
 structures known as basic multicellular units (BMU; 
sometimes called bone metabolic units) that travel 
through or across the surface of bone. In the human, 
each BMU lasts about 6 months, with continued 
sequential recruitment of new osteoclasts and 
 osteoblasts [30]. The BMU is initiated by osteoclasts 
resorbing old bone followed by osteoblasts synthesiz-
ing new bone in the resorption lacunae (areas resorbed 
by osteoclasts).

Osteoblastic Bone Metastases

Many functions contribute to the ability of CaP cells to 
target to bone including homing and attachment to 
bone and invasion into bone. Once in the bone, CaP 
skeletal metastases are most often characterized as 
radiographically osteoblastic (i.e., increased bone 
 density on the radiograph) as opposed to osteolytic. Other 
tumors, such as breast cancer, can form osteoblastic 
lesions; however, these occur less frequently [31]. In 
spite of the radiographic osteoblastic appearance, it is 
clear from histological evidence that CaP metastases 
form a heterogeneous mixture of osteolytic and osteo-
blastic lesions although osteoblastic lesions are pre-
dominate [32]. Recent evidence shows that osteoblastic 
metastases form on trabecular bone at sites of previous 
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osteoclastic resorption, and that such resorption may be 
required for subsequent osteoblastic bone formation [33]. 
These findings suggest that CaP induces bone produc-
tion through an overall increase in bone remodeling, 
which in the nonpathologic state is a balance between 
osteoclast resorption of bone, followed by osteoblast-
mediated replacement of resorbed bone. In the case of 
CaP, it appears the induction of osteoblast-mediated 
mineralization outweighs the increase in osteoclast 
resorption resulting in an overall formation of osteo-
blastic lesions. The osteoblastic lesions result in over-
all weakening of the bone due to the production of 
woven bone and hypermineralization. Thus, the com-
bination of underlying osteolysis and production of 
weak bone leads to a predisposition to fracture. The 
mechanisms through which CaP cells promote bone 
mineralization remain poorly understood.

CaP cells produce a variety of factors that have 
direct or indirect osteogenic properties (Table 22.1). 
Some of these factors, such as bone morphogenetic 
proteins (BMP) [34] and enodothlin-1 (ET-1) [35] may 
directly stimulate differentiation of osteoblast precur-
sors to mature mineral-producing osteoblasts. Other 
factors such as parathyroid hormone-related protein 
(PTHrP) may work through inhibition of osteoblast 
apoptosis [36]. Additionally, there are proteins that 
may work indirectly to enhance bone production, such 
as the serine proteases, prostate specific antigen (PSA), 
and urinary plasminogen activator (uPA), which can 
activate latent forms of osteogenic proteins, such as 
transforming growth factor-b (TFG-b) [37]. Finally, 
some molecules, such as osteoprotegerin (OPG) [38] 
and ET-1 (in a dual role with its osteoblast-stimulating 
activity) [39] can enhance osteosclerosis through inhib-
iting osteoclastogenesis. In spite of this gamut of puta-
tive mediators of CaP-induced osteosclerosis, the authors 

are unaware of in vivo studies that unequivocally 
 demonstrate their role in this process. The large  number 
of factors suggest that several of these  osteogenic 
 factors work in concert to produce maximal bone 
production.

Osteoclastic Bone Metastases

Osteolytic activity is a key component of CaP bone 
metastasis and is regulated by a critical factor, RANKL. 
Several lines of evidence support the role of RANKL in 
prostate cancer-mediated osteolysis. Although a bone 
metastatic prostate cancer cell line has been shown to 
express OPG [40], that same line overexpresses RANKL 
[41]. Additionally, in normal prostate, OPG protein was 
detected in luminal, epithelial, and stromal cells (5–65% 
and 15–70%, respectively), and RANKL immunoreac-
tivity was observed in 15–50% of basal epithelial cells, 
40–90% of luminal epithelial cells, and 70–100% of 
stromal cells [42]. OPG was not detected in eight of ten 
primary CaP specimens, but RANKL was heteroge-
neously expressed in 10 of 11 CaP specimens [42]. 
Importantly, the percentage of tumor cells expressing 
OPG and RANKL was significantly increased in all 
CaP bone metastases compared with nonosseous metas-
tases or primary CaP. The presence of RANKL in CaP 
tissues has been shown to indicate poor prognosis [43, 
44]. Serum OPG levels are elevated in patients with 
advanced prostate cancer compared to less advanced 
prostate cancer [45]. In one study, serum RANKL levels 
were not altered, although the RANKL–OPG was 
altered in these patients due to changes in OPG [46]. It 
is possible that RANKL is only expressed locally at the 
skeletal metastatic site and therefore not detectable in 
the serum. Regardless, taken together, these observa-
tions suggest that the RANKL–OPG axis may play an 
important role in prostate cancer bone metastases. 
Further support for this possibility was demonstrated by 
the observation that administration of OPG prevented 
establishment of mixed osteoblastic/osteolytic prostate 
cancer cells in the bones of SCID mice, although it had 
no effect on establishment of subcutaneous tumors in 
the same mice [41]. However, in another study, OPG 
administration did not prevent establishment of an 
osteoblastic prostate cancer tumor although it slowed 
the tumor growth [47]. OPG also diminished the pro-
gression of established osteoblastic prostate cancer in 

Table 22.1 Osteogenic factors produced by prostate cancer cells

Factor References

Bone morphogenetic proteins (BMP) [34, 96]
Endothelin-1 (ET-1) [97-100]
Insulin-like growth factors (IGF) [101, 102]
Interleukin-1 and -6 [103, 104]
Osteoprotegerin (OPG) [38, 105]
Parathyroid hormone-related peptide (PTHrP) [36, 106]
Transforming growth factor-b (TFG-b) [107]
Urinary plasminogen activator (urokinase) [108]
Vascular endothelial growth factor (VEGF) [109]
Wnts [110]
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human bone implants in mice [48]. Taken together, these 
studies suggest that OPG can inhibit prostate tumor 
growth in bone.

Matrix metalloproteinases (MMPs), a family of 
enzymes whose primary function is to degrade the 
extracellular matrix, play a role in bone remodeling. 
This activity occurs in the absence of osteoclasts [49] 
suggesting that MMPs have a direct resorptive effect. 
Several have the ability to degrade the nonmineralized 
matrix of bone including MMP1, MMP9, and MMP13, 
which are collagenases. Other MMPs such as 
stromelysin (MMP3) activate MMP1. Through their 
proteolytic activity, MMPs contribute to metastatic 
invasion, including destruction of bone [50].

Prostate carcinomas and their cell lines express a 
large number of MMPs. Levels of MMP9 secretion in 
primary prostate cancer cultures increased with 
Gleason histological grade [51]. Active MMP9 species 
were detected in 15 cultures (31%) of primary prostate 
cancer tissues. The presence of the mineralized matrix 
has been shown to induce MMP9 expression from 
prostate carcinoma cells [52]. MMP12 has been shown 
to be upregulated in CaP, and knockdown of MMP12 
inhibited the ability of a CaP cell line perform in vitro 
invasion [53].

The initial functional data that suggested CaP bone 
metastasis modulate bone remodeling through MMPs 
was provided by in vitro studies. Specifically, blocking 
MMP activity with 1,10-phenanthroline, a MMP 
inhibitor, diminished bone matrix degradation induced 
by PC-3 cells in vitro [54, 55]. Matrilysin (MMP7) has 
been shown to be upregulated in DU-145 prostate 
 cancer cells and can enhance their invasive ability. 
Monoclonal antibody targeting the cytokine interleu-
kin-6 (IL-6) has been shown to increase promatrilysin 
expression in DU-145 cultures [56]. This suggests that 
IL-6, which is increased in prostate cancer (reviewed 
in [57]), enhances prostate cancer invasion through 
production of MMP-7.

The importance of MMPs in bone metastasis has 
been further confirmed in vivo. An MMP inhibitor, 
batimistat, has been shown to inhibit development 
bone resorption in vitro and in vivo in murine models 
of breast [58] and CaP [59]. The mechanism through 
which CaP-produced MMPs induce bone resorption is 
not clear; however, it appears to involve induction of 
osteoclastogenesis as inhibition of MMPs reduced the 
number of osteoclasts associated with prostate tumor 
growth in human bone implants in mice [59]. 

Additionally, the bisphosphonate alendronate blocked 
MMP production from PC-3 cells [60]. This was 
 associated with diminished establishment of bone 
metastasis in mice injected with PC-3 tumors [49].

PTHrP, a protein with limited homology to 
 parathyroid hormone (PTH), was originally identified 
as a tumor-derived factor responsible for humoral 
hypercalcemia of malignancy (HHM). PTH and PTHrP 
bind to the same receptor (the PTH-1 receptor) and 
evoke the same biological activity due to similarities in 
their steric configurations at the region of 25–34 amino 
acids. Patients with solid tumors and hypercalcemia 
have increased serum PTHrP in 80% of the cases, 
emphasizing the impact of this peptide to increase 
bone resorption and renal tubular resorption of calcium 
[61]. Subsequent to its characterization in HHM, 
PTHrP was found to be produced by many normal 
 tissues including, epithelium, lactating mammary gland, 
and cartilage where it has an autocrine, paracrine, or 
intracrine role [61].

PTHrP is an attractive candidate for influencing 
CaP growth. PTHrP is produced by normal prostate 
epithelial cells, from which CaP arises and PTHrP is 
found in the seminal fluid [62, 63]. PTHrP has been 
immunohistochemically identified in prostate carcinoma 
tissue in patients with clinically localized disease [64], 
is found in higher levels in prostate intraepithelial 
 neoplasia than in normal prostate epithelium, is found 
in higher levels in prostate carcinoma than in benign 
prostatic hyperplasia [65, 66], and is found in human 
metastatic lesions in bone [67]. However, in some 
studies, expression of PTHrP receptor in prostate cancer 
appears to be more consistent than expression of 
PTHrP itself [68]. Overexpression of ras oncogene in 
immortalized prostate epithelial cells has been shown 
to promote PTHrP expression [69]. This may account 
for the increased expression of PTHrP as the cells 
progress to a malignant phenotype.

There is evidence that PTHrP can act as an autocrine 
growth factor for CaP cells in vitro [62] although it 
does not affect proliferation of normal prostate cells 
[70]. PTHrP production by primary prostatic tumors is 
associated with increased tumor size and rate of growth 
in an animal model [67] suggesting that PTHrP acts in 
an autocrine or intracrine mechanism to promote tumor 
growth. In contrast, in this same model and in an intrac-
ardiac injection model of CaP, PTHrP was not associ-
ated with an increase in metastatic potential [67, 71]. 
This suggests that PTHrP is important in the bone 



250 E.T. Keller and C.L. Hall

microenvironment where target cells with receptors are 
present (osteoblasts); it may play a critical role in the 
bone response to CaP. PTHrP expression has been 
localized to CaP tissues demonstrating it is present in 
the bone microenvironment [72]. Overexpression of 
PTHrP in CaP cells has been shown to induce osteolytic 
lesions in the bone of rats [73] although the level of 
expression may not directly correlate with the degree of 
osteolysis [71]. PTHrP also promotes monocytes activ-
ity at CaP sites, which can induce osteolytic  activity 
[74]. All these data suggest that PTHrP has a critical 
role in the local bone microenvironment of metastatic 
prostate carcinoma; but what this precise role is has yet 
to be determined.

IL-6 belongs to the “interleukin-6 type cytokine” 
family that also includes leukemia inhibitory factor, 
interleukin-11, ciliary neurotrophic factor, cardiotro-
phin-1, and oncostatin M [75]. Many physiologic 
 functions are attributed to IL-6 including promotion of 
antibody production from B lymphocytes, modulation 
of hepatic acute phase reactant synthesis, promotion of 
osteoclastic-mediated bone resorption, and induction 
of thrombopoiesis [76]. IL-6 mediates its activity 
through the IL-6 receptor complex, which is composed 
of two components; an 80 Kd transmembrane receptor 
(IL-6Rp80, IL-6R, a-subunit) that specifically binds 
IL-6, but has no signaling capability and a 130 Kd 
membrane glycoprotein (gp130) that mediates signal 
transduction following IL-6R binding [77]. In addition 
to the transmembrane IL-6R, a soluble form of IL-6R 
(sIL-6R) exists that is produced by either proteolytic 
cleavage of the 80 kDa subunit [78, 79] or differential 
splicing of mRNA [80]. Although the sIL-6R does not 
possess a transmembrane component, it can still bind 
to IL-6 and the ligand bound sIL-6R·IL-6 complex 
activates signal transduction and biological responses 
through membrane-bound gp130 [81].

Multiple studies have demonstrated that IL-6 is 
elevated in the sera of patients with metastatic prostate 
cancer [82-84]. Adler et al. [82] demonstrated that 
serum levels of IL-6 and transforming growth factor-
b1 are elevated in patients with metastatic prostate 
cancer, and that these levels correlate with tumor bur-
den as assessed by serum PSA or clinically evident 
metastases. In a similar fashion, Drachenberg et al. 
[85] reported elevated serum IL-6 levels in men with 
castrate-resistant prostate cancer compared to normal 
controls, benign prostatic hyperplasia, prostatitis, and 

localized or recurrent disease. In an animal model, 
prostate tumor cells injected next to human bones 
implanted in the limb of mice demonstrated IL-6 
expression [86]. In addition to IL-6, the IL-6R has 
been identified in human normal prostate and prostate 
carcinoma tissue [87, 88].

The secretion of IL-6 by prostate cancer cells in the 
bone microenvironment may impact bone remodeling 
(reviewed in [89]). IL-6 promotes osteoclasto-
genesis [90] most likely through increasing osteoclas-
togenic precursors. IL-6-mediated osteoclastogenesis 
is directly related to the level of gp130 present on the 
precursor cells [91]. It appears that IL-6-mediated 
osteoclastogenesis is independent of promoting 
RANKL expression [92]. However, IL-6 has been 
shown to potentiate PTHrP-induced osteoclasto-
genesis [93, 94]. Adminis tration of anti-IL-6 antibody 
has been shown to diminish the growth of subcutane-
ously injected prostate cancer cells in nude mice, thus 
demonstrating the potential utility of this compound in 
clinical prostate cancer [95]. These results strongly 
suggest that IL-6 may serve as a therapeutic target for 
the osteolytic component of prostate cancer skeletal 
metastases.

Summary

Bone metastasis is a frequent and debilitating compli-
cation of men with CaP. The bone provides a unique 
environment that both fosters the development of 
metastases and responds to the CaP cells resulting in 
aberrant bone production that results in clinical symp-
toms. The interaction between the CaP cells and bone 
is complex  (summarized in Fig. 22.2). The CaP cells 
induce bone resorption, which promotes CaP growth 
and changes them to an osteoblastic-inducing pheno-
type. A variety of factors participate in the induction of 
bone resorption. It appears that RANKL is a key factor 
induced by CaP cells, which results in osteoclastogen-
esis. Additionally, a large number of CaP-produced 
factors have been implicated as being osteoblastic. 
Most likely, several factors work in unison to produce 
the overall osteoblastic phenotype. It is hoped that as 
we learn more about the pathophysiology of bone 
metastasis, we will be able to develop therapies to 
 target this process.
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Abstract Bone-targeted radiopharmaceuticals have 
an established role as safe and effective agents for 
the treatment of men with bone-metastatic castration-
resistant prostate cancer (CRPC). Three FDA approved 
radiopharmaceuticals are available for use by cli-
nicians including 153samarium-EDTMP, 89strontium 
 chloride, and 32phosphorus. Data from placebo-con-
trolled  randomized trials support the palliative use of 
these compounds but no consensus currently exists 
regarding how these compounds should be sequenced 
with other agents known to be active in the CRPC 
patient. Multiple factors, including market forces, have 
limited current use. Newer bone-targeted isotopic thera-
pies are currently under development and large phase 
III multinational placebo-controlled trials in bone-
 metastatic CRPC patients are currently being planned 
for 223radium. Combinations of radiopharmaceuticals 
and chemotherapy have yielded promising survival 
results in small randomized studies, but confirmation 
of survival benefit in larger studies has yet to occur. 
Various combinations of radiopharmaceuticals and  
chemotherapy are currently under active investigation.

Keywords Radiopharmaceuticals • 153Samarium-EDTMP 
• 89Strontium chloride • 223Radium • 32Phosphorus 
• Palliation • Prostate cancer • Bone metastases • Bone-
targeted therapy

Introduction

Bone targeted therapy with radio-isotopes began nearly 
60 years ago with the pioneering studies of Friedell 
and Storaasli [1] using 32phosphorus (32P) for patients 
with bone-metastatic breast cancer. Studies in patients 
with bone-metastatic prostate cancer using radioactive 
phosphates date to the late 1950s [2]. Today, metastatic 
bone lesions can be targeted using several distinct FDA-
approved radiopharmaceuticals including 153samarium 
lexidronam (153Sm ethylenediaminetetramethyleneph-
osphonic acid or 153Sm-EDTMP), 89Strontium chloride 
(89Sr), and 32P. Each of these agents varies in their 
physical properties and mechanisms of bone-targeting, 
sharing in common only the relatively selective delivery 
of beta particles to bone metastatic lesions.

Bone metastases are the most significant clinical 
manifestation for the vast majority of metastatic castration-
resistant prostate cancer (CRPC) patients. The American 
Cancer Society current estimates for prostate cancer 
mortality rates indicate that approximately 28,660 deaths 
will occur in 2008 [3]. The vast majority of these patients 
will have bone-metastases at the time of death. A variety 
of contemporary clinical trials  systematically assessing 
both bone and soft tissue  disease [4, 5] demonstrate that 
bone metastases are radiographically detected in the 
84–92% of patients whereas measureable soft tissue dis-
ease (predominantly lymph node) is present in 39–44% 
of patients. Perhaps more importantly, in these large 
multi- institutional chemotherapy studies, over one third 
of these patients had bone pain that interfered with 
 function at the beginning of therapy [5]. Thus from both 
radiographic and symptomatic perspective, bone metas-
tases are highly prevalent and clinically significant in 
patients with metastatic CRPC.
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It has long been appreciated that prostate cancer 
cells are osteotropic though the exact mechanism for 
this tropism is debated. This topic is the subject of 
 considerable ongoing investigation [6]. One of the 
attractive features regarding bone-targeted therapies in 
metastatic prostate cancer is the fact that the ratio of 
bone to soft tissue metastases is remarkably high in 
comparison to other solid tumors. Thus, bone-targeted 
agents have the capacity to treat not only the most 
 clinically relevant aspect of metastatic prostate cancer 
but frequently the only clear radiographic manifesta-
tion of the disease. Such is not the case for other 
 common metastatic malignancies such as lung cancer, 
colon cancer, breast cancer, etc., which typically have 
bone metastases as only one feature of widespread 
metastatic disease.

Another relatively unique aspect of prostate bone 
metastases is that osteoblastic growth pattern strongly 
predominates. Though many types of cancers may 
have osteoblastic manifestations, prostate cancer is the 
most consistent in forming osteoblastic patterns. Given 
that current bone-targeted radiopharmaceuticals 
 selectively target the stroma of osteoblastic rather than 
osteolytic lesions, this provides a particular rationale 
for their utilization in patients with bone-metastatic 
CRPC.

Clinical Manifestations  
of Bone Metastases

Clinical manifestations of bone metastases include 
both focal and systemic symptoms. Pain is the most 
common focal complaint but both pathologic fractures 
and cord compression are significant complications of 
bone metastases and these symptoms represent a 
source of significant morbidity in the CRPC patient. 
Pathologic fractures, cord compression, radiation to 
bone, surgery to bone, and/or a change in antineoplastic 
therapy secondary to bone pain have been termed as 
skeletal-related events (SREs). Though this particular 
grouping may be debatable in its utility, the Food and 
Drug Administration (FDA) has accepted SREs as a 
relevant endpoint in selected registrational clinical 
 trials [7] and thus SREs are commonly evaluated in 
current clinical trials evaluating patients with bone 
metastatic disease.

It should be noted that evaluating various bone 
pains in older men with prostate cancer is not simplistic. 
Epidemiology studies indicate that there are over 60 
million visits each year for back pain alone in the 
United States [8]. Various musculoskeletal pains 
(arthritis, muscular spasms, sciatica, etc.) are common 
in this setting, and new pains cannot readily be ascribed 
to cancer without careful questioning and radiologic 
investigation. In the absence of radiographic metastases, 
pain can typically be attributed to noncancerous causes. 
In the presence of radiographic evidence of metastatic 
cancer, pain may or may not be causally related. Data 
indicate that bone metastases can typically be detected 
by bone scan approximately 4 months before symp-
toms are present [9], thus the simple presence of bone 
metastases does not imply that pain is derived from 
imaged lesions.

The measurement of pain due to bone metastases is 
not distinct from that of other malignant-induced pain. 
A variety of pain scales have been utilized in clinical 
trials (the McGill-Melzack Questionnaire, Brief Pain 
Inventory (BPI), Visual Analog Scale (VAS), Pain 
Descriptor Scales, etc.) and though a thorough review 
of this topic is relevant, it is beyond the scope of this 
particular chapter. Suffice it to say that pain assessments 
should be patient reported, repetitive, and quantitative. 
Regardless, as particular clinical trials are reviewed 
herein, the particulars of how pain was measured in 
that trial will be discussed as an understanding of pain 
assessment is critical to interpretation. Too often 
ignored in this context is analgesic consumption. Trials 
measuring pain and pain relief also require careful and 
repetitive measurement of analgesic utilization.

Systemic complications related to bone metastatic 
spread include both hypercalcemia and anemia. 
Hypercalcemia, a common manifestation of certain 
osteolytic bone tropic diseases such as multiple myeloma, 
is uncommon in patients with prostate cancer presum-
ably due to relatively osteoblastic nature of prostatic 
metastases. Anemia in the advanced prostate cancer 
patient is a topic of considerable complexity. Direct 
invasion of marrow, androgen deprivation therapy, 
 disseminated intravascular coagulation (DIC), proin-
flammatory cytokines, and chemotherapy are impli-
cated in the anemia of prostate cancer patients [10, 11]. 
Though etiologies are often multifactorial, the prog-
nostic importance of anemia in advanced disease is 
well documented and confirmed in multivariate 
 analyses [12, 13]. Patients with significant anemia 
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have a significantly shorter life-expectancy than those 
with normal or near-normal hemoglobin. Asthenia, 
loss of stamina, loss of appetite, weight loss, and occa-
sionally fever are not specific manifestations of bone-
metastatic disease, but are not uncommon in patients 
with advanced prostate cancer.

Physical Properties and Mechanisms  
of Targeting of Bone-Targeted 
Radiopharmaceuticals

Radiopharmaceuticals have often been reviewed in 
overly simplistic terms. In actuality, the agents used to 
date vary widely in particle emissions, half-life, and 
energy (see Table 23.1). The three currently available 
isotopes in the United States are all beta (b) emitters 
but the energy, half-life, and typical bone penetration 
depth of these agents are quite distinct as shown in 
Table 23.1. 153Sm-EDTMP has both the lowest average 
energy for the beta emission (0.22 MeV) and the shortest 
physical half life (1.9 days) of the currently available 
bone-targeted isotopes. 89Sr has a much longer half 
life (50.5 days) and is associated with a higher energy 
beta emission (0.58 MeV). 32P has the highest energy beta 
(and hence the greatest degree of bone penetration) 
with an average energy of 0.71 MeV and a 14 day half 
life. 223Radium (223Rd) is the first bone-targeted alpha-
emitter to enter advanced clinical trials. It has a physical 
half-life of 11.4 days with a complex decay chain that 
includes radon, polonium, lead, bismuth, and thallium 
radioactive isotopes. Alpha particle emitters such as 
223Rd are less penetrant in tissue (range typically 
<100 mm) than b-emitters but considerably more 
 cytotoxic to the tumor cells and supportive stromal 
cells due to their high linear energy transfer [14].

After their intravenous administration, the bone-
targeted radionuclides are preferentially incorporated 
into the sites of bone metastases at rates 2–120 times 
greater than that present in normal bone [15, 16]. 32P 
tracks and deposits in inorganic phosphate containing 
complexes in the hydroxyapatite crystal contained 
abundantly in the areas of remodeled diseased bone 
and has been a relatively forgotten isotope despite early 
studies of efficacy [2, 17]. 153Sm chelated to EDTMP 
homes to sites of new bone formation where it binds to 
newly deposited osteoid, which is abundantly deposited 
in the osteoblastic lesions associated with metastatic 

bone disease [16]. Without the EDTMP and its 
 phosphonic acid groups, 153Sm will not concentrate in 
bone. 89Sr and 223Rd [15, 18] are calcium homologues 
and are deposited in regions of newly formed bone 
where there is active calcium deposition. Once 
 embedded in the bone mineral matrix, radionuclides 
cause direct DNA damage to both tumor and other 
adjacent cells including the various aspects of tumor-
associated stroma (fibroblasts, endothelial cells, etc.). 
Because stromal-tumor interactions have been linked 
to cancerous growth, the importance of stromal altera-
tion should not be underestimated as changes in the 
tumor microenvironment may have important thera-
peutic implications (Table 23.1)

A variety of non-FDA approved isotopic prepara-
tion have been used in various clinical trials, however, 
the vast majority of these compounds are not being 
currently developed for therapeutic use and thus cover-
age in this review will be limited. These compounds 
include several preparations of rhenium (186Re-1,1-
hydroxyethylidene diphosphonate also known as 
186Re-HEDP or 186Re-etidronate, 188Re-HEDP), tin in 
the form of 117Sn(4+)diethylenetriaminepentaacetic 
acid (117Sn-DTPA), 85strontium, and 166holmium in the 
form of 166Ho-Labeled 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetramethylenephosphonate (166Ho-DOTMP).

Current Guidelines

Current National Cancer Comprehensive (NCCN) 
guidelines recommend systemic radionuclide therapy 
for the palliation of bone pain on disease progression 
despite androgen deprivation therapies (V.1.2009) but 
neither the NCCN or other guidelines have been clear 
in terms of how these and other active agents might be 
sequenced in prostate patients with metastatic castrate-
refractory disease. Both current guidelines and FDA 

Table 23.1 Physical properties of radionuclides used for 
treatment of metastatic bone pain

Radionuclide Half-life
Average/maximum 
MeV

Bone 
penetration 
(mm)

32P 14.3 days 0.7/1.7(b) 2.7
89Sr 50.5 days 0.58/1.46(b) 2.4
153Sm  1.9 days 0.23/0.8(b,g) 0.55
223Rda 11.4 days 6/9(a,g) 0.0001
aNot currently FDA approved
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labels limit the use of bone seeking radio-isotopes to 
monotherapies indicated explicitly for bone pain pal-
liation, however, the field is evolving rapidly and mul-
tiple clinical trials [19–22] have attempted to use 
combined modality therapy to change utilization of 
these isotopes from the strictly palliative uses that are 
indicated in the clinic today.

Current Indications  
and Contraindications  
for Radionuclide Therapy

Current indications for bone seeking radionuclide 
therapy (Table 23.2) involves the clear demonstration 
of pain attributable to bone metastatic disease. The 
presence of positive imaging studies are key to making 
a firm diagnosis of metastatic bone pain, and all clini-
cal trials published to date evaluating this class of 
agents have required confirmation of bone metastases 
by the presence of radiographic imaging. Isotopic bone 
scan findings are typically used as the imaging modal-
ity, with equivocal bone scan findings being resolved 
by additional standard imaging modalities. The osteo-
blastic lesions detected by bone scan provide confir-
mation that a radiopharmaceutical targetable lesion is 
present. Little experience with radiopharmaceuticals is 
available for patients with osteolytic lesions that are 
bone scan negative, such as the nonbisphosphonate 
treated typical multiple myeloma patients. Laboratory 
findings are rarely specific and are not typically used in 
bone pain diagnosis though an elevated bone alkaline 
phosphatase can provide a confirmatory finding. 
N-telopeptide and other markers of bone turnover have 
not been used clinically in this setting (Table 23.2).

Once the presence of painful bone metastases is 
ascertained, the patient is a potential candidate for 
bone-seeking radiopharmaceutical therapy. Whether 
this approach is optimal, however, depends on the avail-
ability and potential applicability of other  therapeutic 
choices. For the prostate cancer patient who is hormone-
therapy naïve, the first choice of therapy is standard 
androgen deprivation therapy. For patients with signifi-
cant elements of symptomatic soft-tissue metastases, 
the limitation of bone-targeted therapies is readily 
apparent. For unifocal bone disease, external beam 

radiation provides a reasonable and highly  effective 
alternative in the vast majority of patients [23, 24]. If 
cord compression, pathologic fracture, or a high risk of 
pathologic fracture is suspected, alternative  therapies to 
radiopharmaceuticals should be sought. Taken together, 
individuals with castrate-refractory  multifocal meta-
static bone disease with a minimum of soft-tissue 
symptoms are typically ideal for radiopharmaceutical 
consideration. From a safety perspective, adequate 
hematological status and the excretion of the particular 
isotope should be considered prior to finalizing deci-
sions. 153Sm-EDTMP is excreted via the urine and 89Sr 
is excreted via both the urine and stool. Consequently, 
consideration of creatinine clearance as well as hema-
tological parameters is needed prior to the administra-
tion of radiopharmaceuticals.

Overview of Randomized and Repeat-
Dosing Studies with 89Strontium

The vast majority of the trials published with 89Sr have 
been small, retrospective, nonrandomized, and/or 
reported only in abstract form. A recent review identi-
fied 38 observational studies using 89Sr for the man-
agement of metastatic bone cancer. These observational 
trials will not be assessed and covered in this chapter 
given the inconclusive nature of these types of trials. In 
this synopsis, larger randomized trials and studies of 
repeated doses are emphasized.

Table 23.2 Current Indications and contraindications for 
bone-seeking radiopharmaceuticals in prostate cancer

Indications
– Osteoblastic lesions on bone scans
– Bone pain from multifocal disease
– Hormone refractory disease
– Bone pain poorly controlled with conventional analgesics  

or analgesic intolerance
Relative contraindications
– Present or impending pathological fracture or spinal cord 

compression
– A significant soft tissue component of pain
– Single site of bone metastases
– Pure osteolytic bone lesions
Absolute contraindications
– Negative bone scan
– Severe marrow failure
– Severe renal insufficiency
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In a comprehensive study performed by the 
European Organization for Research and Treatment of 
Cancer (EORTC), 89Sr was compared to local field 
radiation therapy in patients with bone-metastatic 
symptomatic CRPC [25]. A total of 203 patients were 
randomized between a single dose of 150 MBq 
(~4 mCi) 89Sr and external beam radiation. External 
beam treatment planning was left to the individual center. 
Some patients received single doses as low as 4 Gy, 
whereas other patients received as much as 43 Gy in 
multiple fractions. The median dose/schedule was 
20 Gy spread over 5 fractions. Pain was assessed by a 
5 point World Health Organization (WHO) scale 
 evaluating pain in terms of the type and frequency of 
analgesia required (nonopiate or opiate, regular or 
nonregular). Subjective pain responses using the 
 analgesia-requirement scale were recorded in approxi-
mately one third of each patient treatment group, 
however, no comprehensive pain management plan 
was implemented across the trial sites. Time to subjec-
tive progression was approximately 3 months in each 
arm. Duration of pain response in responding patients 
was approximately 4.5 months for each treatment. 
There were no statistically significant differences in 
either the time to subjective progression or duration of 
pain response in responding patients. PSA declines of 
³50% were recorded in 13% of the isotope-treated 
patients and 10% of the external beam radiation-treated 
patients. Pain flare was reported in 18.4% of the isotope 
group as compared to 8.2% of the external beam group. 
The survival of 89Sr treated patients was compromised 
as compared to those receiving local field radiotherapy 
alone (median of 7.2 versus 11.0 months). This survival 
impairment was statistically significant (p = 0.0457). 
Toxicities were relatively mild, with grade 3 thrombo-
cytopenia was recorded in only one patient. Though 
the decrement in survival has not been reported in 
other trials, this does represent one of the largest trials 
evaluating 89Sr to date.

In the largest prospective randomized trial evaluating 
radiopharmaceuticals in symptomatic and bone meta-
static CRPC, 284 men in the UK were randomized 
between single dose 89Sr (200 MBq) and external beam 
radiation [26]. In this particular study, endpoints were 
clearly defined and included pain at the index site, 
appearance of new painful sites, a requirement for 
additional palliative external beam radiation, and sur-
vival. The external beam radiation was either focal or 

hemi-body. Interestingly, the intravenous radioisotope 
and the two forms of external beam radiation had no 
significant differences in pain relief at the index site 
(61–66% of patients experienced relief), however, in 
the 89Sr arm, there were fewer new painful sites as com-
pared to those patients who received the focal external 
beam radiation. In addition, fewer patients treated with 
the radioisotope (as compared to focal therapy) 
required subsequent radiation (2 patients vs. 12), indi-
cating potential benefit of systemic treatment. Survival 
was quite short (~21 weeks) but equal in each treat-
ment arm. Clinically significant toxicity was minor; 
however, both platelets and white blood cells fell by an 
average of 30–40% after 89Sr administration.

In a double-blind placebo-controlled randomized 
trial in 126 patients performed in Canada combining 
adjuvant radiopharmaceutical therapy with external 
beam radiation to bone, patients with painful bone 
metastatic CRPC were randomized to single dose pla-
cebo or 89Sr after local field radiotherapy was adminis-
tered to the most significant site of pain [27]. In these 
studies, strontium was given as a single injection 
of 400 Mbq (10.8 mCi). This represents a dose that is 
2.5 times higher than that of the FDA approved dose 
(4 mCi) in the United States. Endpoints included anal-
gesic consumption, new sites of painful metastatic 
bone disease, survival, and a reduction of pain at the 
primary sites of metastatic bone pain. Using these 
parameters, there was a significant reduction in anal-
gesic use at 3 months in patients assigned to 89Sr. In the 
isotope-treated group, 17% of patients were able to 
discontinue analgesics as compared to only 2% in the 
control group. In addition, there were significantly 
fewer new sites of active pain at 3 months. A quality-
of-life analysis demonstrated a statistically significant 
improvement in 89Sr treated patients with regard to 
alleviating pain and improving physical activity. There 
were no differences between the treatment arms in either 
survival or pain reduction at the index site. Toxicity in 
the form of grade 4 thrombocytopenia was noted in 
10.4% of patients treated with 89Sr. Time to platelet 
recovery was not specified in this manuscript.

With regard to smaller randomized trials, Lewington 
et al. [28] compared 89Sr to placebo in 32 patients with 
bone-metastatic CRPC. All patients had evidence of 
pain from the metastatic disease. The patients were 
evaluated after a single dose using a single time point 
(5 weeks after dosing). Of the 32 patients, only 26 were 
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evaluable. The study concluded that 89Sr led to an 
improvement in pain relief, however, the methodology 
of pain assessment and time points were limited and 
there was no quantitative assessment of analgesia 
requirements.

In another small randomized study involving 
49 patients with metastatic CRPC, the 89Sr (2 mCi) or 
placebo was administered at monthly intervals for 
three doses [29]. In this particular trial, no significant 
differences were noted in pain variation but analgesic 
consumption was not monitored. The authors con-
cluded that bone pain relief did not occur at this dose/
schedule of 89Sr, however, the radiopharmaceutical 
group had a longer survival than did the placebo group. 
These survival results have not been replicated.

Studies on repeated doses of 89Sr have been reported 
by Kasalicky and Krajska [30]. In this study, 36% of 
the patients had prostate cancer (lung, breast, and 
 others were also included). A total of 76 patients had 
two or more doses (2–5 doses were administered). The 
mean interval between doses was not specified. Typical 
graded adverse event reporting (common toxicity 
 criteria) was not done in this Czech Republic study but 
toxicity was limited. No patient had a platelet or leuko-
cyte decrease of >50% from baseline on repeated 
 dosing. Palliative responses were not assessed in a 
blinded fashion and no placebo controls were utilized. 
Mild improvement was noted in 41% of patients 
and substantial or complete improvement was noted 
in 47.5%.

Pons et al. [31] retreated 16 patients with a mean 
interval between the first and second doses of 7 months. 
Though not blinded, they reported that pain relief in 
the retreated patients was excellent as “good clinical 
response” was obtained in 63% of cases. Three patients 
received a third dose. Significant toxicity was not 
reported.

Overview of Randomized and Repeat-
Dose Studies with 153Samarium-EDTMP

Two prospective placebo-controlled randomized multi-
institutional double-blind phase III trials have been 
performed testing the efficacy of 153Sm-EDTMP in 
comparison to placebo. No trials have compared this 
isotope to external beam radiation or another isotope. 
The first of these trials [32] was not completely prostate 

cancer focused, though 68% of the 118 patients 
enrolled had prostate cancer. The remaining enrolled 
patients had breast cancer (18%) or a variety of miscel-
laneous malignancies. All enrolled patients had painful 
bone scan-positive metastatic disease and were ran-
domly assigned to 153Sm-EDTMP at one of two doses 
(0.5 or 1 mCi/kg) or a similar but nonradioactive com-
pound (152Sm-EDTMP). Pain scores were assessed 
both by a daily patient recorded pain diary and a global 
physician assessment. The treatment was unblinded at 
the end of 4 weeks for any patient not responding to 
treatment and those patients receiving placebo and 
who continued to meet eligibility requirements were 
given the opportunity to crossover to a 1 mCi/kg dose 
of the radiopharmaceutical. This trial design had the 
advantage of allowing patients to crossover but as a 
consequence of removing all nonresponding patients 
4 weeks posttreatment, statistically valid comparisons 
beyond the 4 week time period were not able to be 
made with regard to placebo. As measured by patient 
reported pain scores, the 1 mCi/kg dose had improved 
pain relative to the placebo group at weeks 1–4. 
Seventy-two percent of test group patients who received 
1 mCi/kg had significantly reduced pain scores within 
4 weeks after treatment. This response lasted for 16 weeks 
in 43% of the 1 mCi/kg dosed cohort. The decline in 
pain scores was also associated with a parallel analge-
sic consumption decrease. The 0.5 mCi/kg was less 
effective in pain palliation; in the FDA reviews, the 
1 mCi/kg dose was approved for the palliation of pain 
due to bone metastases. Transient grade 3 platelet and 
leukocyte declines were observed in 3% and 14% of 
patients of the higher dose subgroup of radio-active 
isotope arm, typically recovering to baseline by about 
8 weeks. Median platelet nadir was 45% of baseline, 
and median WBC decline was 51% of baseline.

Results of the second multi-institutional placebo-
controlled randomized trial of 153 Sm were published 
by Sartor and colleagues [33]. This trial exclusively 
treated patients diagnosed with prostate cancer. A total 
of 152 bone-metastatic CRPC patients were random-
ized in a 2:1 ratio to 152samarium-EDTMP (n = 51) or 
a 1 mCi/kg dose of 153Sm-EDTMP (n = 101) and were 
followed up to 16 weeks. Again the crossover design 
of allowing nonresponders to be unblinded after 4 
weeks was utilized, compromising statistical analysis 
beyond the 4 week time point. Response endpoints 
were subject’s recording of pain intensity twice daily 
by patients using a VAS pain assessment as well as a 
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pain descriptor scale. Analgesic consumption was also 
tracked daily. Patients were contacted weekly and anal-
gesic adjustments were made as needed, thus ongoing 
pain management was a part of the trial design. Significant 
reductions in pain scores were observed at weeks 3 and 
4 (Fig. 23.1) in the radiopharmaceutical-treated group. 
The mean platelet and white blood count nadir was 
127,000/µL and 3,800/µL, respectively. Decreases in 
white blood cell and platelet counts generally began 
within 1 or 2 weeks after dose administration, with the 
nadirs occurring by 3–5 weeks and recovery to normal 
levels by approximately week 8. No grade 4 white 
blood cell or platelet toxicity was noted. Grade 2, or 
less, toxicities were noted in 95% of the patients treated 
during the blinded phase of the trial.

Sartor and colleagues [34] also published results of 
concerning repetitive dosing in a cohort of 202 patients 
with 77% of the study group having been diagnosed 
metastatic prostate cancer. The aim was to assess the 
safety of repeat administration of 153Sm-EDTMP in 
patients who had been previously entered on randomized 
trials. Patients were not formally required to have repeat 
dosing but were potentially offered repeat dosing if 
they were deemed to have benefited from the original 
radiopharmaceutical dosing and continued to meet the 
trials eligibility criteria. Pain was assessed at baseline, 
and again at weeks 4 and 8, by a VAS score but the 
participants were not blinded nor treated with a placebo 
when receiving repeated doses, thus pain assessments 
were suboptimal. A total of 55 patients of the 202 were 
given repeated treatment with the 1 mCi/kg dosing 
schema. Grade 3 platelet declines occurred in 11%, 
12%, and 17% of patients after the first, second, and 

third doses, respectively. Grade 3 leukopenia occurred 
in less than 7% of the initial and repeat dose patients 
and was not associated with repeat dosing. In terms of 
efficacy, decreases in pain scores were documented in 
70%, 63%, and 80% of patients at week 4 after the first, 
second, or third dose administration. After the second 
dose of the isotope, pain score reductions were statisti-
cally significant at week 4 and week 8. For patients 
who received three doses, pain score reduction were 
significant at week 4 but not week 8.

The safety and tolerability of repetitive doses of the 
bone seeking radiopharmaceutical 153Sm-EDTMP 
were investigated in men with hormone-naive prostate 
cancer metastatic to bone, and it concluded that the fea-
sible dose and schedule for repeated doses of the iso-
tope was 2 mCi/kg given every 16 weeks for three doses 
[35]. In this study, beginning shortly after androgen 
deprivation was initiated in patients with androgen-
sensitive bone metastatic prostate cancer, 4 planned 
doses q 12 weeks were planned. The first cohort of six 
patients received 153Sm-EDTMP at 2 mCi/kg per dose; 
three patients completed all four doses and three 
received three doses, however, there were seven epi-
sodes of grade 3 neutropenia and one each of grade 3 
and 4 thrombocytopenia. Of six patients in the second 
cohort (153samarium 2.5 mCi/kg per dose), only one 
received all four doses. Four events of grade 3 neutro-
penia and 2 events of grade 3 thrombocytopenia were 
reported. The 12-week dose schedule resulted in persis-
tent low-grade thrombocytopenia and/or leukopenia, 
which prevented timely administration of the four 
planned doses. As a result, the dose of 153Sm-EDTMP 
was decreased to 2 mCi/kg for a total of three doses 

Fig. 23.1 Change from baseline in the VAS pain scores in the placebo-controlled randomized prostate cancer 153Sm-EDTMP 
phase III trials published by Sartor et al. [33]. Reproduced with permission from Elsevier, copyright 2004
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administered every 16 weeks. Five of six patients in 
this cohort received all three doses of 153 Sm. There 
were seven episodes of reversible grade 3 neutropenia. 
For all 18 patients on the study, there were no drug-
related serious adverse events or grade 4 nonhemato-
logic toxicities.

Additional studies of repeat dose 153Sm-EDTMP 
have also been administered in CRPC patients in com-
bination with docetaxel chemotherapy by Morris et al. 
[19]. Interestingly, in this study, the 1 mCi/kg doses 
were administered q 6 weeks with less toxicity than 
expected. See the section below on combination thera-
pies for a more extensive review of this trial.

223Radium: An Isotope in Current 
Development

After preclinical studies in rats [18], the safety of 223Rd 
was tested by Nilsson and colleagues [36] in a single 
dose, phase I clinical trial consisting of 25 patients 
with bone metastatic breast and prostate cancer. 
Toxicity and adverse were analyzed over an 8-week 
period. The increasing dosages for each group of five 
patients were 46, 93, 163, 213, and 250 kBq/kg. At 1, 
4, and 8-week postadministration, 52%, 60%, and 56% 
of patients reported improvement of pain index scores 
using the pain scale derived from the European 
Organization for Research and Treatment of Cancer 
(EORTC) QLQ-C 30 Questionnaire. Toxicity was 
minimal at these doses though diarrhea was noted in 
10/25 patients and a transient bone pain “flare” was 
noted in 9/25 patients. Transient myelosuppression in 
the patients was within acceptable ranges and surpris-
ingly mild at these dosages (grade 3 neutropenia in 
1/5 patients at the highest dose and 0/5 patients with 
grade 3 thrombocytopenia).

In addition, Nilsson and colleagues [37] recently 
published the results of their phase II randomized 
 placebo-controlled multicenter trial investigating 223Rd 
in symptomatic metastatic castrate-refractory prostate 
cancer patients. This trial, though relatively small, will 
be covered in detail as it is the first randomized trial for 
an alpha-particle emitter. All patients in both placebo 
(n = 30) and 223Rd arms (n = 33) were bone-metastatic 
(as assessed by bone scan) and were castrate- refractory. 
All patients received palliative external beam radiation 
to the most painful site (not exceeding an area of 

400 cm2) followed by treatment with placebo or  isotope. 
The test group received four doses of a 50 kBq/kg 
injection of 223Rd every 4 weeks over a 12 week period. 
Bone markers and PSA were followed every 2 weeks 
until 4 weeks after the last injection, and then at 6, 9, 
and 12 months. SREs and bone-alkaline phosphatase 
(bALP) were co-primary end points. Secondary end-
points consisted of time to PSA progression, toxicity 
effects, and overall survival. A variety of bone meta-
bolic markers were assessed. Pain was assessed by a 
Norwegian version of the BPI scale every 2 weeks. 
The bALP decreased in the test group by 65.6% and 
increased by 9.3% in the control group. Median time 
to first SRE was 14 weeks in the 223Rd treated patients 
and 11 weeks in the placebo arm. Median change in 
PSA at 4 weeks post last injection (relative to baseline) 
was –24% in the radioisotope group and +45% in the 
placebo group. Median time to PSA progression was 
26 weeks for the 223Rd arm compared to 8 weeks in the 
placebo arm. Median overall survival was 65.3 weeks 
for the isotopic arm and 46.4 weeks for control arm 
(p = 0.066, see Fig. 23.2). This prolongation of survival 
was provocative as the baseline characteristics appeared 
to be balanced.

Phase III trials of 223Rd are now ongoing in Europe 
and will soon be expanded to Asia, South America, 
and Canada. The phase III trial ALSYMPCA 
(ALpharadin in SYMptomatic Prostate CAncer) study 
is targeted to bone-metastatic CRPC patients who are 
not candidates for chemotherapy. Approximately, 750 
patients are expected to be enrolled in this pivotal trial 
which is powered for a primary endpoint of overall 
survival. Phase I/II trials looking at the efficacy of the 
combination of 223Rd with radio-sensitizing chemo-
therapeutic agents are also in the planning stage.

Comparison Trials Using Various 
Radiopharmaceuticals

Baczyk et al. [38] have published the only direct com-
parison randomized trial between 89Sr and 153Sm. This 
trial was performed in Poland at a single institution and 
involved 100 patients, 60% with prostate cancer and 40 
with breast cancer. Prior treatments were not specified 
(including hormonal therapies). 89Sr was used at a dose 
of 150 MBqs, and 153Sm-EDTMP was used at a dose of 
37 MBq/kg. A 10 point VAS pain score was utilized in 
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combination with assessment of analgesic consumption. 
A median baseline VAS score was 7 (range 5–10).  
A “complete effect” was recorded if the VAS scores 
posttreatment were 0–1; partial effects were recorded if 
VAS scores of 2–4. Responses were measured at a sin-
gle time point, 2 months after treatment. In the prostate 
cancer patients, no responses were recorded in 20% of 
patients in each arm whereas 33% of the 89Sr and 40% 
of the 153Sm-EDTMP patients had a complete response. 
The remaining patients had partial effects, thus the 
overall positive effect as measured by the VAS scores at 
2 months postdosing was 80% in both arms. Analgesic 
consumption at 2 months postdosing was –45% and 
–55% in the samarium and strontium arms, respec-
tively. Adverse events were not specifically recorded, 
however, five cases of “severe pancytopenia” were 

encountered including three patients treated with 89Sr 
and two patients treated with 153Sm-EDTMP.

A single institutional trial comparing 89Sr and 32P 
was published from India [39]. Thirty-one patients 
with skeletal metastases were treated with 32P (16 
patients) or 89Sr (15 patients). Oral 32P was adminis-
tered as a 12 mCi dose, and 89Sr was as a 4 mCi 
(148 MBq) dose. Baseline pain scores of “5–10” were 
required pretherapy. Posttherapy, absence of pain was 
seen in 7/16 32P-treated patients and in 7/15 89Sr 
patients. A decline in pain scores of 50% or better were 
observed in 14/16 patients given 32P and 14/15 patients 
administered 89Sr. Mean duration of pain relief was 
~10 weeks for both isotopes. There were no significant 
differences in terms of toxic effects, and no patients 
had significant neutropenia. Though this setting was 

Fig. 23.2 Overall survival for bone-metastatic CRPC patients in the randomized phase II trial comparing 223Rd and placebo [37]. 
Reproduced with permission from Elsevier, copyright 2007
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relatively small, it did not demonstrate significant 
 differences between the older and newer isotopes.

Liepe and Kotzerke [40] evaluated 188Re-HEDP, 
186Re-HEDP, 153Sm-EDTMP, and 89Sr effects on pain in 
a single institution trial in Germany consisting of 
79 patients (18 breast cancer and 61 CRPC patients). 
The study was nonrandomized, but VAS scores and anal-
gesic use were obtained weekly. A total of 31 patients 
were treated with 188Re-HEDP, 15 patients each with 
186Re-HEDP and 153Sm-EDTMP, and 18 patients with 
89Sr. Analysis of responses were somewhat hampered by 
the lack of blinding, the lack of placebo, the lack of ran-
domization, and the fact that breast and prostate cancer 
patients were not distinctly divided. Differences between 
the isotopes in terms of response rate or response dura-
tion were not apparent. Approximately 70% of patients 
in all groups had a pain response, and approximately 
15% of the patients in each group were rendered pain 
free. Toxicities were restricted to hematological effects 
(though a pain flare was noted in 19% of patients). Only 
one patient had a grade 3 thrombocytopenia, and no 
patients had grade 3 neutropenia.

Combinations of Radiopharmaceuticals 
and Chemotherapy

89Sr has been evaluated in several distinct CRPC trials 
in combination with chemotherapy. The largest and the 
most promising trial was a single institution random-
ized phase II study by Tu et al. [21] consisting of 89Sr 
in combination with weekly doxorubicin. A total of 
103 bone metastatic CRPC patients received induction 
KAVE chemotherapy, and 72 patients were subse-
quently randomized. The KAVE chemotherapy con-
sisted of ketoconazole, adriamycin, vinblastine, and 
estramustine. Only those patients who were able to tol-
erate KAVE and those without progressive cancer were 
eligible for 89Sr (4 mCi) or placebo in combination 
with doxorubicin for six doses (20 mg/m2/week). In 
the subset of patients randomized to 89Sr, a signifi-
cantly prolonged median progression-free survival 
(13 vs. 7 months) and median overall survival (28 vs. 
19 months) were observed. Grade 4 neutropenia was 
more common in the 89Sr group, while the incidence of 
grade 4 thrombocytopenia was similar. Further multi-
institutional randomized studies are underway using a 
similar design (MDA-3410/CTSU) to confirm these 

important findings, but no results to date have been 
reported and the rate of accrual has been slower than 
expected.

Monotherapy with 89Sr (150 MBq) was compared 
to a combination of 89Sr and low dose cisplatin in 
70 patients with CRPC patients reporting painful bone 
metastases [22]. The cisplatin was administered as 
three separate infusions (50 mg/m2 total dose) over 
11 days (before and after 89Sr). In this single institution 
study, prespecified study endpoints were bone pain 
palliation at 2 months, new onset bone pain, radio-
graphic progression of bone metastases, and survival. 
Bone pain improved at 2 months in 91% of those with 
combined modality therapy as compared to 63% in the 
monotherapy arm. The median survival without new 
painful sites was 4 months versus 2 months favoring 
combination therapy. Bone disease progression was 
observed in 27% of patients in arm the combined 
 treatment arm as compared to 64% of patients in the 
89Sr alone arm. There were no statistically differences 
in survival. Neither thrombocytopenia nor neutropenia 
was problematic, no grade 3 toxicities in either realm 
were observed.

Morris et al. [19] recently presented initial findings 
of their phase I trial combining 153Sm-EDTMP and doc-
etaxel in metastatic CRPC. Cohorts of 3–6 patients 
were treated in a dose-escalating fashion. Prior treat-
ment with taxanes was not an exclusion criteria. Cohorts 
are defined by dose escalations of docetaxel at 65, 70, 
75, 75, and 75 mg/m2 and 153Sm-EDTMP was adminis-
tered at 0.5, 0.5, 0.5, 0.75, and 1 mCi/kg. Each cycle 
was 6 weeks, except cohort 6, which explores a q 9 
week cycle for the isotope. Docetaxel was given on day 
1 and 22 and isotope on day −1 to 1 of each cycle. No 
dose limiting toxicity was reached though 6 of 28 
patients came off study for prolonged thrombocytope-
nia. It was concluded that coadministration of docetaxel 
and 153Sm-EDTMP was surprisingly well tolerated even 
with full doses of both drugs (1 mCi/kg of isotope and 
75 mg/m2 of docetaxel) with each drug administered in 
a repetitive fashion. Interestingly, some patients who 
were docetaxel resistant coming into the protocol were 
able to respond (by PSA criteria) to combination ther-
apy, suggesting the possibility of synergy between these 
two agents. Additional studies, with randomization, 
will be necessary to understand the therapeutic poten-
tial of this combination.

In a distinct trial design reminiscent of the 89Sr 
study by Tu et al. [21], patients with bone metastatic 
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CRPC achieving a response or stabilization after four 
cycles of docetaxel and estramustine were given 
 “consolidation” docetaxel at a dose of 20 mg/m2/week 
for 6 weeks in combination with 153Sm-EDTMP 
(1 mCi/kg). A total of 43 patients were included in this 
trial [20]. A PSA response was obtained in 77%, and 
the pain response rate was 69%. At least five of the six 
planned weekly injections of docetaxel were adminis-
tered to 34 patients (81%). The consolidation 
 docetaxel-153Sm-EDTMP regimen was well tolerated 
with no febrile neutropenia, and only two episodes 
(5%) of rapidly reversible grade 3 thrombocytopenia 
occurred. The median survival was 29 months, the 
1-year survival rate was 77%, and the 2-year survival 
rate was 56%. This survival exceeds expectations but 
confirmation in larger, multi-institutional randomized 
studies will be required for full credibility.

Current Utilization  
of Radiopharmaceuticals

Though the use of the radiopharmaceuticals are FDA 
approved and supported by prospective randomized 
placebo-controlled trials, their use has been more lim-
ited than expected based on these data. The reasons for 
limited use are multifactorial and in part involve a 
 variety of market forces. Reimbursement of chemo-
therapeutic agents and radiopharmaceuticals are 
 distinct, and some authors have made note that this 
could be a contributing factor impairing isotopic 
 utilization [41]. Further, despite some evidence to the 
contrary [42], concerns that radiopharmaceuticals may 
interfere with subsequent chemotherapy dosing have 
been cited as a potentially limiting reason for using 
these agents.
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Abstract Most men with advanced prostate cancer 
develop bone metastases. The most common sites of 
bone metastases from prostate cancer are the spine, pel-
vis, and ribs. Though they typically have a sclerotic or 
osteoblastic appearance when imaged, these metastases 
feature excess activity by both osteoblasts and osteo-
clasts. Pathologic osteoclast activation is associated with 
skeletal complications, disease progression, and death. 
The clinical burden of bone metastases is high as they 
commonly present with pain but can also present with 
spinal cord compression, fractures, and myelophthisis.

Zoledronic acid is a potent intravenous bisphospho-
nate. In men with castration-resistant prostate cancer 
and bone metastases, zoledronic acid decreases the 
risk of disease-related skeletal complications. There is 
limited information about the optimal frequency and 
duration of therapy for men with castration-resistant 
disease and bone metastases. The role of zoledronic 
acid and other bisphosphonates in androgen-sensitive 
disease or for prevention of bone metastases is 
unknown. Further clinical trials are needed to establish 
its optimal frequency, dose, and duration of therapy.

Denosumab is a fully human monoclonal antibody 
against receptor activator of nuclear factor-kappa-B 
ligand (RANKL). Denosumab is currently under 
investigation in three major prostate cancer trials that 
are designed to evaluate its ability to prevent fractures, 
bone metastases, and disease-related skeletal events.

Keywords Prostate cancer • Bone metastases • Osteoclast 
• Bisphosphonate • Skeletal-related events • Denosumab 
• Odanacatib

Normal Bone Physiology

Healthy bone is maintained by a dynamic and ongoing 
process of remodeling throughout the skeleton. This 
process depends on a balance between bone resorption 
by osteoclasts and new bone formation by osteoblasts. 
Osteoclasts are tissue-specific macrophages that grow 
and differentiate from monocyte/macrophage progeni-
tors. Osteoclasts resorb bone by binding to it and creat-
ing a sealed resorption vacuole into which they secrete 
protons and lytic enzymes. The two most active enzymes 
within this acidified compartment are tartrate-resistant 
acid phosphatase (TRAP) and cathepsin [1].

The receptor activator of nuclear factor-kappa-B 
(RANK) signaling pathway is central to regulation of 
both immature and mature osteoclasts, though at least 
24 additional genes or loci have been shown to be 
involved in osteoclast regulation. The pathway con-
sists of RANK ligand (RANKL) and its two receptors: 
RANK and osteoprotegerin. Osteoprotegerin competi-
tively inhibits RANK activation by acting as a decoy 
receptor for RANKL. Activation of RANK by RANKL 
on the surface of osteoclast precursors leads to gene 
expression and cellular differentiation to mature multi-
nucleated osteoclasts. Similar RANK activation on 
mature osteoclasts leads to longer survival and an 
increase in bone resorption.

Pathophysiology of Osteoblastic Bone 
Metastases

Bone biopsies in men with metastatic prostate cancer 
show evidence of a high turnover state with activation 
of both osteoclasts and osteoblasts in the areas involved 
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with tumor. As osteoclasts erode normal trabecular 
bone, osteoblasts replace it with sclerotic woven bone. 
Though woven bone characteristically appears dense 
or blastic when imaged, such blastic metastases con-
siderably weaken the structural integrity of the bone 
and increase fracture risk [2].

Several urine and serum laboratory markers are 
elevated in the presence of bone metastases as a reflec-
tion of bone resorption and formation. Urinary 
N-telopeptide (NTx) is a marker of collagen break-
down by osteoclasts. Bone-specific alkaline phos-
phatase (BAP) is a marker of osteoblast function. Both 
NTx and BAP have been found to be significantly ele-
vated in patients with bone metastases from prostate 
cancer [3]. Correlation between serum alkaline phos-
phatase (AP) and BAP is strong, making the more 
available AP a practical alternative to measuring the 
bone-specific isoform [4].

These lab tests can be used to estimate prognosis 
and monitor response to therapy. Binary (high vs. low) 
classification of resorption (NTx) and formation (BAP) 
markers in patients with solid tumors metastatic to 
bone has demonstrated that high initial levels correlate 
with adverse outcomes such as skeletal-related events, 
clinical bone disease progression, and death. Markers 
of resorption fall substantially in response to osteoclast 
inhibition or to RANKL inhibition [5]. Bone metabo-
lism markers have been used to guide decisions about 
dose and schedule selection in early phase clinical tri-
als but are not yet used to make treatment decisions in 
routine clinical practice.

Clinical Manifestations  
of Bone Metastases

Pain is easily the most frequent clinical manifestation 
of bone metastases, though they can also cause frac-
tures or spinal cord compression. Androgen depriva-
tion therapy (ADT), the mainstay of treatment for 
metastatic prostate cancer, accelerates bone turnover 
[6, 7], decreases bone mineral density (BMD) [6–11], 
and contributes to fracture risk [12–14]. Fracture is 
most common in the vertebral bodies but can also be 
observed in the pelvis, ribs, or long bones. 
Hypocalcemia due to calcium deposition in newly 
formed bone is common but is usually asymptomatic. 
Finally, androgen deprivation routinely causes a mild 
normocytic anemia [15].

Bisphosphonates

Bisphosphonates are chemically similar to inorganic 
pyrophosphate, a necessary component of normal bone 
[16]. A central carbon binds to the two phosphate groups 
and to the two organic side chains that identify each par-
ticular bisphosphonate. Their therapeutic benefits seem 
to stem from a combination of this affinity for bone and 
their effects on the osteoclasts themselves.

The negatively charged phosphate groups have strong 
affinity for cations such as calcium and therefore are 
easily incorporated into bone, though the strength of 
this affinity varies considerably from one bisphospho-
nate to the next. Bisphosphonates are chemically resis-
tant to hydrolysis and exert potent inhibitory and even 
proapoptotic effects on the osteoclasts that encounter 
them at highest concentration and ingest them by endo-
cytosis [17]. Nitrogen-containing bisphosphonates (alen-
dronate, risedronate, ibandronate, zoledronic acid) 
inhibit farnesyl pyrophosphate synthase, a branch-point 
enzyme in the mevalonate pathway that is important to 
osteoclast function, though other cellular pathways are 
likely involved [18].

Potency of osteoclast inhibition can be estimated by 
farnesyl pyrophosphate synthase inhibition, a property 
that orders the available bisphosphonates as follows: 
etidronate = clodronate <<< pamidronate < alen-
dronate < ibandronate < risedronate < zoledronic acid 
[18]. Zoledronic acid is the most potent of the avail-
able bisphosphonates, at least 100 times more potent 
than clodronate or pamidronate in preclinical models.

Bisphosphonates in Metastatic Bone 
Disease

In 1995, pamidronate was approved by the Food and 
Drug Administration to prevent disease-related skele-
tal complications in patients with bone metastases 
from breast cancer and bone disease from multiple 
myeloma. In 2002, zoledronic acid was approved for 
the prevention of skeletal complications in patients 
with myeloma bone disease and bone metastases from 
solid tumors including breast, lung, and prostate can-
cer. This approval of zoledronic acid was based on the 
results of three large randomized controlled trials that 
included over 3,000 patients with a variety of malig-
nancies [19–21]. In prostate cancer specifically, it was 
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shown to reduce skeletal-related events (SREs) in the 
setting of castration-resistant metastatic disease [21]. 
Zoledronic acid is not approved for treatment of hor-
mone-sensitive metastatic disease or for treatment of 
men without bone metastases.

Bisphosphonates in the Treatment  
of Castration-Resistant Prostate Cancer

In the USA, zoledronic acid is approved for the pre-
vention of SREs in men with prostate cancer and bone 
metastases who have failed first line hormone therapy 
(castration-resistant metastatic disease). The Zometa 
039 study established its efficacy in this setting where 
comparably designed trials with pamidronate and clo-
dronate had failed to demonstrate benefit (Table 24.1).

Zometa 039 was a randomized, placebo controlled 
trial that enrolled 643 patients with castration-resistant 
prostate cancer and asymptomatic or minimally symp-
tomatic bone metastases. Subjects were randomized to 
placebo or to one of two doses of zoledronic acid (4 or 
8 mg every 3 weeks for 15 months). Primary therapy for 
the prostate cancer was as chosen by the treating physi-
cians, and androgen deprivation was continued through-
out. The primary efficacy endpoint was the proportion 
of patients who experienced at least one SRE during the 
study period. SREs included pathologic bone fractures, 
spinal cord compression, surgery or radiation to bone, 
and antineoplastic therapy to treat bone pain [21].

Though the trial began with two-dose cohorts for 
zoledronic acid, concern about renal toxicity led to two 
protocol modifications prior to completion. First, the 
infusion time was lengthened from 5 to 15 min. Second, 
the 8-mg group was dose reduced to 4 mg. Of the 643 

patients enrolled, 14 experienced grade 3 serum 
increases in creatinine (7 in the 4-mg group, 5 in the 
8/4-mg group, 2 in the placebo group); none required 
dialysis.

At the 15-month conclusion of the trial, patients 
treated with 4-mg zoledronic acid had fewer SREs 
(33.2%) than patients who received placebo (44.2%) 
(P = 0.02). See Fig. 24.1 for a combined analysis of 
SRE prevention in this trial and another similar trial. 
Zoledronic acid treatment at 4 mg also lengthened 
median time to first SRE from 321 to 488 days 
(P = 0.009) [22]. Though the study was not designed to 
assess differences in overall survival, there was a non-
significant improvement in median survival from 464 
to 546 days (P = 0.091) in the 4-mg group compared 
with placebo. Follow-up at 24 months showed durable 
benefit as the risk of SREs was reduced by 36% com-
pared with placebo (P = 0.002) [22]. This trial led to 
the approval of zoledronic acid for the treatment of 
castration-resistant prostate cancer metastatic to bone.

Combined analysis was performed on two multicenter, 
randomized, placebo-controlled trials (Protocol 032 and 
INT 05) that evaluated pamidronate (90 mg given intrave-
nously every 3 weeks for 27 weeks). Together, the trials 
enrolled 350 patients. Efficacy was assessed with self-
reported pain score, analgesic use, and proportion of 
patients with a SRE. There were no statistically signifi-
cant differences in these endpoints between the treatment 
and placebo groups. Urinary bone resorption markers 
did decline with treatment, though less so than has typi-
cally been observed with zoledronic acid treatment. For 
example, NTx levels fell approximately 50% from base-
line with pamidronate treatment but fell by more than 
70% on treatment in the Zometa 039 study. Lack of 
pamidronate efficacy in this study may be at least 
partially due to less potent osteoclast inhibition [23].

Table 24.1 Notable randomized controlled trials using bisphosphonates for metastatic prostate cancer

Study n Study population Arms Outcome

Zometa 039 643 Asymptomatic or  
minimally symptomatic, 
castration-resistant

Zoledronic acid  
vs. placebo, every  
3 weeks

Significant decrease in skeletal-related 
events, trend toward improved 
survival

Study 032/INT 350 Symptomatic, castration-
resistant

Pamidronate vs. placebo,  
every 3 weeks

No significant difference in pain, 
analgesic use, or skeletal-related 
events

NCIC Pr06 204 Symptomatic, castration-
resistant

Mitoxantrone and 
 prednisone ± clodronate, 
every 3 weeks IV

No significant difference in palliative 
response (pain scores or analgesic 
use)

MRC Pr05 311 Androgen-sensitive Daily oral clodronate  
vs. placebo

Trend toward improved bone 
progression-free survival 
(P = 0.066)
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The National Cancer Institute of Canada Pr06 (NCIC 
Pr06) evaluated patients with castration-resistant prostate 
cancer and symptomatic bone metastases. They were ran-
domized in this double-blind, controlled trial to mitoxan-
trone and prednisone with or without the addition of 
clodronate (1,500 mg intravenously every 3 weeks). 
Mitoxantrone was given 12 mg/m2 intravenously every 
3 weeks and prednisone was given 5 mg twice daily. The 
primary endpoint was palliative response, defined as 
either a two-point pain reduction by the present pain 
intensity index or a 50% decrease in analgesic use. The 
majority (77%) of the 209 patients had mild pain scores at 
baseline. There was no statistically significant difference 
in achievement of the primary endpoint between the study 
group (46%) and the control group (39%) (P = 0.54). 
Secondary endpoints such as survival, quality of life, and 
progression-free survival (PFS) were also statistically 
unchanged between the groups [24].

Bisphosphonates in the Treatment  
of Androgen-Sensitive Prostate Cancer

The only completed trial to examine bisphosphonates 
in androgen-sensitive prostate cancer is the MRC PR05 
trial that compared oral sodium clodronate (2,080 mg/
day) to placebo for men with bone metastases. It was 
a double-blind, placebo-controlled trial and enrolled 

311 patients for a maximum of 3 years of study-
directed treatment. The primary endpoint was symp-
tomatic bone PFS. Symptomatic bone PFS is a similar 
endpoint to SREs but requires that the event be clini-
cally appreciated rather than simply an imaging find-
ing. Overall survival was a secondary endpoint. After a 
median of 59 months, the treatment group showed 
nonsignificant improvements in overall survival (HR 
0.80, 95% CI 0.62–1.03, P = 0.082) and in symptom-
atic bone PFS (HR 0.79, 95% CI 0.61–1.02, P = 0.066). 
Patients in the treatment group had a higher incidence 
of gastrointestinal adverse events (HR 1.71, 95% CI 
1.21–2.41; P = 0.002) [25]. Interestingly, subgroup 
analysis suggested that earlier start of this therapy 
improved efficacy.

CALGB/CTSU 90202 is a currently enrolling ran-
domized, double-blind, placebo-controlled phase III 
trial comparing early to standard zoledronic acid for 
the prevention of SREs in men with androgen-sensitive 
prostate cancer metastatic to bone. All patients are 
started on zoledronic acid within 3 months of initiation 
of androgen deprivation. This will be an important trial 
as it is well designed and examines a high risk but pre-
viously understudied population (hormone sensitive) 
while making use of a more potent bisphosphonate 
than was used in the MRC PR05 trial. The goal accrual 
is 680 patients.

Bisphosphonates for the Prevention  
of Bone Metastases

Two randomized controlled trials have evaluated bis-
phosphonates for prevention of bone metastases in 
prostate cancer; neither showed significant benefit.

First, the Medical Research Council Pr04 trial 
enrolled 508 men with nonmetastatic prostate cancer 
and randomized them to daily oral clodronate (2,080 mg/
daily) or to placebo for a maximum of 5 years. The 
patients were followed for a median of nearly 10 years. 
All men had locally advanced (T2–T4) prostate cancer 
and a negative bone scan at enrollment. The treatment 
group showed no sign of benefit. There was a nonsig-
nificant increase in new bone metastases (80 events 
with clodronate, 68 events with placebo; HR = 1.22; 
95% CI 0.88–1.68) and no change in overall survival 
(130 deaths with clodronate and 127 deaths with pla-
cebo, HR = 1.02, 95% CI = 0.80–1.30). Clodronate was 

Fig. 24.1 Cumulative incidence of skeletal-related events [28] 
The survival-adjusted cumulative incidence of skeletal-related 
events was significantly reduced by 35.3% by treatment with 
4-mg zoledronic acid compared with placebo in two large pro-
spective randomized controlled trials [20, 21]
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well tolerated with only mild increases in gastrointesti-
nal problems and increased lactate dehydrogenase lev-
els [26]. Though the trial was well designed and 
follow-up was excellent, it was likely hurt by the use of 
clodronate, a comparatively weak bisphosphonate.

Second, Zometa 704 was designed to evaluate the 
ability of zoledronic acid to delay the time to first bone 
metastasis in patients with castration-resistant prostate 
cancer. Progression during ADT prior to study enroll-
ment was defined as three consecutive rises in PSA at 
least 2 weeks apart from one another, initial PSA rise 
within 10 months of study entry, or last PSA at least 
150% of the nadir value. Subjects were randomized 
to either zoledronic acid (4 mg intravenously every 
4 weeks) or to placebo. Unfortunately, the study was 
placed on hold in September 2002 due to low event 
rate after accruing 398 of the planned 991 patients. It 
was eventually terminated. The study and control 
groups had similar time to first metastases but the low 
event rate and the low accrual both conspired against 
thorough evaluation.

Though the Zometa 704 trial was ended early, anal-
ysis of the 201 patients in the placebo group did yield 
interesting information about the natural history of 
PSA-only recurrent prostate cancer. Median bone 
metastasis-free survival was 30 months, and at 2-year 
follow-up 33% of patients had developed a bone 
metastasis. The most powerful predictors of time to 
first metastasis and overall survival were baseline PSA 
(if >10 ng/mL, relative risk 3.18) and PSA velocity. 
Median time to first bone metastasis and overall sur-
vival had not been reached [27].

Though results of both trials were disappointing, 
they have strongly influenced the design of subsequent 
studies. The low event rate and long metastasis-free 
survival, even with castration-resistant prostate cancer, 
have led investigators to plan for higher enrollment 
and longer follow-up to achieve adequate statistical 
power. As an example, the three current denosumab 

trials (Table 24.2) are planned to accrue over 4,500 
patients in all.

Bisphosphonates: Safety

Current clinical trial evidence supports the use of zole-
dronic acid (4 mg intravenously every 3–4 weeks) to 
reduce the risk of SREs in men with castration-resis-
tant prostate cancer and bone metastases [28]. 
Androgen-sensitive disease is an area of ongoing 
investigation and is currently without clear evidence to 
support bisphosphonate treatment. Widespread and 
increasingly long courses of bisphosphonate treatment 
have led to a better understanding of their toxicities.

The two most common side effects of bisphospho-
nate therapy are an acute phase reaction and hypocal-
cemia. This acute phase reaction is generally a 
self-limited flu-like illness that starts within a day of 
the infusion and may include nausea/vomiting and 
fever [29]. Calcium and vitamin D supplementation 
are recommended during bisphosphonate treatment to 
prevent symptomatic hypocalcemia. The two most 
feared complications of bisphosphonate use are acute 
renal failure and osteonecrosis of the jaw (ONJ).

Renal toxicity has been observed to range in severity 
from a transient asymptomatic creatinine elevation to 
permanent dialysis dependence. In one early series, 
patients who developed renal failure during bisphos-
phonate treatment underwent kidney biopsies, which 
showed evidence of acute tubular necrosis with tubular 
cell degeneration, loss of brush border, and apoptosis 
[30]. In another series of 72 cases of FDA-reported 
adverse events with the 4 mg/15 min infusion combina-
tion, the effected patients began with a mean baseline 
creatinine of 1.7 mg/dL (range 0.6–5.2) and developed 
renal failure an average of 56 days after initiation of 
zoledronic acid use (range: 1–51 months) [31]. Among 

Table 24.2 Current randomized controlled trials of denosumab for prostate cancer

Study/purpose n Study population Arms Endpoint(s)

Amgen protocol 138:  
fracture prevention

1,468 Current androgen deprivation 
therapy; no metastases

Denosumab vs. placebo Incident vertebral fractures,  
bone mineral density

Amgen protocol 147: 
metastasis prevention

1,400 Castration-resistant,  
high risk but no  
bone metastases

Denosumab vs. placebo Bone metastasis-free  
survival

Amgen protocol 103: 
prevention of skeletal 
complications

1,700 Castration-resistant, bone 
metastases

Denosumab vs.  
zoledronic acid

Skeletal-related  
events
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patients who developed renal failure, about one-quarter 
experienced the deterioration of renal function after the 
first dose.

The zoledronic acid package insert specifies that 
single doses should not exceed 4 mg and that the infu-
sion duration should be no less than 15 min. It also 
recommends that if the baseline creatinine was normal 
but increased 0.5 mg/dL or was abnormal and increased 
1.0 mg/dL within 2 weeks of zoledronic acid dosing, 
the drug should be held until creatinine is within 10% 
of its initial value. The most recent update of the docu-
ment includes recommended starting dose reductions 
for calculated creatinine clearances of less than 60 mL/
min [32].

ONJ presents clinically in bisphosphonate-treated 
patients as nonhealing areas of exposed and necrotic 
bone in the maxillofacial region. Much descriptive lit-
erature has been published since the first recognized 
cases of ONJ in 2003 and 2004 [33, 34]. It is exceed-
ingly rare with the use of oral bisphosphonates (e.g., 
0.7/100,000 person/years of exposure for alendronate 
according to Merck [35]). Published retrospective stud-
ies of ONJ incidence with intravenous bisphosphonates 
show estimates ranging from 0.8 to 12% [36]. Another 
large retrospective analysis of patients treated with 
intravenous bisphosphonates showed that dose and 
duration of treatment were higher in patients with ONJ 
(P < 0.0001). Finally, multivariate Cox proportional 
hazards regression analysis has showed dental extrac-
tions (P < 0.0001) and treatment with zoledronic acid 
(P = 0.0004) to be significant risk factors for ONJ [37].

The optimal duration of bisphosphonate therapy in 
patients with bone metastases from prostate cancer has 
not yet been defined. Relevant clinical trials have 
included up to 24 months of treatment. Practice guide-
lines for duration of therapy for prostate cancer do not 
yet exist.

The American Association of Oral and Maxillofacial 
Surgeons wrote a position paper about bisphospho-
nate-related ONJ [35]. It recommends oral examina-
tion and optimization prior to initiation of treatment 
(with extraction of nonrestorable teeth and 14–21 day 
wait until the extraction site has mucosalized), discon-
tinuation of therapy for 3 months on either side of elec-
tive dental surgery, and avoidance of invasive 
procedures if possible. In patients with established 
ONJ, treatment depends on severity of the lesion. Early 
lesions seem to benefit from oral antimicrobial rinses 
such as chlorhexidine 0.12%. Intermediate disease is 

managed with the addition of systemic antibiotic ther-
apy. Advanced disease usually causes pain and is man-
aged with surgical debridement and antibiotic therapy. 
Others have suggested that resolution with antibiotic 
therapy alone is rare and that early conservative surgi-
cal therapies such as laser treatment may be more 
broadly indicated [38].

Future Directions in Bone-Targeted 
Therapy for Prostate Cancer

Though zoledronic acid is the only drug currently 
approved for the management of prostate cancer bone 
metastases, there are a variety of nonbisphosphonate 
bone-targeted drugs currently in development. The 
two that are in phase III study are the monoclonal anti-
body RANK-ligand inhibitor denosumab.

Denosumab: RANK-Ligand Inhibitor  
in Current Clinical Trials

The role of receptor activator of nuclear factor-kappa-B 
ligand (RANKL) in osteoclast differentiation, function, 
and survival makes it a rational target for drug develop-
ment in osteoclast-mediated diseases. Denosumab is a 
fully human monoclonal antibody against RANKL and 
has shown promise in early clinical trials for both 
benign and malignant bone disease. It is administered 
subcutaneously and inhibits RANKL by binding avidly 
and specifically to it. Even a single dose has been shown 
to promptly decrease the bone turnover marker NTx in 
84% of patients and for up to 6 months [5]. In an early 
trial of denosumab in myeloma and breast cancer 
patients, the highest two doses suppressed NTx levels 
within 1 day and sustained this suppression for 84 days. 
Mean denosumab half-lives were 33.3 and 46.3 days 
for those two highest doses [39].

Denosumab has preliminarily been shown to be 
effective in the treatment of postmenopausal bone loss 
and in the treatment of bone lesions caused by breast 
cancer or multiple myeloma. It is currently under devel-
opment for three distinct indications in the management 
of prostate cancer: prevention of bone loss and frac-
tures during ADT (discussed in the following section), 
prevention of bone metastases in castration-resistant 
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prostate cancer, and prevention of SREs in castration-
resistant prostate cancer with bone metastases. Over 
4,500 patients are involved in these three clinical trials 
(see Table 24.2).

Amgen protocol 147 is enrolling men with prostate 
cancer and rising PSA despite ADT but without bone 
metastases. The study involves only subjects at high 
risk for the development of bone metastases based on 
PSA ³8 ng/dL and/or PSA doubling time £10 months. 
Subjects are randomized to denosumab or placebo. 
The study is planned to accrue 1,400 patients. The pri-
mary study endpoint is bone metastasis-free survival.

Amgen protocol 103 is a study of men with prostate 
cancer metastatic to bone and disease progression 
despite ADT. Subjects are assigned to denosumab or 
zoledronic acid, the current standard therapy for pre-
vention of skeletal complications in this setting. The 
primary endpoint is time to first SRE (pathological 
fracture, radiation to bone, surgery to bone, or spinal 
cord compression). The study is planned to accrue 
1,700 patients and is designed to demonstrate that 
denosumab is not inferior to zoledronic acid.

Denosumab seems to hold much promise in the 
treatment of prostate cancer, though it requires fur-
ther evaluation of both efficacy and toxicity. In con-
trast to zoledronic acid, denosumab has not been 
associated with renal toxicity or ONJ. Ongoing and 
future clinical trials will define the efficacy and safety 
of denosumab.

Prevention of Osteoporosis  
and Fractures During ADT

Fractures are a substantial burden to men worldwide 
[40]. For example, one-third of all hip fractures occur 
in men [41]. The most common causes of acquired 
osteoporosis in men are hypogonadism, chronic gluco-
corticoid therapy, and alcohol abuse [42]. The leading 
cause of hypogonadism in men is ADT for prostate 
cancer.

ADT is the mainstay of treatment for metastatic 
prostate cancer [43] and is accomplished by either 
bilateral orchiectomies or by administration of a GnRH 
agonist. GnRH agonist therapy is also often given to 
men concurrently with primary radiation for locally 
advanced disease and to men with recurrent nonmeta-
static prostate cancer. BMD falls during ADT, a change 

that correlates with rising fracture risk [44]. ADT 
increases the risk for fractures in men [12, 13].

Several bisphosphonates have been shown to 
increase BMD and decrease markers of bone metabo-
lism in men receiving ADT for prostate cancer. Among 
these are pamidronate [45, 46], zoledronic acid [47, 
48], and alendronate [49]. Several additional classes of 
drugs have been studied or are currently under study. 
Raloxifene and toremifene, both selective estrogen 
receptor modulators, have been shown to increase 
BMD and decrease markers of bone metabolism in 
men receiving ADT for prostate cancer [50, 51].

Until recently, however, there was limited data 
about the prevention of osteoporotic fractures in men 
receiving ADT for prostate cancer. Phase III trials to 
assess the impact of toremifene and denosumab on 
BMD and incident fractures have been completed. 
Final results are pending. Denosumab is being studied 
(Amgen protocol 138) in men with prostate cancer 
who are receiving current ADT and are at increased 
risk for fracture based on older age and/or low BMD. 
Subjects are randomized to denosumab or placebo. 
The study has accrued 1,468 patients. Study endpoints 
are incident fractures and change in BMD.

Toremifene, the selective estrogen receptor modu-
lator, is being studied in a multicenter phase III frac-
ture prevention study in which men 50 years or older 
are randomized to receive 80 mg daily oral toremifene 
or placebo. The trial has enrolled 1,392 men and is 
powered to examine fracture prevention. Planned 
interim analysis of the first 197 subjects showed that 
the treatment arm enjoyed significant increases in 
BMD at all examined skeletal sites [52].

Conclusion

Bone metastases are a common feature of advanced 
prostate cancer. They contribute significantly to the 
clinical burden of the disease as they frequently cause 
pain and can also cause fractures and spinal cord com-
pression. Bisphosphonates were the first class of drugs 
to gain FDA approval for the management of bone 
metastases. Specifically, zoledronic acid is the stan-
dard-of-care for the prevention of SREs due to bone 
metastases in castration-resistant prostate cancer. The 
role of bisphosphonates in the management of non-
metastatic disease or androgen-sensitive metastatic 
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disease is currently under study. Bisphosphonates are 
generally well tolerated but do cause risk for a variety 
of side effects both common (self-limited acute phase 
reaction) and rare-but-morbid (ONJ, acute renal fail-
ure). Two bone-targeted investigational agents are cur-
rently in phase III clinical trials. Denosumab, a human 
monoclonal antibody targeting RANKL, is under study 
in three distinct clinical trials for the prevention of 
bone loss and fractures during ADT, the prevention of 
bone metastases in castration-resistant prostate cancer, 
and the prevention of SREs in castration-resistant 
prostate cancer with bone metastases.
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Abstract New, effective therapies for castration-resistant 
prostate cancer are needed to treat this lethal form of 
the disease. Through an understanding of the biol-
ogy of endothelin-1 and the endothelin receptors 
(the endothelin axis) in prostate cancer, this axis has 
emerged as a promising target for therapeutic inter-
vention. Clinical trials of potent, selective, or specific 
endothelin receptor A subtype (ET

A
) antagonists have 

demonstrated clinical activity, but such agents have 
not yet been approved for the treatment of prostate 
cancer. These generally well-tolerated, oral agents 
are ideal for chronic administration. This chapter will 
discuss the biology of the endothelin axis, several of 
the preclinical observations supporting the therapeutic 
rationale, and some of the available clinical trial data 
on this promising new approach.

Keywords Bone metastases • Clinical trials • Endothelin 
receptors • Endothelin-1 • Prostate cancer

The Endothelin Axis

As a PhD project, a graduate student named Masashi 
Yanagisawa published a seminal paper in the journal 
Nature about the isolation and characterization of a 
new, 21-residue peptide produced by porcine aortic 
endothelial cells, called endothelin [1]. Endothelin is 
the most potent vasoconstrictor identified, at least ten 
times more potent than angiotensin II, and 100 times 
more potent, on a molar basis, than norepinephrine. 

Since its discovery in 1988, there have been over 
21,000 publications listing endothelin as a key word in 
the scientific literature. This peptide, now referred to 
as endothelin 1 (ET-1) (Fig. 25.1), is part of a family of 
similar peptides including ET-2, ET-3, and the sarafo-
toxins (isolated from the venom of the Israeli Burrowing 
Asp, atractaspis engaddensis) [2]. The 21 amino acid, 
active form of ET-1 is derived from a 39-amino acid 
precursor peptide, “big ET-1,” following proteolytic 
cleavage of the C-terminal portion of the molecule by 
an endothelin-converting enzyme [3].

There are two endothelin receptors: endothelin 
receptor A (ET

A
) and endothelin receptor B (ET

B
), 

which are the members of the seven-transmembrane-
segment G-protein-coupled superfamily. ET

A
 has a 

higher affinity to ET-1 and ET-2, and less for ET-3. 
ET

B
 binds all three endothelin ligands identically and 

plays an important role in ligand clearance. This dif-
ferential function of the ET

A
 and ET

B
 receptors may be 

important in the activity of endothelin receptor antago-
nists as therapeutic agents. Although selective antago-
nists for the ET

A
 receptor have been developed, many 

also bind to the ET
B
 receptor; ET

A
-specific or “pure” 

antagonists, such as ZD4054, do not bind to the ET
B
 

receptor. Collectively, the ET family ligands and the 
ET receptors are termed the “ET axis.”

Originally isolated from endothelial cells, it is now 
recognized that ET-1 is produced by a large variety of 
cells from a wide range of species: ET-1 has been identi-
fied in plasma, cerebrospinal fluid, urine, breast milk, 
and amniotic fluid [4]. An immunoreactive form of ET-1 
was found in very large quantity in human seminal fluid 
from both intact and vasectomized men, where the tes-
ticular contribution to the ejaculate has been eliminated, 
indicating a prostatic and/or seminal vesicle source [5]. 
Indeed, the concentrations of ET-1 in the ejaculate are 
amongst the highest reported in any body fluid.
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Prostatic luminal epithelial cells produce ET-1, and 
it has been suggested that ET-1 may contribute to the 
contractility of the prostate stroma [6, 7]. ET-1 has a 
mitogenic effect on cultured smooth muscle cells from 
a human prostate [8]. The action of ET-1 on the prostate 
may be paracrine since both ET

A
 and ET

B
 receptors 

have been identified in the normal human prostate [6].

Endothelin-1 in Prostate Cancer

The difference in concentration of ET-1 in seminal fluid 
when compared with plasma is of a magnitude reminis-
cent of prostate-specific antigen (PSA), where concen-
trations in the semen are measured in the milligram 
range compared with nanogram quantities in circula-
tion. Just as men with advanced prostate cancer have 
markedly elevated levels of PSA, was it possible that 
ET-1 levels would be increased in a similar fashion? To 
test this hypothesis, ET-1 plasma levels were measured 
in men with castration-resistant prostate cancer (CRPC) 
and compared with those from men with clinically local-
ized disease and those without prostate cancer: as a 
group, men with CRPC had significantly higher ET-1 
levels [9]. This increase in plasma ET-1 may only be the 
tip of the iceberg: local tissue concentrations of ET-1 are 
believed to be several fold higher than levels in circula-
tion (where ET-1 half-life is 3.5 min), because of the 
homeostatic mechanisms controlling the concentrations 

of this most potent peptide [10]. The increase in ET-1 
associated with CRPC may also reflect the loss of the 
expression and activity of the enzyme responsible for its 
cleavage, neutral endopeptidase 24.11 (NEP). In andro-
gen-independent prostate cancer cell lines and prostate 
cancer samples from androgen ablated men, NEP is 
markedly reduced [11]. Every prostate cancer cell line 
studied expressed ET-1 mRNA and produced the pro-
tein [12]. In human tissue samples, ET-1 specific immu-
nohistochemistry was observed in every primary prostate 
cancer and in primary and metastatic lesions obtained at 
autopsy from men dying from CRPC, and ET-1 expres-
sion was present almost without exception [13].

Secretion of ET-1 was also increased by cytokines 
and growth factors active in prostate stroma– epithelium 
interactions. Both ET-1 and its precursor big ET-1 
were produced in greater quantities by the human PC3 
and DU145 human prostate cancer cell lines in response 
to stimulation with interleukin-1a, interleukin-1b, 
tumor necrosis factor, transforming growth factor b-1, 
or epidermal growth factor [12, 14].

Endothelin Receptors in Prostate Cancer

In the normal prostate, both ET
A
 and ET

B
 receptors are 

expressed and are functional. Reflecting a tissue distri-
bution seen in other organs – where ET

A
 receptors  

are concentrated in the stroma and ET
B
 receptors are 

Fig. 25.1 Amino acid 
structure of endothelin-1 
(ET-1). From Nelson [50]. With 
kind permission from Elsevier
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 concentrated on luminal cells – ET
A
 binding has been 

found predominant in the stromal component of the 
prostate, whereas ET

B
 binding is predominant in epithe-

lial luminal cells [15]. However, unlike normal prostate 
epithelial cells, no ET

B
 binding could be detected in 

human prostate cancer cell lines [13]. This down regula-
tion of ET

B
 receptor expression may reflect frequent 

somatic methylation of the ET
B
 receptor gene, EDNRB, 

observed in prostate cancer and, now, in a variety of 
malignancies. A CpG-rich sequence, referred to as a 
CpG island, is embedded in the 5¢ regulatory region in 
EDNRB: somatic methylation of CpG islands in regula-
tory regions of genes has been associated with decreased 
transcriptional activity. In an initial study, this hyperm-
ethylation was found in 5/5 human prostate cancer cell 
lines, 15/21 primary prostate cancer tissues, and 8/14 
prostate cancer metastases, or about 70% of the total 
number of samples examined [16]. In subsequent stud-
ies, EDNRB methylation was found to be associated 
with increased prostate cancer stage and grade [17]. 
EDNRB hypermethylation was not observed in normal 
tissues using southern-blot analysis but others have 
observed EDNRB methylation in benign prostatic hyper-
plasia (BPH) tissues using a more sensitive polymerase 
chain reaction approach, indicating the methylation sta-
tus is not specific for prostate cancer and, therefore, 
would not be useful as a prostate cancer biomarker 
[16, 18]. EDNRB hypermethylation has also been 
observed in colon and bladder cancers, nasopharyngeal 
carcinoma, and lung cancer, suggesting ET

B
 silencing 

may have a more global role in carcinogenesis [19–21].
Increased ET

A
 expression has been associated with 

progression of prostate cancer. In the Dunning prostate 
cancer system, ET

A
 receptor binding was sevenfold 

higher in the metastatic MLL clone and threefold 
higher in the tumorigenic but nonmetastatic AT-1 
clone, when compared with the nontumorigenic G 
clone [22]. ET

A
 expression by immunohistochemisty 

was studied in 51 human specimens: 71% were posi-
tive for ET

A
 expression, which increased to 100% in 

patients with bone metastasis. Gleason score 8–10 had 
particularly high rates of ET

A
 staining as did those 

 cancer cells penetrating the prostatic capsule [23]. In a 
larger study examining 140 primary prostate cancers, 
high ET

A
 expression was observed in 72% of samples 

and this expression was significantly elevated with 
increased pathological stage and grade. Patients with 
PSA recurrence after prostatectomy had significantly 
greater ET

A
 expression in their primary tumors than 

did patients who were disease-free at 5 years [24]. 
These findings suggest that the expression of the 
endothelin receptors may be useful prognosticators in 
prostate cancer and, importantly, guide selection of 
those who may benefit from receptor blockade.

Effects of Endothelin on Cancer Cells  
In Vitro

ET-1 is expressed by many epithelial carcinomas, and, 
in particular, those associated with a local desmoplas-
tic stromal response (pancreatic, colon, breast, etc.) 
[25]. In addition, some cancer cells proliferated in a 
dose-dependent manner when stimulated by ET-1, 
most notably ovarian carcinoma, suggesting autocrine 
activity [26, 27]. Although ET-1 had a mitogenic effect 
in prostate cancer cell lines, the response was weak [9, 
13]. The combination ET-1 and polypeptide growth 
factors, such as epidermal growth factor, greatly 
increased cellular proliferation compared with either 
factor alone [28]. This synergistic growth effect may 
be the result of transactivation of the peptide growth 
factor signaling pathway by ET-1 [29].

It has been postulated that defects in apoptosis are 
the central mechanism of CRPC progression. ET-1 
inhibits apoptosis in a variety of benign and malignant 
cell lines, including prostate cancer. For example, treat-
ment of the rat prostate cancer cell line MLL with 
paclitaxel easily induced apoptosis, but in the presence 
of ET-1, the amount of cell death is significantly reduced 
[22]. This anti-apoptosis effect of ET-1 is blocked by 
ET

A
 receptor antagonists, indicating that this is an ET

A
 

receptor-mediated effect. In the human prostate cancer 
cell line PPC-1 transfected with an ET

A
-over expres-

sion vector, ET-1 inhibited apoptosis in response to 
either paclitaxel or docetaxel, an effect blocked by an 
ET

A
 receptor antagonist [30]. In vivo, the combination 

of an ET
A
 receptor antagonist and docetaxel signifi-

cantly inhibited tumor growth compared either with 
agent administered alone or with untreated controls. 
These findings have been supported by similar observa-
tions in other prostate cancer models using the combi-
nation of docetaxel and ET

A
 receptor antagonists, both 

in vitro and in vivo [31]. Likewise, ET
A
 receptor antag-

onists potentiate the cytotoxic effects of hypoxia-inducible 
factor inhibitor 2-methoxyestradiol in prostate cancer 
[32]. Collectively, these data strongly support the  conduct 
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of clinical trials examining the effects of combining 
ET

A
 receptor antagonists with certain cytotoxic chemo-

therapeutic agents.
What is the mechanism of ET-1-induced inhibition of 

apoptosis? ET-1 induces the expression of AKT, leading 
to the phosphorylation and inactivation of the proapop-
totic protein, Bad [33]. ET-1 also reduced the expression 
of the proapoptotic proteins Bad, Bak, or Bax. On the 
contrary, reexpression of ET

B
 in prostate cancer induces 

apoptosis, increases expression of the same proapoptotic 
proteins, and increases sensitivity to paclitaxel.

Endothelin Axis and Bone Metastases

The classic response of bone to metastatic prostate can-
cer is mediated by osteoblasts. ET-1 is a potent stimula-
tor of osteoblasts. Osteoblasts have high affinity ET

A
 

receptors, at a density (~105 per cell) greatly exceeding 
the density on prostate cancer cells [34]. The original 
hypothesis that ET-1 had a role in prostate cancer pro-
gression was largely based on its known effects on 
osteoblasts, as shown in a new-bone-forming model [9]. 
In an osteoblastic tumor model using the WISH cell line 
(a transformed human amnion cell line that induces a 
robust osteoblastic response), it was found that WISH 
produces large amounts of ET-1. Stable transfection of 
WISH with an ET-1 over expression cDNA construct 
generated clones producing 18-fold more bioactive 
ET-1. In this model, these ET-1-overexpressing clones 
produced significantly more new bone when implanted 

in the lower leg of nu/nu mice [35]. These areas of new 
bone formation were significantly decreased in animals 
treated with a selective ET

A
 receptor antagonist. These 

findings have been supported by another in vivo model 
system, indicating the causal role of ET-1 in the patho-
genesis of osteoblastic bone metastases in a breast carci-
noma model [36]. Animals receiving an ET

A
 receptor 

antagonist had significantly less osteoblastic lesions 
than controls.

The possible role of ectopically secreted ET-1 from 
metastatic prostate cancer cells as an important factor 
in tumor growth in the bone microenvironment has led 
to a “vicious cycle” hypothesis of disease progression 
(Fig. 25.2). In this model, ET-1 stimulates the prolif-
eration of osteoblasts, the deposition of new bone, and 
promotes the development of the osteoblastic lesion. 
In an attempt to maintain normal bone homeostasis, 
osteoclasts are activated to resorb bone. Since bone is 
a rich source of growth factors, this resorption releases 
these factors, making them accessible to prostate can-
cer cells and promoting their further growth. The use 
of ET

A
 receptor antagonists has been proposed as one 

mechanism to break this cycle.

ET Axis and Pain

The bite of the Israeli Burrowing Asp induces a dra-
matic local and systemic response, an effect mediated 
by the sarafotoxins within the venom. Since the sarafo-
toxins are members of the endothelin family, it is not 

Fig. 25.2 Prostate cancer and 
bone interactions. This “vicious 
cycle” where ET-1 acting through 
the ET

A
 receptor stimulates 

osteoblasts, which, in turn, activate 
osteoclasts. The resorption of bone 
releases bone-derived growth 
factors, which stimulate prostate 
cancer proliferation. Strategic use 
of an ET

A
 receptor antagonist is 

one mechanism to block this cycle. 
From Nelson [50]. With kind 
permission from Elsevier
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surprising that ET-1 induces hyperalgesia and pain in a 
variety of model systems, including a dramatic pain 
response in a man undergoing infusion of ET-1 into a 
brachial artery [37]. Men with advanced prostate can-
cer suffer considerably from tumor-induced pain, par-
ticularly in association with bone metastases: it is 
possible that some of the pain they experience is due to 
local ET-1 secretion by prostate cancer cells.

The mechanistic pattern of ET-1 induced pain 
appeared to be novel and unresponsive at usual doses 
to cyclooxygenase inhibitors such as indomethicin or 
ibuprofen, suggesting that agents specifically targeting 
ET-1 activity, such as ET

A
 antagonists, could be useful 

in alleviating pain [38]. As a mediator of pain, ET-1, 
acting through the ET

A
 receptor, had both direct effects 

on nerves and as a potentiator of other noxious stimuli 
[39]. In a new murine model of cancer pain, ET-1-
producing tumors created within bone were signifi-
cantly more painful than other, non-ET-1-producing 
tumors: local administration of an ET

A
 receptor antag-

onist significantly blocked this effect [40].
On the basis of the preclinical findings described ear-

lier and the availability of potent and selective ET
A
 recep-

tor antagonists, it was both reasonable and strategic to 
target ET-1 induced in men with prostate cancer [9].

Atrasentan (ABT-627)

Abbott Laboratories was one of the many pharmaceu-
tical companies looking for new agents for cardiovas-
cular disease, and developed ABT-627, which, at the 
time of disclosure, was the most potent and selective 
ET

A
 receptor antagonist described. ABT-627, or atra-

sentan, is a highly potent (Ki = 0.034 nM) and selective 
(1,800-fold) ET

A
 receptor antagonist, blocking the bio-

logical effects of ET-1 in a host of in vitro and in vivo 
model systems [41, 42]. Atrasentan was developed as 
an orally bioavailable agent with a half-life of 25 h, 
favoring once-per-day dosing. Single-dose pharma-
cokinetic studies with atrasentan in normal male vol-
unteers demonstrated a terminal half-life range of 
20–25 h with extensive tissue distribution. Consistent 
with its vasoactive nature, the most frequent adverse 
events were transient headache, rhinitis, and nausea. 
As seen throughout the subsequent trials in cancer, 
atrasentan did not induce hepatic or hematological tox-
icity [43].

Atrasentan: Phase I Trials

Two phase I clinical trials were performed to assess the 
safety and pharmacokinetics of atrasentan in men with 
CRPC and other patients with refractory adenocarci-
nomas [44, 45]. In both studies, patients were treated 
for 28 days with escalating oral atrasentan doses (2.5–
95 mg) and were then eligible for an extension study. 
Similar to the phase I studies in normal males, the most 
common side effects were headache, rhinitis, and 
peripheral edema. In one trial, dose-limiting toxicity 
(headache) was seen at 75 mg [44]: in the other study, 
no maximum tolerated dose was found in the dose 
range studied (up to 95 mg) [45].

In men with CRPC, the PSA level was unchanged 
or dropped in 68% (15/22) during the 28-day expo-
sure, with declines ranging from 5 to 95%. There was 
no obvious correlation between dose and PSA declines. 
In seven out of ten patients (70%) with narcotic- 
requiring pain, atrasentan reduced pain, as measured 
by the visual analog scale. These results, although not 
placebo-controlled and from short, open-label trials, 
were nevertheless compelling.

Atrasentan: Phase II Trials in Prostate 
Cancer

M96-500

On the basis of the preclinical findings implicating 
ET-1 in pain and the reduction in pain observed in 
some patients in the phase I clinical trials, a phase II 
trial was designed to study atrasentan in relieving pros-
tate-cancer induced pain. In this double-blind, placebo-
controlled study, 131 men with castration-resistant 
metastatic prostate cancer with disease-related pain 
requiring opioid analgesics were enrolled in three 
study groups: 43 were randomized to the placebo arm, 
40 were randomized to the atrasentan 2.5 mg arm, and 
48 were randomized to the atrasentan 10 mg arm. 
Eighty-one subjects (62%) discontinued study drug 
before the planned 84 days of treatment, reflecting 
high rates of disease progression. There was no statis-
tically significant difference in response rates between 
placebo and atrasentan for the primary endpoint (pain 
relief at week 12). There was, however, a trend toward 
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improvement in pain without increased analgesic 
 consumption in atrasentan-treated patients: the aver-
age VAS pain score for subjects receiving atrasentan 
10 mg decreased 8% from baseline, while the average 
VAS pain score for placebo subjects increased 8% 
from baseline. Statistically significant improvement 
was seen for the atrasentan 10 mg group vs. placebo 
(p £ 0.05) at week 12 for two pain domains in the brief 
pain inventory (BPI): pain interference with relations 
with other people (p = 0.031), and worst pain in the last 
24 h (p = 0.030).

M96-594

The efficacy of atrasentan in delaying disease progres-
sion was studied in a double-blind placebo-controlled 
Phase II trial in men with asymptomatic, hormone-
refractory, metastatic prostate cancer [46]. In this inter-
national study, 288 men were randomized to receive 
daily oral doses of placebo, atrasentan 2.5 or 10 mg. The 
primary endpoint was time to disease progression, 
defined as new lesions, pain requiring opioids, disease-
related symptoms requiring intervention. Secondary 
endpoints included time to PSA progression, changes in 
bone markers, and quality of life. Median time to dis-
ease progression was 183 days in the atrasentan 10 mg 
treated patients compared with 137 days for the placebo 
group (p = 0.13) in the intent-to-treat population. In the 
evaluable subset (n = 244), there was a significant 
(p = 0.021) delay in disease progression from 129 days 
(placebo) to 196 days (atrasentan 10 mg). There was a 
significant (p = 0.002) delay in PSA progression in the 
atrasentan 10 mg group: median time to PSA progres-
sion was more than twice (155 days) that of placebo  
(71 days). As observed in the previous trials, atrasentan 
was well tolerated, with headache, edema, and rhinitis 
being the most common side effects. Men reaching an 
endpoint were permitted to enter an open-label atrasen-
tan study: this design with significant placebo crossover 
confounds any survival analysis. Markers of bone depo-
sition (alkaline phosphatase, bone alkaline phosphatase) 
and bone resorption (N-telopeptides, C-telopeptides, 
and deoxypyridinoline) were also studied in this trial, 
based on the preclinical data implicating the ET axis in 
the osteoblastic response of bone to cancer [47]. At base-
line, there were significant elevations in markers of both 
bone deposition and bone resorption, ranging from 1.4 

to 2.7-fold above normal. Men on placebo had signifi-
cant (p < 0.001) increases in both sets of markers, con-
sistent with disease progression. In a dose-dependent 
fashion, men on atrasentan had a stabilization of these 
markers suggesting a disruption in the expected pro-
gression in bony sites. These finding were the first strong 
indication that atrasentan may be most active in men 
with bone-metastatic prostate cancer.

Atrasentan: Phase III Trials in Prostate 
Cancer

M00-211

A phase III trial of atrasentan was designed to essen-
tially duplicate the time to disease progression phase II 
trial (M96-594), with a few notable differences. Given 
the increased response rate in the 10 mg atrasentan 
without an increase in side effects, the phase III trial 
had only placebo and 10 mg arms. The second differ-
ence was a mandated objective evaluation of disease 
progression to reduce, as much as possible, PSA bias. 
Therefore, unlike the phase II study, where radio-
graphic imaging was performed for clinical indications 
only, in the phase 3 M00-211 study, bone scans and 
axial imaging were performed every 3 months. The 
primary endpoint (disease progression), secondary 
endpoints (PSA progression, markers of bone metabo-
lism, quality of life), enrollment criteria (asymptom-
atic, metastatic CRPC) were otherwise the same.

In this multinational trial, a total of 809 men were 
enrolled (401 placebo, 408 atrasentan 10 mg) [48]. 
Atrasentan did not reduce the risk of disease progres-
sion relative to placebo (HR, 0.89; 95% confidence 
interval, 0.76–1.04; p = 0.136) (Fig. 25.3). The perpro-
tocol analysis (329 placebo, 342 atrasentan 10 mg) 
was significantly in favor of atrasentan 10 mg (HR 
1.26; 95% confidence intervals 1.06–1.50; p = 0.007). 
Secondary endpoints (PSA progression, bone marker 
progression, and certain quality of life tools) all sig-
nificantly favored atrasentan 10 mg.

In a hypothesis-generating exercise, patients were 
stratified based on the characteristics of their metastatic 
disease at enrollment (bone only, bone and soft tissue, 
soft tissue only) to determine whether a particular dis-
ease presentation favored better response to atrasentan. 
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Consistent with the preclinical and earlier clinical trials, 
those men with bone metastases (with or without soft 
tissue metastases) enjoyed the most significant delays in 
disease progression compared with placebo-treated 
patients with the same characteristics. Since 85% of the 
men enrolled into this trial had bone metastases, this 
finding is pertinent to the large majority of CRPC 
patients, to the design of subsequent trials, and to the 
possible use of ET

A
 antagonists in this clinical setting.

M00-244

A double-blind, placebo-controlled trial (M00-244) 
was designed to determine whether atrasentan 10 mg 
can delay disease progression in men with rising 

PSA on hormonal therapy, but who do not yet have 
radiographic or clinical evidence of metastatic dis-
ease [49]. Of 941 men who met these criteria, 467 
were randomized to receive atrasentan 10 mg and 
474 to receive placebo. The primary endpoint was 
time to disease progression, defined as the onset of 
metastases. Secondary endpoints were time to PSA 
progression, change in bone alkaline phosphatase, 
PSA doubling time, and overall survival.

There was a 93-day delay in median time to disease 
progression with atrasentan compared with placebo 
(764 days vs. 671 days, respectively), but this difference 
was not significant (Fig. 25.4). There were large geo-
graphic differences in time to disease progression: in the 
United States, median time to disease progression was 
590 days with atrasentan, compared with 847 days at 
non-United States sites (Canada, Europe, Africa).  

Fig. 25.3 Time to disease 
progression in a phase III study 
of atrasentan in men with 
metastatic castration-resistant 
prostate cancer (CRPC) 
(M00-211). Progression events 
cluster at the time of scheduled 
radiographic evaluations. 
Reproduced with permission 
from John Wiley & Sons, 
copyright 2008 [49]

Fig. 25.4 Time to disease 
progression in a phase III study 
of atrasentan in men with 
nonmetastatic CRPC (M00-
244). Median time to progres-
sion was 764 days with 
atrasentan and 671 days with 
placebo (p = 0.288). 
Reproduced with permission 
from John Wiley & Sons, 
copyright 2007 [48]
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A  significantly higher percentage of atrasentan-treated 
patients discontinued prematurely compared with pla-
cebo (33.2 vs. 25.9%, respectively), an event signifi-
cantly more common at United States sites (40.8%) than 
non-United States sites (21.9%). Atrasentan lengthened 
PSA doubling time and slowed the increase in bone 
alkaline phosphatase. Median survival was 1,477 days 
with atrasentan and 1,403 days with placebo: these data 
must be considered with caution, since 54% of placebo-
treated patients subsequently enrolled in an open-label 
study and received atrasentan.

Ongoing Phase III Trial

The Southwestern Oncology Group (SWOG) has initi-
ated a phase III study of docetaxel and atrasentan vs. 
docetaxel and placebo in men with CRPC. The pri-
mary endpoint of the trial is to compare overall sur-
vival and progression-free survival between the groups. 
The study is designed to enroll 930 men. It opened in 
August 2006 with an estimated primary completion 
date of June 2010. The trial is supported by the multi-
ple preclinical observations about the synergistic 
effects of ET

A
 antagonists and cytotoxic chemothera-

peutic agents.

Summary

The completed phase II and III trials of atrasentan in 
CRPC demonstrate a consistently modest effect favor-
ing atrasentan. There have been repeated significant 
effects of atrasentan on attenuating markers of bone 
metabolism, supporting a mechanism of action target-
ing osseous prostate cancer metastases. Unfortunately, 
phase III trials were plagued by design (M00-211) and 
conduct (M00-244) flaws. Given the significant cross-
over of placebo-treated patients to receive atrasentan 
in open-label extension studies, an overall survival 
effect is not assessable. This final fact stands in stark 
contrast to the overall survival advantage recently 
observed in the phase II trial (Study 6) of the specific 
endothelin-A antagonist ZD4054, currently being 
developed by AstraZeneca, where crossover was not 
permitted [50].

Conclusions

The endothelin axis has emerged as a unique target for 
the treatment of castration-resistant prostate cancer, par-
ticularly for those with skeletal metastases. Preclinical 
studies of endothelin-1, the endothelin receptors ET

A
 

and ET
B
, indicate an important role in prostate cancer 

progression. Clinical trials of ET
A
 antagonists in CRPC 

support ongoing investigations of these agents. The 
consistency of findings in preclinical models and in 
phase I, phase II, and phase III clinical trials all sup-
port an ongoing investigation of agents designed to 
disrupt this axis. Although many questions remain 
unanswered, the ongoing phase III clinical trials will 
provide insights into the real benefits of this approach.

Acknowledgment Chapter reprinted from Nelson [51]. With 
kind permission from Elsevier.
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Abstract Calcitriol (1,25-dihydroxycholecaliferol) is 
a synthetic analog of vitamin D that is physiologically 
active in absorption of calcium from the gastrointes-
tinal tract. Recent clinical and laboratory develop-
ments have fueled enthusiasm for studying the role 
of vitamin D and its relationship to oncogenesis and 
malignant progression. There are epidemiological data 
pointing toward a link between vitamin D and prostate 
cancer as well as preclinical and clinical data linking 
antineoplastic activity of vitamin D receptor ligands 
with prostate cancer. As such, efforts have been geared 
toward the development of vitamin D receptor ligand-
based therapy for early and advanced prostate cancer. 
In this chapter we will discuss the historic and current 
thoughts on the role that vitamin D may play in pros-
tate cancer risk and treatment.

Keywords Vitamin D • Calcitriol • Vitamin D receptor

Epidemiology of Vitamin D  
and Prostate Cancer

Prostate Cancer Risk

A growing literature has identified vitamin D and cal-
cium as risk factors for prostate cancer (CaP). 
Traditionally, a number of factors have been associated 
with increased risk of prostate cancer including 
advanced age, African genetic heritage, and residence 
in northern latitudes. These same factors have been 

associated with lower levels of vitamin D and have 
served as a rationale for the hypothesis that vitamin D 
played a critical role in the maintenance of the normal 
phenotype of prostate epithelial cells.

The evidence linking low vitamin D levels with 
prostate cancer has been mixed. The global pattern of 
greater risk in northern regions led investigators to sug-
gest that reduced exposure to solar UV radiation and 
consequent reduction in endogenous vitamin D produc-
tion may be associated with an increased risk of CaP 
[1]. A case-control study from the UK showed a reduced 
risk with greater UV exposure [2]. In a US study, there 
was only a weak link between average regional UV-B 
radiation and prostate cancer mortality [3]. Studies that 
examined 25-hydroxy vitamin D (25-OH vitamin D) 
levels in populations with a low prevalence of severe 
vitamin D deficiency did not reveal a relationship 
between vitamin D blood levels and prostate cancer 
risk [4–8]. Studies conducted in Nordic countries, 
where severe vitamin D deficiency is more common 
[9, 10], reported increased risk in men with the lowest 
vitamin D levels, although one of the studies [10] also 
suggested an increased risk at the highest levels. Two 
studies suggest that low 1,25-dihydroxy vitamin D 
(1,25-OH

2
 vitamin D) levels were associated with an 

increased risk of aggressive prostate cancer [4, 5], but 
overall CaP risk was not associated with 1,25-OH

2
 vita-

min D in two recent, relatively small studies [6, 8]. To 
date, studies that examined dietary vitamin D intake 
have not revealed a protective effect from prostate 
cancer [11–15]. A meta-analysis of more than 26,000 
patients in 45 studies published in 2008 did not show 
any strong protective effect associated with vitamin D 
consumption (RR = 1.16; 95% CI = 0.98–1.38) [16].

A number of studies have examined the role of 
dairy product consumption and prostate cancer risk 
that may be mediated through vitamin D. A 2004 
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meta-analysis of 11 case control studies reported a 
combined odds ratio of 1.68 for high milk consump-
tion and prostate cancer [17]. Giovanucci et al. have 
suggested that loss of 1-α hydroxylase activity in 
prostate cancer cells may explain these epidemiologic 
findings. Normal prostate epithelial cells or colon 
cancer cells [18, 19] express 1-α hydroxylase and can 
therefore convert 25-OH vitamin D to the active 1,25-
OH

2
 vitamin D. This activity can be lost when the can-

cer develops [20, 21]. The loss of this activity would 
be expected to render prostate cancer resistant to 
25-OH vitamin D and dependent on circulating 1,25-
OH

2
 vitamin D for vitamin D receptor (VDR)-

mediated activity. Circulating 1,25-OH
2
 vitamin D 

levels are tightly controlled and largely unaffected by 
25-OH vitamin D levels except for a severe deficiency 
state [22–25]. If this hypothesis proves correct, it 
would not be surprising that 25-OH vitamin D levels 
or behaviors that influence them (sunlight, vitamin D 
supplements) would have little effect on prostate can-
cer except in the extremes. At the same time, high 
milk and high calcium consumption are associated 
with a significant reduction in circulating 1,25-OH

2
 

vitamin D levels [26]. This reduction in circulating 
1,25-OH

2
 vitamin D levels could explain excess risk. 

Beer et al. showed that vitamin D receptors are uni-
versally expressed in human prostate cancer speci-
mens and that preprostatectomy high-dose 1,25-OH

2
 

vitamin D treatment significantly reduces VDR 
expression in human prostate tumors [27]. This find-
ing is consistent with the hypothesis advanced by 
Giovanucci.

VDR and binding protein (DBP) have also been 
implicated in the recognized racial disparities that 
exist in the population of men affected by CaP. In a 
case-control study of single nucleotide polymor-
phisms (SNPs) of VDR and DBP, African-American 
men who possessed at least one variant allele VDR-
5132C had an increased risk of CaP (OR=1.83; 95% 
CI: 1.02, 3.31) [28]. The impact of VDR genetic 
variations is not limited to patients of African descent. 
Torkko et al. identified VDR mutations in concert 
with mutation in 5-α reductase that have been corre-
lated with higher risk of CaP in Hispanic and non-
Hispanic Caucasians [29]. These data and other 
studies of this nature point to the importance of 
vitamin D signaling in prostate cancer development, 
though much needs to be done to understand the final 
definitive pathways through which these risks are 
imparted.

Prostate Cancer Outcomes

Several investigators have recently reported that the 
season of diagnosis and treatment and vitamin D blood 
levels are important predictors of outcome in several 
cancer types including prostate cancer. Zhou et al. 
found that patients diagnosed and surgically treated for 
nonsmall cell lung cancer during the summer had a 
better relapse-free survival than patients diagnosed 
and treated in the winter. The greatest difference was 
seen when patients who had surgery in the summer and 
had a high intake of vitamin D were compared with 
patients operated on in the winter, who had low vita-
min D intake (HR 0.33, 95% CI 0.15–0.74). A similar 
association for overall survival was also noted [30]. 
In a Norwegian study of 115,096 breast-, colon-, and 
prostate cancer patients, Robsahm et al. found that 
those diagnosed in the summer or fall had significantly 
lower case fatality rates than similar patients diagnosed 
in the winter and spring [31]. For CaP, the season of 
diagnosis was associated with a statistically signifi-
cant 20–30% reduction in risk of death. Lagunova 
et al. performed a prostate cancer-specific analysis in 
the Norwegian population and showed a similar varia-
tion in relative risk favoring those patients diagnosed 
in the summer and fall over those diagnosed in the 
winter and spring [relative risk (RR) of death 0.8; 95% 
CI 0.75–0.85] [32]. The study controlled for UV expo-
sure, rates of squamous cell carcinoma of the skin, and 
fish intake. Little variation was seen across age. The 
authors suggested that the effect may be related to 
variations in vitamin D intake and activity. There are 
no prospective studies of vitamin D supplementation 
or treatment with surgery or radiation for prostate 
cancer, but the emerging retrospective data are intriguing.

Mechanisms of Antineoplastic Activity  
in Preclinical Systems

Vitamin D Signaling

Vitamin D signaling involves both receptor-mediated 
genomic and nongenomic pathways. The VDR, the 
mediator of the classic genomic response, is a steroid 
hormone receptor and acts as a ligand-activated tran-
scription factor [33]. It binds to the vitamin D response 
elements (VDRE) present in the regulatory region of 
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many genes after forming a heterodimer with the 
retinoid-X receptor (RXR) and in some cases the retinoid 
A receptor (RAR) [34–36]. In the presence of coactiva-
tor complexes, the VDR heterodimer interacts with the 
RNA polymerase complex and initiates gene transcrip-
tion. The number of genes that are recognized to have a 
functional VDRE is rapidly growing. Examples include 
a number of bone-associated genes such as osteocalcin 
[37], osteopontin [38], bone sialoprotein [39], receptor 
activator of NF-kB ligand (RANKL) [40], Runx2/Cbfa1 
[41], tumor necrosis factor alpha [42], parathyroid hor-
mone [43], parathyroid hormone-related protein [44], 
the insulin receptor [45], insulin-induced gene-2 [46], 
carbonic anhydrase II [47], human growth hormone [48], 
the calcium-binding proteins calbindin-D28k and D9k 
[49], fructose 1,6-bisphosphatase [50], the cell cycle 
regulators p21 [51], GADD45 [52], and IGFBP3 [53, 
54], 25(OH)D3 24-hydroxylase [55], cytochrome P450 
3A4 (CYP3A4) [56], organic anion transporter MRP3 
[57], epidermal growth factor receptor (EGFR) [58], 
c-fos [59], phospholipase C [60], as well as a number of 
genes that regulate cell adhesion and differentiation such 
as fibronectin [61], b3 integrin [62], and involucrin [63]. 
Interestingly, several of these genes have been implicated 
in prostate cancer or prostate cancer metastases [64–66]. 
In addition to the classic genomic response, vitamin D 
also induces rapid nontranscriptional signals leading to 
increases in calcium and phosphate uptake in intestinal 
cells [67] and the opening of Ca2+-dependent K+- and 
voltage-gated calcium and chloride channels in kidney 
proximal tubules and skeletal muscle, respectively 
[68, 69]. Rapid vitamin D-induced nongenomic signals 
also include the regulation of protein kinase C [70–72], 
ras, and mitogen-activated protein kinase (MAPK) [70, 
73–76], protein lipase A and prostaglandins [77, 78], 
cyclic AMP and protein kinase A [79, 80], phosphatidyl 
inositol 3-kinase/Akt [81, 82], and the ceramide pathway 
[83]. Ultimately these responses regulate cellular growth, 
differentiation, and apoptosis [73, 74, 84, 85]. They may 
also be mediated by the translocation of the VDR to the 
plasma membrane, cytosolic VDR, or by other unknown 
receptors [73, 86–91].

Spectrum of Activity

After Abe et al. reported that calcitriol induced termi-
nal differentiation in myeloid leukemia cells [92], a 
number of investigators reported in vitro and/or in vivo 

activity in models of a broad range of human neoplasms 
including carcinoma of the bladder [93], breast [94], 
colon [95], endometrium [96], kidney [97, 98], lung 
[99], pancreas [100], prostate [101–107], sarcomas of 
the soft tissues [108], and bone [109, 110], neuroblas-
toma [111, 112], glioma [113], melanoma [114], 
squamous cell carcinoma [115, 116], and others. 
Vitamin D signaling is likely to be important through-
out organ systems as VDR appears to be expressed in 
nearly all human tissues [117, 118].

Mechanisms of Antineoplastic Activity

Several mechanisms of activity have been demon-
strated in preclinical systems, but given that vitamin D 
targets a broad range of genes, it is not surprising that 
the observed mechanisms vary under different experi-
mental conditions and in different tumor models. It is 
likely that more than one of these mechanisms of activ-
ity is important in humans, and indeed different mech-
anisms may be important in different human diseases 
or at different stages of a human disease.

Differentiation and Inhibition  
of Proliferation

Inhibition of proliferation, which is associated with 
differentiation in some tumor models, has been exten-
sively studied. In numerous cell lines, growth arrest in 
response to vitamin D occurs in the G1 phase of the 
cell cycle [51, 119–122]. In several tumor models, the 
G1 growth arrest has been linked to transcriptional 
activation of cyclin-dependent kinase (CDK) inhibi-
tors p27Kip1 and p21Waf1 [51, 121]. These effects are not 
universally observed. For example, p21Waf1 expression 
increases after 24 h and is reduced at 72 h in PC-3 
prostate cancer cells, suggesting a biphasic, time-
dependent response [123]. Induction of p27, which in 
contrast to p21 lacks a VDRE, appears to be mediated 
by NF-Y and SP1 [124, 125]. Thus, additional effects 
may take place at the level of protein stability [126, 
127]. Dephosphorylation of the retinoblastoma protein 
in response to vitamin D has also been reported in both 
normal human keratinocytes [128] and several preclin-
ical tumor models [115, 129–132]. Vitamin D has been 
shown to inhibit other mitogenic signals including the 
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ERK/MAPK pathway [73, 75], c-myc [133, 134], 
EGFR [135], and the insulin-like growth factor (IGF) 
system [136–138]. Vitamin D has also been shown to 
induce transforming growth factor-beta (TGFb) [139, 
140]. These effects vary across tumor models. While 
cell differentiation accompanies growth inhibition in 
some experimental systems, this association is not uni-
versal and differentiation can occur even in cells resis-
tant to vitamin D-mediated growth arrest [141, 142]. 
Vitamin D inhibits fatty acid synthase (FAS) expres-
sion by stimulating the expression of long-chain fatty-
acid-CoA ligase 3 (FACL3) in LNCaP cells. The 
upregulation of FACL3 and subsequent inhibition of 
FAS are involved in the antiproliferative effects of 
vitamin D [143]. Interestingly, the growth inhibitory 
effects of vitamin D on LNCaP cells are significantly 
attenuated by an inhibitor of FACL3 activity. Further, 
vitamin D is unable to regulate FACL3 expression in 
the absence of androgens, indicating that the upregula-
tion of FACL3 expression by vitamin D is mediated 
through the androgen receptor (AR) signaling pathway 
[144]. Relevant to prostate cancer, androgen signaling 
may be important for vitamin D-mediated growth inhi-
bition in human prostate cancer cells. In LNCaP cells 
and CWR22R cells, vitamin D induces AR expression. 
Vitamin D-mediated growth inhibition is reduced 
when AR signaling is blocked by antiandrogens, RNA 
interference, or targeted disruption of the AR [145].

Apoptosis

Vitamin D-induced apoptosis has been demonstrated 
in several prostate cancer models [146, 147]. Vitamin 
D has been reported to downregulate the antiapoptotic 
protein Bcl-2 in prostate cancer [146] and several other 
neoplastic cell types [75, 147–154]. In several cell 
lines, vitamin D-mediated apoptosis is independent of 
p53 status [150, 155, 156], although data about the role 
of p53 in this setting are not entirely consistent [149, 
157]. In the CaP cell lines LNCaP and ALVA-31, as 
well as in the MCF-7 breast cancer cells, vitamin D 
stimulates cytochrome ***c release from mitochon-
dria by a caspase-independent mechanism [146, 158]. 
Proapoptotic effects of vitamin D may also involve 
downregulation of the IGF receptor [159], upregula-
tion of MEK kinase-1 [116], activation of the sphingo-
myelin-ceramide-ganglioside GD3 signaling pathway 

[83], downregulation of Akt [160, 161], stimulation of 
TNF-a activity [162], induction of TGF-b signaling 
[163], and cytosolic calcium mobilization [164, 165]. 
Induction of ovarian cancer cell apoptosis by vitamin 
D is mediated through downregulation of telomerase 
[166]. Although proapoptotic activity has been demon-
strated in multiple experimental systems, these effects 
are not universal and vitamin D-induced inhibition of 
apoptosis has also been described. For example, vita-
min D inhibits ultraviolet B-induced apoptosis, Jun 
kinase activation, and interleukin-6 production in pri-
mary human keratinocytes [167].

Angiogenesis and Invasiveness

Several investigators have also reported antiangiogenic 
and anti-invasive effects of vitamin D in preclinical 
tumor models. Proliferation of tumor-derived endothe-
lial cells [161] and sprouting and elongation of 
endothelial cells induced by vascular endothelial 
growth factor [168] are inhibited in in vitro models of 
angiogenesis. Antiangiogenic activity has been con-
firmed in mouse tumor models [168, 169]. Reduction 
of metastases with vitamin D therapy has been demon-
strated in rodent models including those of prostate 
cancer [93, 101, 170], and reduced invasiveness has 
been shown in in vitro assays using prostate cancer 
[171–173], as well as a number of other tumor types 
[174, 175]. Serine proteinase and metalloproteinase 
inhibition [171, 173, 176], decreased a6 and b4 integ-
rin expression [172], increased E-cadherin expression 
[177], and inhibition of tenascin-C [178] may explain 
the anti-invasive activity of vitamin D.

Preclinical Studies of Calcitriol  
and Vitamin D Analogs in Combination 
with Other Antineoplastic Agents

Steroids

The antineoplastic activity of vitamin D is enhanced 
by dexamethasone both in vitro and in vivo [159, 179]. 
In SCC cells, dexamethasone increases both VDR protein 
levels and ligand binding [179]. Dexamethasone 
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increases both vitamin D-induced cell cycle arrest and 
apoptosis. Phospho-Erk1/2 and phospho-Akt levels 
and tumor-derived endothelial cell growth are sup-
pressed more completely by the combination than by 
vitamin D alone [115, 160, 161, 179].

Cytotoxic Chemotherapy

Combinations of VDR ligands with several classes of 
chemotherapy drugs show additive or supra-additive 
activity in preclinical models. In prostate cancer mod-
els, enhanced activity of docetaxel [180], paclitaxel 
[123], platinum compounds [181], and mitoxantrone 
[182] has been reported. Animal model confirmation is 
available for paclitaxel and mitoxantrone [123, 182]. 
Similar results have been reported in several other 
tumor types [183–186]; however, the mechanisms of 
these interactions remain incompletely understood.

Retinoid Receptor Ligands

VDR forms heterodimers with RXR, thus synergistic 
growth inhibition by ligands for both receptors is 
expected [187, 188]. Synergistic induction of apopto-
sis [188] and inhibition of angiogenesis for vitamin 
D–retinoid combinations have also been reported 
[188]. Common effects on IGFBP-3 may explain syn-
ergistic growth inhibition for the combination of RAR 
and VDR ligands [189]. Recently, the combination of 
9-cis retinoic acid with calcitriol has been shown to 
inhibit the human telomerase reverse transcriptase in 
prostate cancer cells. This effect is not seen when 
either agent is tested alone [190]. Common activation 
of target genes, such as p21 may also underlie interac-
tions between retinoids and vitamin D.

Tamoxifen

VDR ligands significantly increase the inhibition of 
***N-nitroso-N-methylurea (NMU)-induced mammary 
carcinogenesis by tamoxifen in Sprague–Dawley rats 
[191]. Both in vitro and in vivo data using MCF-7 cells 
demonstrate enhanced apoptosis with the combination 

[192, 193]. Interestingly, recent results in MCF-7 cells 
suggest that sensitivity to vitamin D varies inversely 
with sensitivity to antiestrogens suggesting that 
sequential or concurrent use of these compounds 
would be of significant interest [194].

Nonsteroidal Anti-inflammatory Agents 
(NSAIDs)

Simultaneous treatment of LNCaP cells with VDR 
ligands along with ibuprofen resulted in additive sup-
pression of growth in the absence of dihydrotestoster-
one (DHT) and synergistic growth inhibition in under 
DHT-stimulated conditions. Both decreased G1-S 
transition and enhanced apoptosis ***were reported 
[195]. cDNA analysis of LNCaP cells treated with 
calcitriol showed that the expression of prostaglandin 
synthesizing COX-2 gene is significantly decreased 
by calcitriol, while the prostaglandin inactivating 
15-prostaglandindehydrogenase gene was upregulated 
[196]. The combination of calcitriol and nonsteroidal 
anti-inflammatory agents (NSAIDs) synergistically 
acted to inhibit LNCaP cell growth [197].

Radiation

p21 expression, known to be induced by vitamin D in 
a number of tumor models, has also been shown to 
sensitize cells to radiation therapy [198]. Potentiation 
of radiation-induced apoptosis with VDR ligands has 
been shown in several tumor models [199, 200] and in 
one analysis, increased ceramide generation may 
explain this interaction [201].

Clinical Trials of Calcitriol and Vitamin D 
Analogs

Calcitriol is clinically available and is indicated for 
patients who suffer from renal failure and therefore 
cannot adequately activate the storage form of vitamin 
D. The availability of this drug made it feasible 
for investigators to initiate studies in cancer. Because 
antineoplastic effects in vitro occur at significantly 
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supraphysiologic concentrations (typically at or above 
1 nM), dose escalation of calcitriol has been the goal 
of the phase I clinical programs.

Phase I Studies

The first clinical trials in prostate cancer were designed 
to build on standard replacement dosing of calcitriol. 
Using a daily administration schedule, Osborn et al. 
sought to dose escalate calcitriol in 11 patients with 
castration-resistant prostate cancer (CRPC). No prostate-
specific antigen (PSA) responses were seen at doses 
that ranged from 0.5 to 1.5 mg daily. Further dose esca-
lation was not pursued due to the risk of hypercalcemia 
[202]. Gross et al. took a similar approach to the study 
of seven patients with a rising PSA that had not been 
treated with castrate-sensitive patients. No PSA 
responses were seen; however, treatment appeared to 
favorably impact PSA kinetics (the PSA doubling time 
was reduced when compared with the same prior to 
treatment). Hypercalciuria was cited as the reason for 
avoiding doses above 2.5 mg/day [203].

Alternate Day Dosing

Subcutaneous administration every other day was the 
approach designed to test two hypotheses: that both 
the route and schedule of administration may reduce 
the calcemic toxicity of calcitriol. While hypercalce-
mia was the dose-limiting toxicity, this approach 
allowed significant escalation of the dose, with 10 mg 
daily being the highest dose tested [204]. Peak blood 
calcitriol concentrations of approximately 0.7 nM were 
observed at the 8-mg dose.

Weekly Dosing

In a dose-ranging study, weekly oral administration 
resulted in peak blood calcitriol concentrations of 
3.7–6.0 nM without dose-limiting toxicity. Doses up 
to 2.8 mg/kg were examined; however, peak calcit-
riol concentrations (C

max
) and the area under the 

concentration curve (AUC) did not increase linearly 
at doses above 0.48 mg/kg [205]. This was the first 
study to report nonlinear pharmacokinetics with the 
commercially available formulation of calcitriol, a 
finding later confirmed by Muindi et al. [206]. This 
pharmacokinetic limitation, as well as the very large 
number of capsules required for treatment given the 
capsule sizes of 0.25 and 0.5 mg, later led to the 
development of a new high-dose formulation of cal-
citriol, DN-101. Administered as a single dose, 
DN-101 exhibits a dose-proportional increase in 
both C

max
 and AUC across a broad range of doses 

(15–165 mg). As a result, peak calcitriol concentra-
tions achieved in this study were higher than in any 
previously reported study(14.9 nM at the 165-mg 
dose) [207]. In the preliminary report of the results 
with weekly dosing, grade 2 self-limited hypercal-
cemia was seen with repeat weekly dosing at 60 mg. 
Consequently, 45 mg weekly was recommended as 
the phase II weekly dose [208]. It is likely, however, 
that additional dose escalation on the weekly sched-
ule would be feasible if either more conventional 
criteria for dose-limiting toxicity had been applied 
(grade 3 rather than grade 2 hypercalcemia) or if 
DN-101 were coadministered with an agent capable 
of reducing hypercalcemia.

Dosing 3 of Every 7 Days

Another approach to weekly dosing was administra-
tion of calcitriol for three consecutive days repeated 
every 7 days. In a phase I trial that combined calcitriol 
on this schedule with paclitaxel, daily doses up to 
38 mg on three consecutive days every 7 days were 
administered without dose-limiting toxicity and pro-
duced a ***Cmax that ranged from 1.4 to 3.5 nM at 
the highest doses [207]. The same schedule of calcit-
riol was also evaluated in combination with zoledronate 
with dexamethasone added upon progression [209]. 
Daily calcitriol doses up to 30 mg for three consecutive 
days every 7 days were administered without dose-
limiting toxicity and three patients had calcitriol dose 
reductions due to related laboratory abnormalities. 
There were no responses to calcitriol and zoledronate 
and one of seven patients responded when dexametha-
sone was added upon progression of the initial 
regimen.
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Dosing Every 3 Weeks

If calcitriol is primarily used to modify tumor response to 
chemotherapy, even less frequent dosing may be useful, 
particularly when the chemotherapy regimen is dosed 
infrequently. Tiffany et al. tested 60 mg of calcitriol every 
3 weeks 24 h before chemotherapy with docetaxel and 
estramustine [210]. The study used a dose de-escalation 
design and demonstrated that 60 mg can be safely admin-
istered on this schedule. Fifty-five percent of chemother-
apy-naïve and 9% of patients previously treated with 
docetaxel-containing chemotherapy responded, but the 
study was not powered to show response.

The phase 1 efforts of a number of investigators 
clearly demonstrate that significant dose escalation of 
calcitriol with intermittent dosing is feasible. Indeed, 
most studies did not identify a maximum tolerated dose 
as dose escalation was limited by the number of cap-
sules needed and by the nonlinear pharmacokinetics of 
the commercially available formulation of calcitriol. 
The DN-101 formulation overcomes both of these limi-
tations and has been now studied the most extensively.

Phase II Studies

Single Agent Calcitriol

Weekly calcitriol has been tested as a single agent in 
castrate-sensitive prostate cancer and in combination 
with docetaxel in CRPC. In a nonrandomized study 
carried out in patients who had a biochemical progres-
sion after prostatectomy or radiation therapy, weekly 
calcitriol administered at a dose of 0.5 mg/kg was 
administered safely for a median of 10 months [211]. 
There were no confirmed PSA reductions in excess of 
50%, but lesser PSA reductions as well as lengthening 
of the PSA doubling time when compared with pre-
treatment conditions were observed.

Trump et al. performed another trial of calcitriol as a 
primary therapy for CRPC [212]. Calcitriol was admin-
istered orally on a weekly basis every Monday, Tuesday, 
and Wednesday (MTW) at a dosage of 8 mg for 4 weeks, 
10 mg for the subsequent 4 weeks, and at 12 mg thereafter. 
Dexamethasone was administered orally each Sunday 
and MTW weekly at a dosage of 4 mg. Eight (19%) of 
43 patients experienced a biochemical response (³50%; 

median decrease, 64%; range, 55–92%) persisting for 
³28 days. One patient experienced a decrease in PSA 
levels by 73%. However, persistent PSA decline was not 
assessed as the patient died 6 weeks after commence-
ment of treatment due to a pulmonary embolism believed 
to be unrelated to treatment. Only four patients had a 
serum calcium level of >11.0 mg/dL. The biochemical 
response rate was similar to that of dexamethasone 
alone, but the regimen was well tolerated.

While these findings are suggestive of antitumor 
activity, a randomized trial would be needed to deter-
mine their clinical significance.

Combination with Docetaxel

These encouraging results led to the development of 
ASCENT (AIPC Study of Calcitriol Enhancing 
Taxotere), a placebo-controlled multi-institutional ran-
domized study that randomized patients to weekly doc-
etaxel (36 mg/m2) with DN-101 45 mg or placebo [213, 
214]. A total of 250 US and Canadian patients were 
entered. DN-101 was administered 24 h before doc-
etaxel. This regimen was administered weekly for three 
consecutive weeks and repeated every 4 weeks. The 
primary end point of this study is a comparison of PSA 
response of >50% in the two arms. Within 6 months, 
PSA responses were seen in 58% in DN-101 patients 
and 49% in placebo patients (P = 0.16). Overall, PSA 
response rates were 63% (DN-101) and 52% (placebo), 
P = 0.07. Patients in the DN-101 group had a hazard 
ratio for death of 0.67 (P = 0.04) in a multivariate analy-
sis that included baseline hemoglobin and performance 
status. Beer et al. noted that median survival had not 
been reached in the DN-101 arm but estimated a median 
survival of 24.5 months compared with 16.4 months in 
the placebo arm. As the primary endpoint of this study 
was PSA response rate and not overall survival, a defin-
itive phase III study (ASCENT-2) powered to evaluate 
survival was launched in 2006 and was closed to accrual 
in November 2007 with more than 900 of the intended 
1,200 patients. Results from this trial are not yet pub-
licly available. Because of advances in the field of che-
motherapy for prostate cancer this study compared 
docetaxel administered weekly once with DN-101 to 
docetaxel administered every 3 weeks without DN-101. 
The trial was closed early by the DSMB due to an 
imbalance in the deaths.
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An alternative calcitriol agent was reported in a 
phase II study by Attia et al. [215]. Patients with CRPC 
were randomized to receive docetaxel 35 mg/m2 IV on 
days 1, 8, and 15 of a 28-day cycle either with or with-
out doxercalciferol (1a-dihydroxyvitamin D2, Hectorol, 
Genzyme). This is an inactive prohormone that is 
hepatically metabolized and activated to 1a,25-
dihydroxyvitamin D2 and 1a,24-dihydroxyvitamin D2 
[216]. This agent has the advantage of less hypercalce-
mia as supported by early clinical studies [217]. 
Doxercalciferol was given at 10 mg orally, daily for 28 
days. Seventy patients were randomized. PSA responses 
favored the doxercalciferol arm but did not meet statis-
tical significance (46.7% vs. 39.5%, P = 0.560). Median 
progression-free survival also did not differ signifi-
cantly (6.17 months vs. 6.20 months, P = 0.764).

Combinations with Carboplatin

A small phase II study also examined calcitriol 0.5 mg/kg 
in combination with carboplatin at an AUC dose of 7 
(six in patients with prior radiation) dosed every 4 weeks 
[218]. The response rate was less than 10% and toxicity 
was unremarkable. It is not clear if this less encouraging 
result is related to the infrequent dosing schedule of cal-
citriol, to platinum resistance of prostate cancer, or due 
to chance given the small sample size (n = 17).

A second phase II study was conducted with carbopla-
tin, dexamethasone, and calcitriol by Flaig et al. [219]. In 
this study, men with CRPC were started on dexametha-
sone 1 mg daily. After 5 weeks, they were also given 
0.5 mg of calcitriol provided their calcium remained 
<10.1 mg/dL. After 2 weeks of the additional calcitriol, 
carboplatin (AUC=2) administered weekly was begun. 
The regimen was not well tolerated by the initial group; 
thus, carboplatin dosing was changed to 4 weekly doses 
with 2 weeks of rest. Of the 34 patients treated, 13 showed 
PSA response. Of note, two patients died of cardiac com-
plications and four experienced grade 3 neutropenia.

Combination with Mitoxantrone

Chan et al. have also tested the safety and efficacy of 
DN-101 with mitoxantrone [220]. DN-101 was given 
at a dose of 180 mg 24 h prior to mitoxantrone 12 mg/m2 

every 21 days with continuous oral prednisone for a 
maximum of 12 cycles. Five of 19 patients (26%; 95% 
confidence interval, CI, 9–51) achieved a ³50% decline 
in PSA level. The median (95% CI) time to PSA pro-
gression was 16 (6–26) weeks. The overall median 
(95% CI) survival was 16 (6–26) months; 47 (21–73%) 
of patients achieved an analgesic response. Toxicity 
was similar to that expected with mitoxantrone and 
prednisone alone. The quality of life analysis sug-
gested a decrease in physical functioning and increase 
in fatigue, insomnia, and diarrhea. The regimen is 
usable but will need to be evaluated further to deter-
mine if and when it should be employed in relationship 
to docetaxel-based chemotherapy.

Other Calcitriol Analogs

While much of the clinical testing of VDR ligands has 
been conducted with calcitriol, the naturally occurring 
ligand, another approach has been to develop calcitriol 
analogs designed to decouple antineoplastic activity 
from calcemic toxicity. The most common synthetic 
approach has been to modify the side chain of the cal-
citriol molecule and many such compounds have been 
chemically synthesized. Differences in protein binding, 
VDR affinity, and drug metabolism have all been cited 
as explanation for reduced calcemic activity [221–223]. 
Several of these compounds have entered clinical trials, 
some in prostate cancer. After phase I evaluation [224], 
Seocalcitol (EB1089) 10 mg daily was evaluated in 
phase II studies in pancreatic and hepatocellular carci-
noma. No objective responses were seen in patients 
with pancreatic cancer [225], but two of 33 evaluable 
patients with unresectable hepatocellular carcinoma 
achieved complete remission that had endured beyond 
29 months (last point of analysis) [226]. Three of the 14 
patients with locally advanced or cutaneous metastatic 
adenocarcinoma of the breast responded to topical calci-
potriol [227]. Two of 25 CRPC patients had objective 
partial responses in a phase I trial of 1-alphahydroxyvitamin 
D2 [228]. This study identified 12.5 mg as the phase II 
dose after encountering dose-limiting hypercalcemia 
and renal insufficiency. A follow-up phase II study 
examined this regimen in 26 patients with androgen-
independent prostate cancer. As the investigators 
expected this analog to act primarily as a cytostatic agent, 
the trial’s primary endpoint was progression-free survival. 
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Median time to progression was 12 weeks (mean 19 
weeks) and one patient had stable disease for >2 years. 
The vitamin D3 analog ILX23-7553 has entered phase 
I clinical trials and was safe at doses up to 45 mg/m2/day 
for five consecutive days repeated every 14 days. The 
study was discontinued before dose-limiting toxicity 
was identified due to the number of capsules required. 
The authors suggest that further dose escalation should 
be pursued using a reformulated higher dose capsule 
[229].

Conclusions

There are intriguing epidemiological data and strong 
preclinical data that support targeting the VDR for 
cancer therapy in general and prostate cancer therapy, 
specifically. Most of the clinical trials conducted to 
date have examined supplementation with calcitriol, 
the naturally occurring ligand of the vitamin D recep-
tor. Significant dose escalation of this compound is not 
feasible when it is dosed daily due to predictable 
hypercalcemia. Various intermittent dosing approaches 
have been developed and all demonstrate that intermit-
tent dosing allows substantial escalation of the calcit-
riol dose and consequently of calcitriol exposure. An 
alternative approach is the development of calcitriol 
analogs that seek to uncouple antineoplastic activity 
from calcemic action. Several such analogs have 
entered clinical trials, but in prostate cancer have been 
less extensively studied than calcitriol. Single agent 
studies have largely focused on safety. Confirmed 
responses to single agent calcitriol or its analogs have 
been rarely reported. Stabilization of disease or appar-
ent slowing of the rate of rise in serum PSA has been 
more often seen. While disease stabilization or PSA 
slowing are findings that are consistent with the 
hypothesis that VDR ligands are acting as cytostatic 
agents, the available studies are small and uncontrolled 
and are not sufficient to draw firm conclusions about 
the clinical meaning of these observations. Progress in 
single agent VDR ligand therapy will require a com-
mitment to larger, randomized prospective clinical trials. 
A better understanding of the molecular determinants 
of response and resistance to calcitriol would also be 
helpful as it could allow for better selection of patients 
whose tumors are vulnerable to this class of agents. To 
date, phase I and II clinical data with calcitriol and 

other vitamin D analogs support its safety in concert 
with cytotoxic therapy. Impact on efficacy of therapy 
needs further testing at this time. Of these agents only 
DN-101 has reached phase III clinical testing. Despite 
the early closure of ASCENT-2, the final results may 
provide additional insight as to what role manipulation 
of vitamin D-oriented therapeutics may have in prostate 
cancer treatment.

References

 1. Hanchette CL, Schwartz GG. Geographic patterns of pros-
tate cancer mortality. Evidence for a protective effect of 
ultraviolet radiation. Cancer 1992;70(12):2861–9.

 2. Luscombe CJ, et al. Prostate cancer risk: associations with 
ultraviolet radiation, tyrosinase and melanocortin-1 receptor 
genotypes. Br J Cancer 2001;85(10):1504–9.

 3. Grant WB. An estimate of premature cancer mortality in the 
U.S. due to inadequate doses of solar ultraviolet-B radiation. 
Cancer 2002;94(6):1867–75.

 4. Corder EH, et al. Vitamin D and prostate cancer: a prediag-
nostic study with stored sera. Cancer Epidemiol Biomarkers 
Prev 1993;2(5):467–72.

 5. Gann PH, et al. Circulating vitamin D metabolites in relation 
to subsequent development of prostate cancer. Cancer 
Epidemiol Biomarkers Prev 1996;5(2):121–6.

 6. Jacobs ET, et al. Plasma levels of 25-hydroxyvitamin D, 
1,25-dihydroxyvitamin D and the risk of prostate cancer.  
J Steroid Biochem Mol Biol 2004;89–90(1–5):533–7.

 7. Nomura AM, et al. Serum vitamin D metabolite levels and 
the subsequent development of prostate cancer (Hawaii, 
United States). Cancer Causes Control 1998;9(4):425–32.

 8. Platz EA, et al. Plasma 1,25-dihydroxy- and 25-hydroxyvi-
tamin D and subsequent risk of prostate cancer. Cancer 
Causes Control 2004;15(3):255–65.

 9. Ahonen MH, et al. Prostate cancer risk and prediagnostic 
serum 25-hydroxyvitamin D levels (Finland). Cancer Causes 
Control 2000;11(9):847–52.

 10. Tuohimaa P, et al. Both high and low levels of blood vitamin 
D are associated with a higher prostate cancer risk: a longi-
tudinal, nested case-control study in the Nordic countries. 
Int J Cancer 2004;108(1):104–8.

 11. Chan JM, et al. Dairy products, calcium, phosphorous, vita-
min D, and risk of prostate cancer (Sweden). Cancer Causes 
Control 1998;9(6):559–66.

 12. Chan JM, et al. Diet and prostate cancer risk in a cohort of 
smokers, with a specific focus on calcium and phosphorus 
(Finland). Cancer Causes Control 2000;11(9):859–67.

 13. Giovannucci E, et al. Calcium and fructose intake in relation 
to risk of prostate cancer. Cancer Res 1998;58(3):442–7.

 14. Kristal AR, et al. Associations of energy, fat, calcium, and 
vitamin D with prostate cancer risk. Cancer Epidemiol 
Biomarkers Prev 2002;11(8):719–25.

 15. Park SY, et al. Calcium, vitamin D, and dairy product intake 
and prostate cancer risk: the Multiethnic Cohort Study.  
Am J Epidemiol 2007;166(11):1259–69.



296 A.R. Jensen et al.

 16. Huncharek M, Muscat J, Kupelnick B. Dairy products, 
dietary calcium and vitamin D intake as risk factors for 
prostate cancer: a meta-analysis of 26,769 cases from 45 
observational studies. Nutr Cancer 2008;60(4):421–41.

 17. Qin LQ, et al. Milk consumption is a risk factor for prostate 
cancer: meta-analysis of case-control studies. Nutr Cancer 
2004;48(1):22–7.

 18. Cross HS, et al. 25-Hydroxyvitamin D(3)-1alpha-
hydroxylase and vitamin D receptor gene expression in 
human colonic mucosa is elevated during early cancerogen-
esis. Steroids 2001;66(3–5):287–92.

 19. Tangpricha V, et al. 25-Hydroxyvitamin D-1alpha-
hydroxylase in normal and malignant colon tissue. Lancet 
2001;357(9269):1673–4.

 20. Chen TC, et al. Prostatic 25-hydroxyvitamin D-1alpha-
hydroxylase and its implication in prostate cancer. J Cell 
Biochem 2003;88(2):315–22.

 21. Hsu JY, et al. Reduced 1alpha-hydroxylase activity in human 
prostate cancer cells correlates with decreased susceptibility 
to 25-hydroxyvitamin D3-induced growth inhibition. Cancer 
Res 2001;61(7):2852–6.

 22. Bouillon RA, et al. Vitamin D status in the elderly: seasonal 
substrate deficiency causes 1,25-dihydroxycholecalciferol 
deficiency. Am J Clin Nutr 1987;45(4):755–63.

 23. Dandona P, et al. Low 1,25-dihydroxyvitamin D, secondary 
hyperparathyroidism, and normal osteocalcin in elderly 
subjects. J Clin Endocrinol Metab 1986;63(2):459–62.

 24. Dubbelman R, et al. Age-dependent vitamin D status and 
vertebral condition of white women living in Curacao (The 
Netherlands Antilles) as compared with their counterparts in 
The Netherlands. Am J Clin Nutr 1993;58(1):106–9.

 25. Lips P, et al. Vitamin D supplementation and fracture inci-
dence in elderly persons. A randomized, placebo-controlled 
clinical trial. Ann Intern Med 1996;124(4):400–6.

 26. Giovannucci E. Dietary influences of 1,25(OH)2 vitamin D 
in relation to prostate cancer: a hypothesis. Cancer Causes 
Control 1998;9(6):567–82.

 27. Beer TM, et al. Randomized study of high-dose pulse calcit-
riol or placebo prior to radical prostatectomy. Cancer 
Epidemiol Biomarkers Prev 2004;13(12):2225–32.

 28. Kidd LC, et al. Sequence variation within the 5′ regulatory 
regions of the vitamin D binding protein and receptor genes 
and prostate cancer risk. Prostate 2005;64(3):272–82.

 29. Torkko KC, et al. VDR and SRD5A2 polymorphisms com-
bine to increase risk for prostate cancer in both non-Hispanic 
White and Hispanic White men. Clin Cancer Res 
2008;14(10):3223–9.

 30. Zhou W, et al. Vitamin D is associated with improved sur-
vival in early-stage non-small cell lung cancer patients. 
Cancer Epidemiol Biomarkers Prev 2005;14(10):2303–9.

 31. Robsahm TE, et al. Vitamin D3 from sunlight may improve 
the prognosis of breast-, colon- and prostate cancer (Norway). 
Cancer Causes Control 2004;15(2):149–58.

 32. Lagunova Z, et al. Prostate cancer survival is dependent on 
season of diagnosis. Prostate 2007;67(12):1362–70.

 33. Mangelsdorf DJ, et al. The nuclear receptor superfamily: the 
second decade. Cell 1995;83(6):835–9.

 34. Carlberg C, Saurat JH. Vitamin D-retinoid association: 
molecular basis and clinical applications. J Investig Dermatol 
Symp Proc 1996;1(1):82–6.

 35. Conde I, et al. Expression of vitamin D3 receptor and retinoid 
receptors in human breast cancer: identification of potential 
heterodimeric receptors. Int J Oncol 2004;25(4):1183–91.

 36. Kliewer SA, et al. Retinoid X receptor interacts with nuclear 
receptors in retinoic acid, thyroid hormone and vitamin D3 
signalling. Nature 1992;355(6359):446–9.

 37. Nanes MS, et al. A single up-stream element confers respon-
siveness to 1,25-dihydroxyvitamin D3 and tumor necrosis 
factor-alpha in the rat osteocalcin gene. Endocrinology 
1994;134(3):1113–20.

 38. Koszewski NJ, Reinhardt TA, Horst RL. Vitamin D receptor 
interactions with the murine osteopontin response element.  
J Steroid Biochem Mol Biol 1996;59(5–6):377–88.

 39. Kim RH, et al. Identification of a vitamin D3-response ele-
ment that overlaps a unique inverted TATA box in the rat 
bone sialoprotein gene. Biochem J 1996;318(Pt 1):219–26.

 40. Kitazawa R, Kitazawa S. Vitamin D(3) augments osteoclas-
togenesis via vitamin D-responsive element of mouse 
RANKL gene promoter. Biochem Biophys Res Commun 
2002;290(2):650–5.

 41. Drissi H, et al. 1,25-(OH)2-vitamin D3 suppresses the bone-
related Runx2/Cbfa1 gene promoter. Exp Cell Res 
2002;274(2):323–33.

 42. Hakim I, Bar-Shavit Z. Modulation of TNF-alpha expres-
sion in bone marrow macrophages: involvement of vitamin 
D response element. J Cell Biochem 2003;88(5):986–98.

 43. Hawa NS, O’Riordan JL, Farrow SM. Functional analysis of 
vitamin D response elements in the parathyroid hormone 
gene and a comparison with the osteocalcin gene. Biochem 
Biophys Res Commun 1996;228(2):352–7.

 44. Falzon M. DNA sequences in the rat parathyroid hormone-
related peptide gene responsible for 1,25-dihydroxyvitamin 
D3-mediated transcriptional repression. Mol Endocrinol 
1996;10(6):672–81.

 45. Maestro B, et al. Identification of a vitamin D response ele-
ment in the human insulin receptor gene promoter. J Steroid 
Biochem Mol Biol 2003;84(2–3):223–30.

 46. Lee S, et al. Identification of a functional vitamin D response 
element in the murine Insig-2 promoter and its potential role 
in the differentiation of 3T3-L1 preadipocytes. Mol 
Endocrinol 2005;19(2):399–408.

 47. Quelo I, Machuca I, Jurdic P. Identification of a vitamin D 
response element in the proximal promoter of the chicken 
carbonic anhydrase II gene. J Biol Chem 1998;273(17): 
10638–46.

 48. Seoane S, et al. Localization of a negative vitamin D response 
sequence in the human growth hormone gene. Biochem 
Biophys Res Commun 2002;292(1):250–5.

 49. Gill RK, Christakos S. Identification of sequence elements 
in mouse calbindin-D28k gene that confer 1,25-dihydroxyvi-
tamin D3- and butyrate-inducible responses. Proc Natl Acad 
Sci U S A 1993;90(7):2984–8.

 50. Fujisawa K, et al. Identification of a response element for 
vitamin D3 and retinoic acid in the promoter region of the 
human fructose-1,6-bisphosphatase gene. J Biochem 
2000;127(3):373–82.

 51. Liu M, et al. Transcriptional activation of the Cdk inhibitor 
p21 by vitamin D3 leads to the induced differentiation of the 
myelomonocytic cell line U937. Genes Dev 1996;10(2): 
142–53.



29726 Calcitriol and Vitamin D Analogs

 52. Jiang F, et al. G2/M arrest by 1,25-dihydroxyvitamin D3 in 
ovarian cancer cells mediated through the induction of 
GADD45 via an exonic enhancer. J Biol Chem 2003; 
278(48):48030–40.

 53. Matilainen M, et al. Regulation of multiple insulin-like 
growth factor binding protein genes by 1alpha,25-dihy-
droxyvitamin D3. Nucleic Acids Res 2005;33(17): 
5521–32.

 54. Peng L, Malloy PJ, Feldman D. Identification of a functional 
vitamin D response element in the human insulin-like growth 
factor binding protein-3 promoter. Mol Endocrinol 2004; 
18(5):1109–19.

 55. Zierold C, Darwish HM, DeLuca HF. Identification of a vita-
min D-response element in the rat calcidiol (25-hydroxyvi-
tamin D3) 24-hydroxylase gene. Proc Natl Acad Sci U S A 
1994;91(3):900–2.

 56. Thompson PD, et al. Liganded VDR induces CYP3A4 in 
small intestinal and colon cancer cells via DR3 and ER6 
vitamin D responsive elements. Biochem Biophys Res 
Commun 2002;299(5):730–8.

 57. McCarthy TC, Li X, Sinal CJ. Vitamin D receptor-dependent 
regulation of colon multidrug resistance-associated protein 3 
gene expression by bile acids. J Biol Chem 2005;280(24): 
23232–42.

 58. McGaffin KR, Chrysogelos SA. Identification and charac-
terization of a response element in the EGFR promoter that 
mediates transcriptional repression by 1,25-dihydroxyvita-
min D3 in breast cancer cells. J Mol Endocrinol 2005; 
35(1):117–33.

 59. Candeliere GA, et al. A composite element binding the vita-
min D receptor, retinoid X receptor alpha, and a member of 
the CTF/NF-1 family of transcription factors mediates the 
vitamin D responsiveness of the c-fos promoter. Mol Cell 
Biol 1996;16(2):584–92.

 60. Xie Z, Bikle DD. Differential regulation of vitamin D 
responsive elements in normal and transformed keratino-
cytes. J Invest Dermatol 1998;110(5):730–3.

 61. Polly P, et al. Identification of a vitamin D3 response  
element in the fibronectin gene that is bound by a vitamin D3 
receptor homodimer. J Cell Biochem 1996;60(3):322–33.

 62. Cao X, et al. Cloning of the promoter for the avian integrin 
beta 3 subunit gene and its regulation by 1,25-dihydroxyvi-
tamin D3. J Biol Chem 1993;268(36):27371–80.

 63. Bikle DD, et al. The vitamin D response element of the invo-
lucrin gene mediates its regulation by 1,25-dihydroxyvita-
min D3. J Invest Dermatol 2002;119(5):1109–13.

 64. Deftos LJ, et al. Direct evidence that PTHrP expression pro-
motes prostate cancer progression in bone. Biochem Biophys 
Res Commun 2005;327(2):468–72.

 65. Lynch CC, et al. MMP-7 promotes prostate cancer-induced 
osteolysis via the solubilization of RANKL. Cancer Cell 
2005;7(5):485–96.

 66. Tenta R, et al. Bone microenvironment-related growth factors, 
zoledronic acid and dexamethasone differentially modulate 
PTHrP expression in PC-3 prostate cancer cells. Horm 
Metab Res 2005;37(10):593–601.

 67. Nemere I, Yoshimoto Y, Norman AW. Calcium transport in 
perfused duodena from normal chicks: enhancement within 
fourteen minutes of exposure to 1,25-dihydroxyvitamin D3. 
Endocrinology 1984;115(4):1476–83.

 68. De Boland AR, Boland RL. Non-genomic signal transduc-
tion pathway of vitamin D in muscle. Cell Signal 
1994;6(7):717–24.

 69. Edelman A, Garabedian M, Anagnostopoulos T. Mechanisms 
of 1,25(OH)2D3-induced rapid changes of membrane poten-
tial in proximal tubule: role of Ca2+-dependent K+ chan-
nels. J Membr Biol 1986;90(2):137–43.

 70. Beno DW, et al. Protein kinase C and mitogen-activated pro-
tein kinase are required for 1,25-dihydroxyvitamin 
D3-stimulated Egr induction. J Biol Chem 1995;270(8): 
3642–7.

 71. de Boland AR, et al. Age-associated decrease in inositol 
1,4,5-trisphosphate and diacylglycerol generation by 
1,25(OH)2-vitamin D3 in rat intestine. Cell Signal 1996; 
8(3):153–7.

 72. de Boland AR, Morelli S, Boland R. 1,25(OH)2-vitamin D3 
signal transduction in chick myoblasts involves phosphati-
dylcholine hydrolysis. J Biol Chem 1994;269(12):8675–9.

 73. Capiati DA, et al. Inhibition of serum-stimulated mitogen 
activated protein kinase by 1alpha,25(OH)2-vitamin D3 in 
MCF-7 breast cancer cells. J Cell Biochem 2004;93(2): 
384–97.

 74. Gniadecki R. Activation of Raf-mitogen-activated protein 
kinase signaling pathway by 1,25-dihydroxyvitamin D3 in 
normal human keratinocytes. J Invest Dermatol 1996;106(6): 
1212–7.

 75. Park WH, et al. Induction of apoptosis by vitamin D3 ana-
logue EB1089 in NCI-H929 myeloma cells via activation of 
caspase 3 and p38 MAP kinase. Br J Haematol 2000;109(3): 
576–83.

 76. Rossi AM, et al. MAPK inhibition by 1alpha,25(OH)2-vita-
min D3 in breast cancer cells. Evidence on the participation 
of the VDR and Src. J Steroid Biochem Mol Biol 
2004;89–90(1–5):287–90.

 77. Bellido T, et al. Evidence for the participation of protein 
kinase C and 3′,5′-cyclic AMP-dependent protein kinase in 
the stimulation of muscle cell proliferation by 1,25-dihy-
droxy-vitamin D3. Mol Cell Endocrinol 1993;90(2):231–8.

 78. Vazquez G, Boland R, de Boland AR. Modulation by 
1,25(OH)2-vitamin D3 of the adenylyl cyclase/cyclic AMP 
pathway in rat and chick myoblasts. Biochim Biophys Acta 
1995;1269(1):91–7.

 79. Massheimer V, Boland R, de Boland AR. Rapid 1,25(OH)2-
vitamin D3 stimulation of calcium uptake by rat intestinal 
cells involves a dihydropyridine-sensitive cAMP-dependent 
pathway. Cell Signal 1994;6(3):299–304.

 80. Santillan GE, Boland RL. Studies suggesting the participa-
tion of protein kinase A in 1,25(OH)2-vitamin D3-dependent 
protein phosphorylation in cardiac muscle. J Mol Cell 
Cardiol 1998;30(2):225–33.

 81. Hmama Z, et al. 1Alpha,25-dihydroxyvitamin D(3)-induced 
myeloid cell differentiation is regulated by a vitamin D 
receptor-phosphatidylinositol 3-kinase signaling complex.  
J Exp Med 1999;190(11):1583–94.

 82. Lee JS, et al. Stable gene silencing in human monocytic cell 
lines using lentiviral-delivered small interference RNA. 
Silencing of the p110alpha isoform of phosphoinositide 
3-kinase reveals differential regulation of adherence induced 
by 1alpha,25-dihydroxycholecalciferol and bacterial 
lipopolysaccharide. J Biol Chem 2004;279(10):9379–88.



298 A.R. Jensen et al.

 83. Bektas M, Orfanos CE, Geilen CC, et al. Different vitamin 
D analogues induce sphingomyelin hydrolysis and apopto-
sis in the human keratinocyte cell line HaCaT. Cell Mol 
Biol (Noisy-le-grand) 2004;46(1):111–9.

 84. Rebsamen MC, et al. 1Alpha,25-dihydroxyvitamin D3 
induces vascular smooth muscle cell migration via activa-
tion of phosphatidylinositol 3-kinase. Circ Res 2002;91(1): 
17–24.

 85. Schwartz Z, et al. 1Alpha,25-dihydroxyvitamin D(3) and 
24R, 25-dihydroxyvitamin D(3) modulate growth plate 
chondrocyte physiology via protein kinase C-dependent 
phosphorylation of extracellular signal-regulated kinase 
1/2 mitogen-activated protein kinase. Endocrinology 
2002;143(7):2775–86.

 86. Erben RG, et al. Deletion of deoxyribonucleic acid binding 
domain of the vitamin D receptor abrogates genomic and 
nongenomic functions of vitamin D. Mol Endocrinol 
2002;16(7):1524–37.

 87. Huhtakangas JA, et al. The vitamin D receptor is present in 
caveolae-enriched plasma membranes and binds 1 
alpha,25(OH)2-vitamin D3 in vivo and in vitro. Mol 
Endocrinol 2004;18(11):2660–71.

 88. Mizwicki MT, et al. Evidence that annexin II is not a puta-
tive membrane receptor for 1alpha,25(OH)2-vitamin D3.  
J Cell Biochem 2004;91(4):852–63.

 89. Norman AW, et al. Update on biological actions of 
1alpha,25(OH)2-vitamin D3 (rapid effects) and 24R, 
25(OH)2-vitamin D3. Mol Cell Endocrinol 2002;197(1–2): 
1–13.

 90. Norman AW, et al. Comparison of 6-s-cis- and 6-s-trans-
locked analogs of 1alpha,25-dihydroxyvitamin D3 indi-
cates that the 6-s-cis conformation is preferred for rapid 
nongenomic biological responses and that neither 6-s-cis- 
nor 6-s-trans-locked analogs are preferred for genomic bio-
logical responses. Mol Endocrinol 1997;11(10):1518–31.

 91. Rohe B, et al. Identification and characterization of 
1,25D3-membrane-associated rapid response, steroid 
(1,25D3-MARRS)-binding protein in rat IEC-6 cells. 
Steroids 2005;70(5–7):458–63.

 92. Abe E, et al. Differentiation of mouse myeloid leukemia 
cells induced by 1 alpha,25-dihydroxyvitamin D3. Proc 
Natl Acad Sci U S A 1981;78(8):4990–4.

 93. Konety BR, et al. Effects of vitamin D (calcitriol) on tran-
sitional cell carcinoma of the bladder in vitro and in vivo.  
J Urol 2001;165(1):253–8.

 94. Colston KW, et al. Effects of synthetic vitamin D analogues 
on breast cancer cell proliferation in vivo and in vitro. 
Biochem Pharmacol 1992;44(4):693–702.

 95. Cross HS, Huber C, Peterlik M. Antiproliferative effect of 
1,25-dihydroxyvitamin D3 and its analogs on human colon 
adenocarcinoma cells (CaCo-2): influence of extracellular cal-
cium. Biochem Biophys Res Commun 1991;179(1):57–62.

 96. Yabushita H, et al. Vitamin D receptor in endometrial car-
cinoma and the differentiation-inducing effect of 1,25-dihy-
droxyvitamin D3 on endometrial carcinoma cell lines.  
J Obstet Gynaecol Res 1996;22(6):529–39.

 97. Fujioka T, et al. Inhibition of tumor growth and angiogen-
esis by vitamin D3 agents in murine renal cell carcinoma.  
J Urol 1998;160(1):247–51.

 98. Nagakura K, et al. Inhibitory effect of 1 alpha,25-dihy-
droxyvitamin D3 on the growth of the renal carcinoma cell 
line. Kidney Int 1986;29(4):834–40.

 99. Higashimoto Y, et al. 1 Alpha,25-dihydroxyvitamin D3 and 
all-trans-retinoic acid inhibit the growth of a lung cancer 
cell line. Anticancer Res 1996;16(5A):2653–9.

 100. Zugmaier G, et al. Growth-inhibitory effects of vitamin D 
analogues and retinoids on human pancreatic cancer cells. 
Br J Cancer 1996;73(11):1341–6.

 101. Getzenberg RH, et al. Vitamin D inhibition of prostate 
adenocarcinoma growth and metastasis in the Dunning rat 
prostate model system. Urology 1997;50(6):999–1006.

 102. Hedlund TE, Moffatt KA, Miller GJ. Vitamin D receptor 
expression is required for growth modulation by 1 alpha,25-
dihydroxyvitamin D3 in the human prostatic carcinoma 
cell line ALVA-31. J Steroid Biochem Mol Biol 
1996;58(3):277–88.

 103. Peehl DM, et al. Antiproliferative effects of 1,25-dihy-
droxyvitamin D3 on primary cultures of human prostatic 
cells. Cancer Res 1994;54(3):805–10.

 104. Schwartz GG, et al. Human prostate cancer cells: inhibition 
of proliferation by vitamin D analogs. Anticancer Res 
1994;14(3A):1077–81.

 105. Skowronski RJ, Peehl DM, Feldman D. Actions of vitamin 
D3, analogs on human prostate cancer cell lines: compari-
son with 1,25-dihydroxyvitamin D3. Endocrinology 
1995;136(1):20–6.

 106. Skowronski RJ, Peehl DM, Feldman D. Vitamin D and 
prostate cancer: 1,25 dihydroxyvitamin D3 receptors and 
actions in human prostate cancer cell lines. Endocrinology 
1993;132(5):1952–60.

 107. Zhuang SH, et al. Vitamin D receptor content and tran-
scriptional activity do not fully predict antiproliferative 
effects of vitamin D in human prostate cancer cell lines. 
Mol Cell Endocrinol 1997;126(1):83–90.

 108. Shabahang M, et al. The effect of 1,25-dihydroxyvitamin 
D3 on the growth of soft-tissue sarcoma cells as mediated 
by the vitamin D receptor. Ann Surg Oncol 
1996;3(2):144–9.

 109. Hara K, et al. Oral administration of 1 alpha hydroxyvita-
min D3 inhibits tumor growth and metastasis of a murine 
osteosarcoma model. Anticancer Res 2001;21(1A):321–4.

 110. Tokuumi Y. Correlation between the concentration of 1,25 
alpha dihydroxyvitamin D3 receptors and growth inhibi-
tion, and differentiation of human osteosarcoma cells 
induced by vitamin D3. Nippon Seikeigeka Gakkai Zasshi 
1995;69(4):181–90.

 111. Celli A, Treves C, Stio M. Vitamin D receptor in SH-SY5Y 
human neuroblastoma cells and effect of 1,25-dihydroxyvi-
tamin D3 on cellular proliferation. Neurochem Int 
1999;34(2):117–24.

 112. Veenstra TD, et al. Effects of 1,25-dihydroxyvitamin D3 on 
growth of mouse neuroblastoma cells. Brain Res Dev Brain 
Res 1997;99(1):53–60.

 113. Naveilhan P, et al. Induction of glioma cell death by 
1,25(OH)2 vitamin D3: towards an endocrine therapy of 
brain tumors? J Neurosci Res 1994;37(2):271–7.

 114. Colston K, Colston MJ, Feldman D. 1,25-dihydroxyvita-
min D3 and malignant melanoma: the presence of receptors 
and inhibition of cell growth in culture. Endocrinology 
1981;108(3):1083–6.

 115. Hershberger PA, et al. 1,25-Dihydroxycholecalciferol 
(1,25-D3) inhibits the growth of squamous cell carcinoma 
and down-modulates p21(Waf1/Cip1) in vitro and in vivo. 
Cancer Res 1999;59(11):2644–9.



29926 Calcitriol and Vitamin D Analogs

 116. McGuire TF, Trump DL, Johnson CS, et al. Vitamin D(3)-
induced apoptosis of murine squamous cell carcinoma 
cells. Selective induction of caspase-dependent MEK 
cleavage and up-regulation of MEKK-1. J Biol Chem 
2001;276(28):26365–73.

 117. Berger U, et al. Immunocytochemical detection of 
1,25-dihydroxyvitamin D receptors in normal human tissues. 
J Clin Endocrinol Metab 1988;67(3):607–13.

 118. Holick MF. Vitamin D: a millennium perspective. J Cell 
Biochem 2003;88(2):296–307.

 119. Campbell MJ, Koeffler HP. Toward therapeutic interven-
tion of cancer by vitamin D compounds. J Natl Cancer Inst 
1997;89(3):182–5.

 120. Sheikh MS, Rochefort H, Garcia M. Overexpression of 
p21WAF1/CIP1 induces growth arrest, giant cell formation 
and apoptosis in human breast carcinoma cell lines. 
Oncogene 1995;11(9):1899–905.

 121. Wang QM, Jones JB, Studzinski GP. Cyclin-dependent 
kinase inhibitor p27 as a mediator of the G1-S phase block 
induced by 1,25-dihydroxyvitamin D3 in HL60 cells. 
Cancer Res 1996;56(2):264–7.

 122. Zhuang SH, Burnstein KL. Antiproliferative effect of 
1alpha,25-dihydroxyvitamin D3 in human prostate cancer 
cell line LNCaP involves reduction of cyclin-dependent 
kinase 2 activity and persistent G1 accumulation. 
Endocrinology 1998;139(3):1197–207.

 123. Hershberger PA, et al. Calcitriol (1,25-dihydroxycholecal-
ciferol) enhances paclitaxel antitumor activity in vitro and 
in vivo and accelerates paclitaxel-induced apoptosis. Clin 
Cancer Res 2001;7(4):1043–51.

 124. Huang YC, Chen JY, Hung WC. Vitamin D3 receptor/
Sp1 complex is required for the induction of p27Kip1 
expression by vitamin D3. Oncogene 2004;23(28): 
4856–61.

 125. Inoue T, Kamiyama J, Sakai T. Sp1 and NF-Y synergisti-
cally mediate the effect of vitamin D(3) in the p27(Kip1) 
gene promoter that lacks vitamin D response elements.  
J Biol Chem 1999;274(45):32309–17.

 126. Lin R, et al. Inhibition of F-Box protein p45(SKP2) expres-
sion and stabilization of cyclin-dependent kinase inhibitor 
p27(KIP1) in vitamin D analog-treated cancer cells. 
Endocrinology 2003;144(3):749–53.

 127. Yang ES, Burnstein KL. Vitamin D inhibits G1 to S pro-
gression in LNCaP prostate cancer cells through p27Kip1 
stabilization and Cdk2 mislocalization to the cytoplasm.  
J Biol Chem 2003;278(47):46862–8.

 128. Kobayashi T, Hashimoto K, Yoshikawa K. Growth inhibi-
tion of human keratinocytes by 1,25-dihydroxyvitamin D3 
is linked to dephosphorylation of retinoblastoma gene 
product. Biochem Biophys Res Commun 1993;196(1): 
487–93.

 129. Fan FS, Yu WC. 1,25-Dihydroxyvitamin D3 suppresses 
cell growth, DNA synthesis, and phosphorylation of retino-
blastoma protein in a breast cancer cell line. Cancer Invest 
1995;13(3):280–6.

 130. Hager G, et al. 1,25(OH)2 vitamin D3 induces elevated 
expression of the cell cycle-regulating genes P21 and P27 
in squamous carcinoma cell lines of the head and neck. 
Acta Otolaryngol 2001;121(1):103–9.

 131. Jensen SS, et al. Inhibitory effects of 1alpha,25-dihy-
droxyvitamin D(3) on the G(1)-S phase-controlling 
machinery. Mol Endocrinol 2001;15(8):1370–80.

 132. Yen A, Varvayanis S. Late dephosphorylation of the RB 
protein in G2 during the process of induced cell differentia-
tion. Exp Cell Res 1994;214(1):250–7.

 133. Matsumoto K, et al. Growth-inhibitory effects of 1,25-dihy-
droxyvitamin D3 on normal human keratinocytes cultured 
in serum-free medium. Biochem Biophys Res Commun 
1990;166(2):916–23.

 134. Reitsma PH, et al. Regulation of myc gene expression in 
HL-60 leukaemia cells by a vitamin D metabolite. Nature 
1983;306(5942):492–4.

 135. Tong WM, et al. Growth regulation of human colon cancer 
cells by epidermal growth factor and 1,25-dihydroxyvita-
min D3 is mediated by mutual modulation of receptor 
expression. Eur J Cancer 1998;34(13):2119–25.

 136. Drivdahl RH, et al. IGF-binding proteins in human prostate 
tumor cells: expression and regulation by 1,25-dihy-
droxyvitamin D3. Prostate 1995;26(2):72–9.

 137. Scharla SH, et al. 1,25-Dihydroxyvitamin D3 differentially 
regulates the production of insulin-like growth factor I 
(IGF-I) and IGF-binding protein-4 in mouse osteoblasts. 
Endocrinology 1991;129(6):3139–46.

 138. Vink-van Wijngaarden T, et al. Inhibition of insulin- and 
insulin-like growth factor-I-stimulated growth of human 
breast cancer cells by 1,25-dihydroxyvitamin D3 and the 
vitamin D3 analogue EB1089. Eur J Cancer 1996; 
32A(5):842–8.

 139. Haugen JD, et al. 1 Alpha,25-dihydroxyvitamin D3 inhibits 
normal human keratinocyte growth by increasing trans-
forming growth factor beta 2 release. Biochem Biophys 
Res Commun 1996;229(2):618–23.

 140. Wu Y, et al. 1 Alpha,25-Dihydroxyvitamin D3 increases 
transforming growth factor and transforming growth factor 
receptor type I and II synthesis in human bone cells. 
Biochem Biophys Res Commun 1997;239(3):734–9.

 141. Elstner E, et al. 20-epi-vitamin D3 analogues: a novel class 
of potent inhibitors of proliferation and inducers of differ-
entiation of human breast cancer cell lines. Cancer Res 
1995;55(13):2822–30.

 142. Studzinski GP, et al. Uncoupling of cell cycle arrest from 
the expression of monocytic differentiation markers in 
HL60 cell variants. Exp Cell Res 1997;232(2):376–87.

 143. Qiao S, Tuohimaa P. Vitamin D3 inhibits fatty acid syn-
thase expression by stimulating the expression of long-
chain fatty-acid-CoA ligase 3 in prostate cancer cells. 
FEBS Lett 2004;577(3):451–4.

 144. Qiao S, Tuohimaa P. The role of long-chain fatty-acid-CoA 
ligase 3 in vitamin D3 and androgen control of prostate 
cancer LNCaP cell growth. Biochem Biophys Res Commun 
2004;319(2):358–68.

 145. Bao BY, et al. Androgen signaling is required for the vita-
min D-mediated growth inhibition in human prostate can-
cer cells. Oncogene 2004;23(19):3350–60.

 146. Guzey M, Kitada S, Reed JC. Apoptosis induction by 
1alpha,25-dihydroxyvitamin D3 in prostate cancer. Mol 
Cancer Ther 2002;1(9):667–77.

 147. Modzelewski RA, Hershberger PA, Johnson CS, et al. 
Apoptotic effects of paclitaxel and calcitriol in rat dunning 
MLL and human PC-3 prostate tumors in vitro. Proc AACR 
1999;40:580.

 148. Elstner E, et al. Combination of a potent 20-epi-vitamin D3 
analogue (KH 1060) with 9-cis-retinoic acid irreversibly 
inhibits clonal growth, decreases bcl-2 expression, and 



300 A.R. Jensen et al.

induces apoptosis in HL-60 leukemic cells. Cancer Res 
1996;56(15):3570–6.

 149. James SY, Mackay AG, Colston KW. Effects of 1,25 dihy-
droxyvitamin D3 and its analogues on induction of apopto-
sis in breast cancer cells. J Steroid Biochem Mol Biol 
1996;58(4):395–401.

 150. Pepper C, et al. The vitamin D3 analog EB1089 induces 
apoptosis via a p53-independent mechanism involving p38 
MAP kinase activation and suppression of ERK activity in 
B-cell chronic lymphocytic leukemia cells in vitro. Blood 
2003;101(7):2454–60.

 151. Sergeev INRW, Norman AW. 1,25-dihydroxyvitamin D3, 
intracellular Ca2+ and apoptosis in breast cancer cell lines. 
In: Norman AW, Bouillon R, Thomasset M, editors. 
Vitamin D chemistry, biology and clinical applications of 
the steroid hormone. Riverside, CA: University of 
California; 1997. p. 473–4.

 152. Simboli-Campbell M, et al. 1,25-Dihydroxyvitamin D3 
induces morphological and biochemical markers of apop-
tosis in MCF-7 breast cancer cells. J Steroid Biochem Mol 
Biol 1996;58(4):367–76.

 153. Vandewalle B, Wattez N, Lefebvre J. Effects of vitamin D3 
derivatives on growth, differentiation and apoptosis in 
tumoral colonic HT 29 cells: possible implication of intra-
cellular calcium. Cancer Lett 1995;97(1):99–106.

 154. Wagner N, et al. 1,25-Dihydroxyvitamin D3-induced 
apoptosis of retinoblastoma cells is associated with recip-
rocal changes of Bcl-2 and bax. Exp Eye Res 2003; 
77(1):1–9.

 155. Mathiasen IS, Lademann U, Jaattela M. Apoptosis induced 
by vitamin D compounds in breast cancer cells is inhibited 
by Bcl-2 but does not involve known caspases or p53. 
Cancer Res 1999;59(19):4848–56.

 156. Polek TC, et al. p53 Is required for 1,25-dihydroxyvitamin 
D3-induced G0 arrest but is not required for G1 accumula-
tion or apoptosis of LNCaP prostate cancer cells. 
Endocrinology 2003;144(1):50–60.

 157. Galbiati F, et al. Molecular pathways involved in the anti-
neoplastic effects of calcitriol on insulinoma cells. 
Endocrinology 2003;144(5):1832–41.

 158. Narvaez CJ, Welsh J. Role of mitochondria and caspases in 
vitamin D-mediated apoptosis of MCF-7 breast cancer 
cells. J Biol Chem 2001;276(12):9101–7.

 159. Xie SP, James SY, Colston KW. Vitamin D derivatives 
inhibit the mitogenic effects of IGF-I on MCF-7 human 
breast cancer cells. J Endocrinol 1997;154(3):495–504.

 160. Bernardi RJ, et al. Combination of 1alpha,25-dihydroxyvi-
tamin D(3) with dexamethasone enhances cell cycle arrest 
and apoptosis: role of nuclear receptor cross-talk and Erk/
Akt signaling. Clin Cancer Res 2001;7(12):4164–73.

 161. Bernardi RJ, et al. Antiproliferative effects of 1alpha,25-
dihydroxyvitamin D(3) and vitamin D analogs on tumor-
derived endothelial cells. Endocrinology 2002;143(7): 
2508–14.

 162. Rocker D, et al. 1,25-Dihydroxyvitamin D3 potentiates the 
cytotoxic effect of TNF on human breast cancer cells. Mol 
Cell Endocrinol 1994;106(1–2):157–62.

 163. Murthy S, Weigel NL. 1Alpha,25-dihydroxyvitamin D3 
induced growth inhibition of PC-3 prostate cancer cells 
requires an active transforming growth factor beta signal-
ing pathway. Prostate 2004;59(3):282–91.

 164. Sergeev IN, Rhoten WB. Regulation of intracellular cal-
cium in human breast cancer cells. Endocrine 1998;9(3): 
321–7.

 165. Sergeev IN. Calcium as a mediator of 1,25-dihydroxyvita-
min D3-induced apoptosis. J Steroid Biochem Mol Biol 
2004;89–90(1–5):419–25.

 166. Jiang F, et al. Induction of ovarian cancer cell apoptosis by 
1,25-dihydroxyvitamin D3 through the down-regulation of 
telomerase. J Biol Chem 2004;279(51):53213–21.

 167. De Haes P, et al. 1,25-Dihydroxyvitamin D3 inhibits ultra-
violet B-induced apoptosis, Jun kinase activation, and 
interleukin-6 production in primary human keratinocytes.  
J Cell Biochem 2003;89(4):663–73.

 168. Mantell DJ, et al. 1 Alpha,25-dihydroxyvitamin D(3) inhib-
its angiogenesis in vitro and in vivo. Circ Res 
2000;87(3):214–20.

 169. Majewski S, et al. Vitamin D3 is a potent inhibitor of tumor 
cell-induced angiogenesis. J Investig Dermatol Symp Proc 
1996;1(1):97–101.

 170. Yudoh K, Matsuno H, Kimura T. 1Alpha,25-dihydroxyvitamin 
D3 inhibits in vitro invasiveness through the extracellular 
matrix and in vivo pulmonary metastasis of B16 mouse mel-
anoma. J Lab Clin Med 1999;133(2):120–8.

 171. Schwartz GG, et al. 1 Alpha,25-dihydroxyvitamin D (calcit-
riol) inhibits the invasiveness of human prostate cancer cells. 
Cancer Epidemiol Biomarkers Prev 1997;6(9):727–32.

 172. Sung V, Feldman D. 1,25-Dihydroxyvitamin D3 decreases 
human prostate cancer cell adhesion and migration. Mol 
Cell Endocrinol 2000;164(1–2):133–43.

 173. Bao BY, Yeh SD, Lee YF. 1Alpha,25-dihydroxyvitamin D3 
inhibits prostate cancer cell invasion via modulation of 
selective proteases. Carcinogenesis 2006;27(1):32–42.

 174. Hansen CM, et al. 1 Alpha,25-dihydroxyvitamin D3 inhib-
its the invasive potential of human breast cancer cells in 
vitro. Clin Exp Metastasis 1994;12(3):195–202.

 175. Young MR, et al. Treating tumor-bearing mice with vita-
min D3 diminishes tumor-induced myelopoiesis and asso-
ciated immunosuppression, and reduces tumor metastasis 
and recurrence. Cancer Immunol Immunother 1995;41(1): 
37–45.

 176. Koli K, Keski-Oja J. 1Alpha,25-dihydroxyvitamin D3 and 
its analogues down-regulate cell invasion-associated pro-
teases in cultured malignant cells. Cell Growth Differ 
2000;11(4):221–9.

 177. Campbell MJ, et al. Inhibition of proliferation of prostate 
cancer cells by a 19-nor-hexafluoride vitamin D3 analogue 
involves the induction of p21waf1, p27kip1 and E-cadherin. 
J Mol Endocrinol 1997;19(1):15–27.

 178. Gonzalez-Sancho JM, Alvarez-Dolado M, Munoz A, et al. 
1,25-Dihydroxyvitamin D3 inhibits tenascin-C expression in 
mammary epithelial cells. FEBS Lett 1998;426(2):225–8.

 179. Yu WD, et al. Enhancement of 1,25-dihydroxyvitamin 
D3-mediated antitumor activity with dexamethasone. J 
Natl Cancer Inst 1998;90(2):134–41.

 180. Beer TM, et al. Weekly high-dose calcitriol and docetaxel 
in advanced prostate cancer. Semin Oncol 2001;28(4 Suppl 
15):49–55.

 181. Moffatt KA, Johannes WU, Miller GJ. 
1Alpha,25dihydroxyvitamin D3 and platinum drugs act 
synergistically to inhibit the growth of prostate cancer cell 
lines. Clin Cancer Res 1999;5(3):695–703.



30126 Calcitriol and Vitamin D Analogs

 182. Ahmed S, et al. Calcitriol (1,25-dihydroxycholecalciferol) 
potentiates activity of mitoxantrone/dexamethasone in an 
androgen independent prostate cancer model. J Urol 
2002;168(2):756–61.

 183. Light BW, et al. Potentiation of cisplatin antitumor activity 
using a vitamin D analogue in a murine squamous cell car-
cinoma model system. Cancer Res 1997;57(17):3759–64.

 184. Wieder R, et al. 1,25-Dihydroxyvitamin D3 and all-trans 
retinoic acid promote apoptosis and sensitize breast cancer 
cells to the effects of chemotherapeutic agents. Proc Am 
Soc Clin Oncol 1998;17:107a.

 185. Sundaram S, et al. The vitamin D3 analog EB 1089 
enhances the antiproliferative and apoptotic effects of adri-
amycin in MCF-7 breast tumor cells. Breast Cancer Res 
Treat 2000;63(1):1–10.

 186. Torres R, et al. Etoposide stimulates 1,25-dihydroxyvita-
min D3 differentiation activity, hormone binding and hor-
mone receptor expression in HL-60 human promyelocytic 
cells. Mol Cell Biochem 2000;208(1–2):157–62.

 187. Koga M, Sutherland RL. Retinoic acid acts synergistically 
with 1,25-dihydroxyvitamin D3 or antioestrogen to inhibit 
T-47D human breast cancer cell proliferation. J Steroid 
Biochem Mol Biol 1991;39(4A):455–60.

 188. Guzey M, Sattler C, DeLuca HF. Combinational effects of 
vitamin D3 and retinoic acid (all trans and 9 cis) on prolif-
eration, differentiation, and programmed cell death in two 
small cell lung carcinoma cell lines. Biochem Biophys Res 
Commun 1998;249(3):735–44.

 189. Peehl DM, Feldman D. Interaction of nuclear receptor 
ligands with the vitamin D signaling pathway in prostate 
cancer. J Steroid Biochem Mol Biol 2004;92(4):307–15.

 190. Ikeda N, et al. Combination treatment with 1alpha,25-
dihydroxyvitamin D3 and 9-cis-retinoic acid directly 
inhibits human telomerase reverse transcriptase transcrip-
tion in prostate cancer cells. Mol Cancer Ther 2003; 
2(8):739–46.

 191. Anzano MA, et al. 1 Alpha,25-dihydroxy-16-ene-23-
yne-26, 27-hexafluorocholecalciferol (Ro24-5531), a new 
deltanoid (vitamin D analogue) for prevention of breast 
cancer in the rat. Cancer Res 1994;54(7):1653–6.

 192. Welsh J. Induction of apoptosis in breast cancer cells in 
response to vitamin D and antiestrogens. Biochem Cell 
Biol 1994;72(11–12):537–45.

 193. Abe-Hashimoto J, et al. Antitumor effect of 22-oxa-calcit-
riol, a noncalcemic analogue of calcitriol, in athymic mice 
implanted with human breast carcinoma and its synergism 
with tamoxifen. Cancer Res 1993;53(11):2534–7.

 194. Christensen GL, et al. Sequential versus combined treat-
ment of human breast cancer cells with antiestrogens and 
the vitamin D analogue EB1089 and evaluation of predic-
tive markers for vitamin D treatment. Breast Cancer Res 
Treat 2004;85(1):53–63.

 195. Gavrilov V, Steiner M, Shany S. The combined treatment 
of 1,25-dihydroxyvitamin D3 and a non-steroid anti-
inflammatory drug is highly effective in suppressing pros-
tate cancer cell line (LNCaP) growth. Anticancer Res 
2005;25(5):3425–9.

 196. Moreno J, Krishnan AV, Feldman D. Molecular mecha-
nisms mediating the anti-proliferative effects of vitamin D 
in prostate cancer. J Steroid Biochem Mol Biol 
2005;97(1–2):31–6.

 197. Moreno J, et al. Regulation of prostaglandin metabolism by 
calcitriol attenuates growth stimulation in prostate cancer 
cells. Cancer Res 2005;65(17):7917–25.

 198. Hsiao M, et al. Functional expression of human p21(WAF1/
CIP1) gene in rat glioma cells suppresses tumor growth in 
vivo and induces radiosensitivity. Biochem Biophys Res 
Commun 1997;233(2):329–35.

 199. Dunlap N, et al. 1Alpha,25-dihydroxyvitamin D(3) (calcit-
riol) and its analogue, 19-nor-1alpha,25(OH)(2)D(2), 
potentiate the effects of ionising radiation on human pros-
tate cancer cells. Br J Cancer 2003;89(4):746–53.

 200. Polar MK, et al. Effect of the vitamin D3 analog ILX 
23-7553 on apoptosis and sensitivity to fractionated radia-
tion in breast tumor cells and normal human fibroblasts. 
Cancer Chemother Pharmacol 2003;51(5):415–21.

 201. DeMasters GA, et al. Potentiation of cell killing by frac-
tionated radiation and suppression of proliferative recov-
ery in MCF-7 breast tumor cells by the vitamin D3 analog 
EB 1089. J Steroid Biochem Mol Biol 2004;92(5): 
365–74.

 202. Osborn JL, et al. Phase II trial of oral 1,25-dihydroxyvita-
min D (calcitriol) in hormone refractory prostate cancer. 
Urol Oncol 1995;1(5):195–8.

 203. Gross C, et al. Treatment of early recurrent prostate cancer 
with 1,25-dihydroxyvitamin D3 (calcitriol). J Urol 
1998;159(6):2035–9. Discussion 2039–40.

 204. Smith DC, et al. A phase I trial of calcitriol (1,25-dihy-
droxycholecalciferol) in patients with advanced malig-
nancy. Clin Cancer Res 1999;5(6):1339–45.

 205. Beer TM, Munar M, Henner WD. A phase I trial of pulse 
calcitriol in patients with refractory malignancies: pulse 
dosing permits substantial dose escalation. Cancer 
2001;91(12):2431–9.

 206. Muindi JR, et al. Pharmacokinetics of high-dose oral calcit-
riol: results from a phase 1 trial of calcitriol and paclitaxel. 
Clin Pharmacol Ther 2002;72(6):648–59.

 207. Beer TM, et al. Pharmacokinetics and tolerability of a single 
dose of DN-101, a new formulation of calcitriol, in patients 
with cancer. Clin Cancer Res 2005;11(21):7794–9.

 208. Beer TM, Javle MM, Henner WD and Trump DL. 
Pharmacokinetics (PK) and tolerability of DN-101, a new 
formulation of calcitriol, in patients with cancer. Proc Amer 
Assoc Cancer Res 2004;45:404.

 209. Morris MJ, et al. High-dose calcitriol, zoledronate, and 
dexamethasone for the treatment of progressive prostate 
carcinoma. Cancer 2004;100(9):1868–75.

 210. Tiffany NM, et al. High dose pulse calcitriol, docetaxel and 
estramustine for androgen independent prostate cancer: a 
phase I/II study. J Urol 2005;174(3):888–92.

 211. Beer TM, et al. High-dose weekly oral calcitriol in patients 
with a rising PSA after prostatectomy or radiation for pros-
tate carcinoma. Cancer 2003;97(5):1217–24.

 212. Trump DL, et al. Phase II trial of high-dose, intermittent 
calcitriol (1,25 dihydroxyvitamin D3) and dexamethasone 
in androgen-independent prostate cancer. Cancer 
2006;106(10):2136–42.

 213. Beer TM, et al. Weekly high-dose calcitriol and docetaxel 
in metastatic androgen-independent prostate cancer. J Clin 
Oncol 2003;21(1):123–8.

 214. Beer TM, et al. Double-blinded randomized study of high-
dose calcitriol plus docetaxel compared with placebo plus 



302 A.R. Jensen et al.

docetaxel in androgen-independent prostate cancer: a report 
from the ASCENT Investigators. J Clin Oncol 2007; 
25(6):669–74.

 215. Attia S, et al. Randomized, double-blinded phase II evalua-
tion of docetaxel with or without doxercalciferol in patients 
with metastatic, androgen-independent prostate cancer. 
Clin Cancer Res 2008;14(8):2437–43.

 216. Upton RA, et al. Pharmacokinetics of doxercalciferol, a 
new vitamin D analogue that lowers parathyroid hormone. 
Nephrol Dial Transplant 2003;18(4):750–8.

 217. Sjoden G, et al. 1 Alpha-hydroxyvitamin D2 is less toxic 
than 1 alpha-hydroxyvitamin D3 in the rat. Proc Soc Exp 
Biol Med 1985;178(3):432–6.

 218. Beer TM, Garzotto M, Katovic NM. High-dose calcit-
riol and carboplatin in metastatic androgen-indepen-
dent prostate cancer. Am J Clin Oncol 2004;27(5): 
535–41.

 219. Flaig TW, et al. A phase II trial of dexamethasone, vitamin 
D, and carboplatin in patients with hormone-refractory 
prostate cancer. Cancer 2006;107(2):266–74.

 220. Chan JS, et al. A phase II study of high-dose calcitriol com-
bined with mitoxantrone and prednisone for androgen-
independent prostate cancer. BJU Int 2008;102(11): 
1601–6.

 221. Kissmeyer AM, et al. Metabolism of the vitamin D analog 
EB 1089: identification of in vivo and in vitro liver metabo-

lites and their biological activities. Biochem Pharmacol 
1997;53(8):1087–97.

 222. Bouillon R, et al. Non-hypercalcemic pharmacological 
aspects of vitamin D analogs. Biochem Pharmacol 
1995;50(5):577–83.

 223. Bouillon R, Okamura WH, Norman AW. Structure–function 
relationships in the vitamin D endocrine system. Endocr 
Rev 1995;16(2):200–57.

 224. Gulliford T, et al. A phase I study of the vitamin D ana-
logue EB 1089 in patients with advanced breast and col-
orectal cancer. Br J Cancer 1998;78(1):6–13.

 225. Evans TR, et al. A phase II trial of the vitamin D analogue 
Seocalcitol (EB1089) in patients with inoperable pancre-
atic cancer. Br J Cancer 2002;86(5):680–5.

 226. Dalhoff K, et al. A phase II study of the vitamin D analogue 
Seocalcitol in patients with inoperable hepatocellular carci-
noma. Br J Cancer 2003;89(2):252–7.

 227. Bower M, et al. Topical calcipotriol treatment in advanced 
breast cancer. Lancet 1991;337(8743):701–2.

 228. Liu G, et al. Phase I trial of 1alpha-hydroxyvitamin d(2) in 
patients with hormone refractory prostate cancer. Clin 
Cancer Res 2002;8(9):2820–7.

 229. Wieder R, et al. Pharmacokinetics and safety of ILX23-
7553, a non-calcemic-vitamin D3 analogue, in a phase I 
study of patients with advanced malignancies. Invest New 
Drugs 2003;21(4):445–52.



Part V
Immunotherapy



305W.D. Figg et al. (eds.), Drug Management of Prostate Cancer,
DOI 10.1007/978-1-60327-829-4_27, © Springer Science+Business Media, LLC 2010

Abstract Although most patients can be cured of 
their prostate cancer by initial definitive therapy, up to 
40% of patients may have recurrent disease. For these 
patients, hormonal manipulations may provide initial 
benefit and chemotherapy has been demonstrated to 
extend survival when the disease is castration-resistant 
and metastatic. In spite of these therapeutic approaches, 
additional therapies are needed. Therapeutic cancer vac-
cines have been developed using several platforms to 
enhance immune targeting of prostate cancer cells and 
have shown promise in early clinical trials. There are 
several therapeutic cancer vaccine platforms for pros-
tate cancer including vector-based, antigen-presenting 
cell pulsed and whole tumor-cell vaccines. Several 
phase II vaccine trials have demonstrated some degree 
of clinical benefit. Some of these trials, however, have 
underscored the need for new paradigms to be devel-
oped to evaluate the clinical benefit and utility of can-
cer vaccines. In addition, vaccines have demonstrated 
compatibility and synergy with standard therapies in 
both preclinical and clinical models. Several phase III 
trials with immunotherapies in prostate cancer are in 
late stages of planning or are ongoing. Future immuno-
therapy trials should focus on identifying appropriate 
patient populations most likely to benefit from vaccine 
therapy and appropriate trial endpoints.

Keywords Prostate cancer • Cancer vaccines  
• Immunotherapy

Rationale for Vaccines in the Treatment 
of Prostate Cancer

Although the US Food and Drug Administration’s 
(FDA) approval of docetaxel for metastatic castration-
resistant prostate cancer (CRPC) in 2004 was a signifi-
cant advancement in the treatment of prostate cancer, 
additional therapies are still needed [1, 2]. When 
disease recurs after initial definitive therapy, sequential 
hormonal manipulations are often used prior to 
chemotherapy for metastatic CRPC [3]. Therapeutic 
 cancer vaccines have been investigated in both castration-
sensitive and castration-resistant disease to determine 
their role in this sequence of treatments or in combination 
with existing therapies.

In many ways, prostate cancer is an ideal candi-
date for treatments that stimulate the immune system 
to target cancer cells. In most instances, recurrent 
prostate cancer is detected by rising levels of serum 
prostate-specific antigen (PSA) when tumor volume 
is low and undetectable by imaging [3]. Prostate 
cancer often grows slowly, allowing time for the 
immune system to be stimulated and to mount an 
active immune response [4]. Several gene products 
are unique to prostate cancer cells, making them 
suitable targets for immunotherapy [5, 6]. Many 
patients with prostate cancer have low levels of 
cytolytic T cells capable of recognizing these tumor-
associated antigens (TAAs), and this minimal 
response can be augmented with immune stimula-
tion by therapeutic cancer vaccines [7]. Finally, 
because the prostate is a nonessential organ, target-
ing TAAs specific to prostatic tissue is unlikely to 
have a significant negative clinical impact.
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Tumor-Associated Antigens As Targets 
of Immunotherapy

The ideal targets for cancer vaccines are TAAs that are 
unique to, or are overexpressed in, cancer cells relative 
to normal tissue. Prostate cancer cells express several 
such TAAs. PSA is a 34-kD protein uniquely expressed 
in prostate cancer cells and the nonessential epithelial 
cells within the prostate, making it the prime target for 
many prostate cancer vaccines [8, 9]. Prostate-specific 
membrane antigen (PSMA) is a 100-kD transmem-
brane glycoprotein that is principally expressed in both 
primary and metastatic prostate cancer cells [10]. An 
advantageous characteristic of PSMA is that androgen 
deprivation, which is fundamental to the treatment of 
prostate cancer, leads to increased PSMA expression 
[11]. Another TAA that has shown potential as a target 
of vaccines is prostatic acid phosphotase (PAP), a 102-
kD glycoprotein overexpressed in prostate cancer cells 
that is believed to play a role in disease progression 
[12, 13].

Enhancing Antigen Presentation

Developing an effective prostate cancer vaccine presents 
several challenges. Although prostate cancer provides sev-
eral TAAs as targets for vaccine therapy, they are 
commonly weakly immunogenic [7]. An effective vaccine 
strategy must overcome this obstacle (Table 27.1).

Cytokines have been found to effectively expand 
T-cell populations and to enhance the ability of anti-
gen-presenting cells (APCs) to recognize TAAs. In an 
activated cellular immune response, APCs such as 
dendritic cells must be activated in order to process 
antigens, which are then presented to T cells in an 
immune context, leading to targeted cytolytic T cell-
mediated destruction of tumor cells.

Granulocyte-macrophage colony-stimulating factor 
(GM-CSF) is commonly used as an adjuvant in immuno-
therapy. GM-CSF has been shown to increase immune 
response by stimulating the growth and maturation of 
APCs and helping them migrate to the vaccination site 
[14–16]. Some early trials tested GM-CSF as a single 
agent to see if it had clinical benefit as a nonspecific 
immune stimulant [17]. More recent studies have shown 
that injecting GM-CSF at the vaccination site enhances 

targeted immune responses [18–20]. Other strategies use 
tumor cells transduced with the gene for GM-CSF to cre-
ate GM-CSF-secreting whole tumor-cell vaccines [21].

Another mechanism to enhance APC activation of 
T cells is the use of costimulatory molecules. During 
the critical stage of antigen presentation, APCs present 
the antigen within its major histocompatibility com-
plex (MHC) to the T cell via the T-cell receptor. The 
interaction of other accessory, or costimulatory, mole-
cules is also necessary for T-cell activation, especially 
when the TAA is weakly immunogenic. The absence 
of costimulatory molecules with such weak antigens 
could lead to T-cell anergy and even apoptosis [22]. In 
poxviral-based cancer vaccines, transgenes for costim-
ulatory molecules can be included with the TAA trans-
gene within the vector. When such a poxviral-based 
vaccine infects APCs, it leads to expression of the TAA 
within the MHC for presentation to T cells. The vac-
cine’s effects can be enhanced by including a trans-
gene encoded for one or more costimulatory molecules, 
which are then expressed on the APC that is presenting 
the TAA [18, 19, 22].

Table 27.1 Modalities that synergize vaccine therapy

Method Proposed mechanism

Cytokines Traffic APCs to vaccination site; mature 
and activate APCs

Androgen-  
deprivation  
therapy

Traffic T cells to the prostate, enhance 
T-cell repertoire, and decrease immune 
tolerance of prostate cancer TAAs

Radiation May upregulate MHC class I antigens, 
TAAs, and Fas ligand, all of which 
can enhance cytolytic T-cell activity

Chemotherapy May enhance MHC class I and TAA 
expression. Chemotherapy-induced 
lysis of cells may expose an activated 
immune response to new TAAs for 
cytolytic T cells to target

Anti-CTLA-4  
antibody

CTLA-4 is expressed on T cells as a way 
for the immune system to self-regulate 
immune responses. Blocking this 
molecule with an antibody can augment 
the effects of cytolytic T cell activity

Regulatory T-cell  
depletion

Regulatory T cells may suppress T-cell 
activation and proliferation in 
response to a vaccine. Using certain 
chemotherapy agents or monoclonal 
antibodies, it may be possible to 
selectively eliminate regulatory  
T cells and the barriers they pose to 
immune activation

APCs antigen-presenting cells; ADT androgen-deprivation ther-
apy; TAA tumor-associated antigen; MHC major histocompati-
bility complex
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Vaccines as Part of Combination 
Therapy for Prostate Cancer

Vaccine therapies are increasingly being investigated 
in combination with other therapies, potentially 
enhancing the treatment of both early- and late-stage 
prostate cancer. Some conventional therapies may 
actually enhance both the immune profile of tumors 
and cytolytic T-cell activity [23]. This can be particularly 
valuable in prostate cancer where, depending on the 
stage of disease, androgen-deprivation therapy (ADT), 
radiation, and chemotherapy all play a role.

Androgen-Deprivation Therapy

Patients with recurrent prostate cancer treated with 
hormonal manipulation alone often have asymptom-
atic disease. Here, the goal of therapy is to delay symp-
tomatic disease that may require more aggressive 
therapies with greater toxicity [3]. Evidence suggests 
that ADT can enhance immune responses in these 
patients [24]. One study evaluated prostatic tissue 
before and after initiating ADT. T-cell infiltration of 
the prostate was seen within 1–3 weeks, and T cells 
isolated from the prostate exhibited a restricted recep-
tor, indicating a local oligoclonal response [25]. In 
another study, the androgen receptor antagonist flut-
amide curtailed testosterone’s potential for T-cell inhi-
bition [26]. Other studies indicate that ADT decreases 
immune tolerance to prostate TAAs, promotes growth 
of the thymus (where T cells are produced), and 
enhances the T-cell repertoire [27–29]. All of these 
findings make combination therapy with ADT and 
vaccines an active and promising area of research.

Radiation Therapy

Local radiation of the prostate can be part of the initial 
definitive therapy of prostate cancer or part of a sal-
vage regimen if the disease recurs after radical pros-
tatectomy [30]. One potential drawback of radiation 
therapy is that some cells at the center of larger tumor 
masses may receive sublethal amounts of radiation, 
allowing them to survive initial definitive therapy. 

Preclinical studies have demonstrated that low levels 
of radiation can upregulate certain membrane antigens, 
including MHC class I antigens, TAAs, and Fas ligand, 
which can enhance cytolytic T-cell activity potentially 
induced by a vaccine [31–33]. These effects of radia-
tion on prostate cancer cells have led to studies of vac-
cines in the adjuvant setting, where patients with 
high-risk disease may benefit from enhanced immune 
surveillance [34].

Combination Chemotherapy

Chemotherapy is a noncurative treatment for most meta-
static cancers, including prostate cancer, making its com-
bination with vaccine potentially appealing if it can delay 
disease progression and increase overall survival. Certain 
chemotherapy agents have been shown to enhance 
expression of TAAs and MHC class I, both of which can 
make cancer cells more amenable to vaccine-induced 
cytolytic T-cell activity [35–38]. Additionally, an acti-
vated immune response triggered by a vaccine in the set-
ting of chemotherapy-induced cell lysis may expose the 
immune system to a variety of antigens, leading to an 
immune response against TAAs not specifically targeted 
by the vaccine (antigen cascade) [34, 39]. Preclinical 
studies have further demonstrated other effects of che-
motherapy that may increase the benefits of immune-
mediated therapy. Doxorubicin has been shown to 
increase the number and activity of macrophages, while 
in vitro studies of docetaxel have demonstrated increases 
in proinflammatory cytokines [40–42]. Docetaxel has 
also been shown to enhance CD8 responses to vaccine, 
augmenting immune responses to TAAs specifically tar-
geted by the vaccine in addition to other TAAs as part of 
an antigen cascade. Finally, docetaxel combined with 
vaccine has been shown to be more effective than either 
treatment alone in a murine tumor treatment model [39]. 
Other chemotherapeutic agents such as cyclophosph-
amide may enhance immune response and the benefits of 
vaccine by reducing the levels and inhibitory effects of 
regulatory T cells (Tregs) [43, 44].

The greatest potential drawback of combining che-
motherapy with vaccine is that the cytotoxic effects of 
chemotherapy may kill the immune cells generated by 
the vaccine. However, recent clinical evidence indi-
cates that some combinations of vaccine and chemo-
therapy may be compatible. A phase II trial combined 
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docetaxel with a poxviral-based vaccine targeting PSA 
and compared the combination to the vaccine alone in 
patients with metastatic CRPC. After 3 months on 
study, the two groups showed equal immune responses 
to the vaccine, indicating that chemotherapy did not 
depress immune response to the vaccine [45].

Sequential Chemotherapy

There is mounting clinical evidence that vaccines may 
initiate a dynamic immune response to TAAs that 
could be augmented by subsequent chemotherapy. A 
phase I study treated 17 patients with a plasmid/
microparticle-based vaccine targeting cytochrome 
P450B1, which is overexpressed in some tumors. The 
five patients who developed an immune response also 
had a longer than expected clinical response to salvage 
chemotherapy, some lasting up to 12 months [46]. In 
another study in nonsmall cell lung cancer, in which 29 
patients were treated with an adenovirus-based vac-
cine targeting P53, a higher than expected proportion 
of patients (61.9%) had objective response to salvage 
chemotherapy initiated after vaccine treatments [47]. 
This phenomenon has also been seen in a prostate can-
cer trial. Of 34 patients with metastatic CRPC treated 
with the whole tumor-cell vaccine GVAX, 13 patients 
who went on to receive a taxane-based chemotherapy 
had a mean overall survival of 35.2 vs. 17.2 months for 
those who did not receive chemotherapy [48]. While 
these studies suggest a benefit for sequential vaccine 
followed by chemotherapy, further randomized studies 
designed to evaluate these treatments in these particu-
lar sequences are needed.

Anti-CTLA-4

For most weak antigens such as TAAs, a signal from 
the T-cell receptor is insufficient to optimally activate 
the T cell [49]. A second immune-enhancing signal 
mediated through CD28 on the T cell binding to B7 on 
the APC is required to activate the T cell specific for 
the target antigen. CTLA-4 is expressed on the surface 
of the T cell within 2–3 days following activation and 
also binds to B7. This high-affinity binding generates a 
negative signal, effectively halting an ongoing immune 

response. The key regulatory role of CTLA-4 is 
underscored in CTLA-4 knockout mice that cannot 
turn off immune responses and live only 2–3 weeks 
before succumbing to massive infiltration of organs by 
unchecked growth of autoreactive T cells [50]. Thus, 
antagonistic antibodies that prevent CTLA-4 signaling 
may enhance T-cell expansion.

Studies have shown the rejection of established 
tumors in murine models demonstrating the therapeu-
tic potential of CTLA-4 blockade [51]. However, 
CTLA-4 blockade may also potentiate the growth of 
inhibitory Tregs. A recent study showed that anti-
CTLA-4 monotherapy proportionally increased Tregs 
and effector T cells (Teffs) within the tumor, whereas 
CTLA-4 blockade with vaccine increased Teffs more 
than Tregs and, unlike CTLA-4 blockade alone, 
induced tumor rejection [52]. Furthermore, the quan-
tity of tumor-specific Teffs may not be as important as 
the functional ability of those cells, for only high-avid-
ity tumor-specific T cells can efficiently kill tumor 
cells [53]. Anti-CTLA-4 antibodies combined with 
vaccine not only increase the number of tumor-specific 
Teffs over vaccine alone, but, to a much greater magni-
tude, also increase the avidity of those T cells [54]. 
Several anti-CTLA-4 antibodies have been developed 
and preclinical models have demonstrated increased 
antitumor activity in the murine model, which can be 
enhanced by vaccines [54–56]. Several studies have 
evaluated anti-CTLA-4 antibodies in combination with 
a vaccine in the treatment of different malignancies, 
including prostate cancer [57–59].

Vaccine Approaches

Several different types of prostate cancer vaccine are 
currently in clinical development. Three vaccine types 
in particular represent different strategies that have 
been employed extensively in the clinical setting 
(Table 27.2).

Vector-Based Vaccines

The goal of targeted immune therapies is to focus the 
immune system on weakly immunogenic TAAs, such 
as PSA. Poxviral vaccines are able to deliver transgenes 
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for TAAs to APCs, where they are then processed and 
expressed on the APC surface within the MHC, leading 
to T-cell activation. Recombinant poxviral vectors are 
developed by first generating the recombinant plasmid 
containing the transgenes that will ultimately code for 
the selected proteins, in this case TAAs. The plasmid is 
then transfected into a permissive eukaryotic cell line, 
which is subsequently infected by wild-type poxvi-
ruses. As the poxviruses reproduce within the cell, a 
small proportion will contain the recombinant plasmid. 
Expression of certain markers included within the plas-
mid can help identify which poxviruses contain the 
recombinant plasmid. These particular poxviral vectors 
can then be isolated and amplified for use as a cancer 
vaccine [60].

There are many advantages to using a poxvirus as a 
delivery mechanism for cancer vaccines. Injecting the 
poxvirus into subcutaneous tissue results in an inflam-
matory response against foreign proteins. The ensuing 
chemotaxis sends APCs to the injection site. As a result, 
the recombinant protein product of the transgene con-
tained within the poxvirus vector is significantly more 
immunogenic than the naked protein with an adjuvant 
[61, 62]. Several other factors make poxviruses ideal 

delivery vehicles for vaccines. Poxviruses are extremely 
effective at infecting APCs, especially dendritic cells. 
When costimulatory molecules are also included within 
the poxvirus genome, the capability of cells to act as 
APCs is greatly enhanced [60, 63–65]. The large pox-
viral genome allows for the transfer of a large amount 
of DNA into host cells, which can include transgenes 
for costimulatory molecules in addition to multiple 
antigens [60, 66]. Vaccinia has been used safely in 
humans for over five decades, and all genes transported 
by the poxvirus are processed in the cell cytoplasm, 
eliminating the possibility of integration within or dis-
ruption of the host DNA. Furthermore, only poxviral 
enzymes are used in translation. Finally, poxviral vac-
cines are easily administered subcutaneously and 
require very little preparation.

A phase I study of a poxviral vaccine targeting PSA 
enrolled 42 patients with metastatic CRPC at five esca-
lating doses. Patients were treated monthly for 3 months 
with recombinant vaccinia (rV)-PSA (containing the 
transgene for PSA). A cohort of patients also received 
GM-CSF at the vaccination site as part of an extension 
phase. The vaccine was well tolerated and reached no 
dose-limiting toxicity. The most common side effects 
were transient fever, fatigue, and injection-site reactions. 
In addition, three of five evaluable patients had increases 
in PSA-specific T cells, indicating that the vaccine had 
generated a targeted immune response [67].

A crucial factor in the effectiveness of poxviral vac-
cines is that different species of poxviruses allow for 
their sequential use for maximal immune response to 
transgene TAAs and clinical benefit. This feature was 
utilized to improve the poxviral vaccine targeting PSA 
[60]. Vaccinia is highly immunogenic and induces a 
robust immune response upon initial vaccination. 
Subsequent exposure to vaccinia, however, results in 
rapid neutralization by the host antibodies targeting 
viral coat proteins, which greatly reduces the ability of 
the vaccinia-based vaccine to infect APCs [67–69]. 
After priming with vaccinia, boosting with a second 
poxviral vector is required to sustain the immune 
response. Fowlpox-based vectors, which are also capa-
ble of infecting APCs, produce only early viral gene 
products, and not viral coat proteins. This characteristic 
prevents their replication in mammals and also prevents 
the host immune system from making significant quan-
tities of neutralizing antibodies against fowlpox-based 
vaccines [70, 71]. This diversified prime and boost strat-
egy was initially demonstrated in preclinical models and 

Table 27.2 Three main vaccine approaches

Vaccine type Mechanism of action

Vector-based Poxviruses containing transgenes for TAAs 
and costimulatory molecules are injected 
subcutaneously. They infect APCs, 
leading to presentation of TAAs and 
costimulatory molecules in an immune 
context to T cells. These T cells are then 
activated and target TAAs on cancer cells

APC-pulsed APCs are removed from a patient’s 
circulation and exposed ex vivo to a 
specific TAA and cytokines for activation 
and maturation. These activated APCs 
are then re-infused into the blood stream 
where they activate T cells, leading to a 
targeted immune response. These 
treatments are patient-specific

Whole tumor-  
cell

Multiple allogeneic tumor cell lines are 
cultured ex vivo and then treated with 
lethal irradiation. The cells are then 
injected into subcutaneous sites where 
APCs process TAAs and activate T cells. 
Tumor cells may be transfected to express 
a cytokine such GM-CSF or other 
adjuvants may be used. This type of 
treatment is not patient-specific and does 
not define which TAA the T cells will 
target

APCs antigen-presenting cells; TAA tumor-associated antigen
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then in phase I human studies [71, 72]. A subsequent 
randomized trial targeting PSA showed that patients 
who received a vaccinia (rV-PSA) prime followed by 
fowlpox (rF-PSA) boosts had increased time to PSA 
progression compared with patients who received fowl-
pox alone or fowlpox before vaccinia [73, 74].

Several trials have employed a poxviral vaccine tar-
geting PSA in combination with conventional thera-
pies. Based on preclinical data suggesting that radiation 
may make tumor cells more susceptible to immune-
mediated killing [31, 32], a study randomized 30 
patients with localized prostate cancer 2:1 favoring 
vaccine plus radiation over radiation alone. Patients 
received an admixed priming vaccination [rV-PSA 
plus recombinant vaccinia containing the trans-
gene for the costimulatory molecule B7.1 (rV-B7.1)]. 
Recombinant fowlpox (rF)-PSA was injected monthly 
as a booster, for a total of eight vaccines. All vaccines 
were given with low-dose IL-2 and GM-CSF as an 
immune adjuvant. Radiation therapy was given 
between months 4 and 6. Seventeen of 19 patients in 
the combination treatment arm completed all eight 
vaccinations and had a ³3-fold increase in PSA-
specific T cells after radiation, compared to no change 
in T cells in the radiation-only group (p = 0.0005) [34]. 
A follow-up study showed that metronomic doses of 
IL-2 produced similar levels of immune response to 
vaccine, with virtually none of the side effects associ-
ated with high-dose IL-2 [75]. A randomized phase II 
study is currently evaluating a next-generation poxviral 
vaccine containing three costimulatory mole-
cules (see PSA-TRICOM below) in combination with 
Samarium-153 (Sm-153) vs. Sm-153 alone in patients 
with CRPC metastatic predominantly to bone. Sm-153, 
FDA-approved for palliation of pain in this setting, is 
composed of radioactive samarium and a tetraphos-
phate chelator that binds to metastatic lesions in bone. 
The goal of this study is to evaluate the benefits of low-
level radiation to metastatic tumor sites provided by 
locally binding Sm-153 in the setting of an active 
immune response [76].

Another trial comparing hormonal therapy and a 
poxviral vaccine targeting PSA randomized 42 patients 
with nonmetastatic CRPC (stage D0.5) to initial treat-
ment with nilutamide (an androgen receptor antago-
nist) or vaccine. Again, the vaccine regimen consisted 
of a prime with an admixture of rV-PSA and rV-B7.1 
followed by monthly boosts of rF-PSA. Patients who 
had a rising PSA on either treatment, but no evidence 

of metastatic disease on imaging, could receive the 
other treatment in addition to their primary therapy. 
For patients randomized to the vaccine arm, median 
time to PSA progression was 9.9 months compared 
with 7.6 months for patients randomized to nilutamide. 
The results of this study suggested a benefit from com-
bination therapy, especially when vaccine was started 
earlier. For the eight patients who were randomized to 
nilutamide and had vaccine added, median time to pro-
gression was 15.9 months after enrollment and 5.2 
months after starting the combination. For the 12 
patients who had vaccine first and nilutamide added, 
median time to progression was 25.9 months from 
enrollment and 13.9 months after starting the combi-
nation [77]. A subsequent survival analysis indicated a 
trend to improved overall survival in patients random-
ized to the vaccine arm compared with the nilutamide 
arm (median overall survival 5.1 vs. 3.4 years; p = 0.13). 
The survival benefit appeared to be greatest in patients 
with less aggressive disease (Gleason score £ 7; 
p = 0.033), lower PSA (<20 mg/mL; p = 0.013), and 
previous radiation therapy (p = 0.018). This survival 
trend associated with vaccine given earlier in treatment 
was also seen in patients who received both agents in 
combination. For patients who received vaccine first 
and had nilutamide added, the median overall survival 
was 6.2 vs. 3.7 years in patients randomized to nilut-
amide who had vaccine added (p = 0.045) [78]. A trial 
is currently accruing to confirm the benefits of andro-
gen receptor antagonist (flutamide) in combination 
with a second-generation poxviral vaccine targeting 
PSA vs. androgen receptor antagonist alone in patients 
with nonmetastatic CRPC [79].

PSA-TRICOM

Further preclinical research with poxviral-based vac-
cines indicated that multiple costimulatory molecules 
could be delivered within a single vector. A construct 
containing a triad of costimulatory molecules called 
TRICOM includes transgenes for B7.1, intracellular 
adhesion molecule (ICAM)-1, and leukocyte function-
associated antigen (LFA)-3. In vitro and in vivo studies 
have shown that TRICOM significantly enhances T-cell 
activation relative to just one or two costimulatory mol-
ecules [18, 19, 80]. A phase I study in patients with 
metastatic CRPC has shown that an rV-PSA-TRICOM 
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prime followed by monthly boosts of rF-PSA-TRICOM 
was well tolerated. Furthermore, patients treated with 
PSA-TRICOM who were evaluable for immune 
response had an increase in PSA-specific T cells after 
treatment, and 9 of 15 patients had decreases in PSA 
velocity [81].

A pair of phase II studies has provided initial evi-
dence for improved overall survival in patients treated 
with PSA-TRICOM. An industry-sponsored phase II 
trial employed PSA-TRICOM in 125 patients with 
metastatic CRPC and Gleason scores £7, randomized 
2:1 in favor of vaccine vs. an empty fowlpox vector as 
control. Patients randomized to receive vaccine were 
given an rV-PSA-TRICOM prime with monthly boosts 
of rF-PSA-TRICOM, while control patients were 
given subcutaneous injections of fowlpox. The primary 
endpoint of the study was time to progression as mea-
sured by new or expanding lesions on bone scan and 
CT scan, respectively. The study failed to meet this pri-
mary endpoint, but median overall survival was 24.4 
months in the vaccine arm compared with 16.3 months 
in the control arm, suggesting that although disease 
progression occurred at similar times in both groups, 
there appeared to be a long-term benefit for some 
patients treated with PSA-TRICOM [82].

In another phase II study of PSA-TRICOM at the 
National Cancer Institute (NCI), 32 patients with meta-
static CRPC were treated with an rV-PSA-TRICOM 
prime and monthly boosts of rF-PSA-TRICOM. In that 
trial, 47% of patients had a decrease in PSA velocity, 
38% had a PSA decline, 13 of 29 evaluable patients had 
a >2-fold increase in PSA-specific T cells, and five 
patients had a >6-fold increase in PSA-specific T cells  
which was associated with a trend to improved overall 
survival (p = 0.055) [83]. The median overall survival 
of all patients enrolled was 26.6 months, which com-
pares favorably to trials leading to approval for doc-
etaxel in metastatic CRPC, where median survival was 
approximately 18 months [1, 2]. The overall survival of 
all patients was also compared with survival as pre-
dicted by the Halabi nomogram. The Halabi nomogram 
predicts survival based on seven baseline parameters 
(accounting for disease volume and aggressiveness) 
that were found to be significant based on an analysis of 
1,101 patients with metastatic CRPC treated with che-
motherapy or second-line hormonal therapy in Cancer 
and Leukemia Group B studies between 1991 and 2001 
[84]. For patients with a predicted survival of <18 
months, there was only a modest improvement after 

treatment with PSA-TRICOM (14.6 vs. 12.3 months). 
When patients with better prognostic features (i.e., a 
predicted survival ³18 months) were evaluated, there 
was a more pronounced improvement after treatment 
with PSA-TRICOM vs. that predicted with standard 
therapy, with a median overall survival not reached at 
44.6 months vs. Halabi-predicted overall survival of 
20.9 months. Although this was a small study, these 
results provide evidence that metastatic CRPC patients 
treated with a vaccine have an overall survival similar 
to the predicted survival of patients treated with chemo-
therapy or second-line hormone therapy. Furthermore, 
these data suggest that patients with more indolent dis-
ease may receive greater benefit from vaccine-mediated 
therapy than from chemotherapy or second-line hor-
mone therapy. Follow-up studies are currently being 
designed to further test this hypothesis [83].

Antigen-Presenting Cell Vaccines: 
Sipuleucel-T

An alternative approach to vaccine therapy relies not 
on in vivo antigen stimulation, but on removing APCs, 
stimulating them with an antigen ex vivo, and then 
injecting the stimulated APCs back into the blood 
stream. The sipuleucel-T vaccine (Provenge®; Dendreon 
Corp., Seattle, WA) is developed from peripheral blood 
mononuclear cells exposed in vitro to a prostate cancer 
antigen in a process that takes under 48 h. Dendritic 
cells, T cells, B cells, and natural killer cells are selec-
tively collected from patients by leukapheresis. These 
APCs are then processed and exposed ex vivo to 
PA2024, a recombinant fusion protein of human PAP 
and GM-CSF, which leads to APC activation and mat-
uration. The excess antigen is then removed for the 
solution and the APCs are concentrated in 250 cc of 
Lactated Ringer’s that can then be infused into the 
patient [85, 86].

A phase I study demonstrated the safety and efficacy 
of this approach in 12 evaluable patients with metastatic 
CRPC. Patients were given two infusions 1 month apart 
of autologous APCs exposed to PA2024 ex vivo, as 
described above. After the infusions, patients were given 
three escalating doses of subcutaneous PA2024 (0.3, 
0.6, and 1.0 mg/injection) at 1-month intervals. The 
vaccine was well tolerated, with the main side effects 
being fevers, chills, fatigue, and injection-site reactions. 
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Three patients had PSA declines, and T-cell proliferation 
assays demonstrated up to a 10-fold increase from base-
line in response to GM-CSF and PAP. The injections of 
PA2024, however, were not found to enhance cellular 
immune response [87].

A phase I/II study was also done in patients with 
nonmetastatic CRPC. Twelve patients were enrolled on 
the phase I-dose escalation portion (maximum doses 
2 × 109 nucleated cells/m2), and 19 patients were added 
in the phase II portion. Infusions were administered at 
weeks 0, 4, and 8 for all patients and at week 24 for 
patients who continued to have stable disease at that 
point. The infusions were well tolerated at all dose lev-
els, with fever being the most frequent adverse event. 
Six patients had a >25% PSA decline, and three of 
these six had declines >50%. The median time to pro-
gression based on PSA was 12 weeks on phase I and 29 
weeks on phase II, suggesting that patients did better 
with higher doses. An immune response to PAP was 
seen in 38% of patients, which also correlated with 
improved time to progression [88]. In another phase II 
trial in metastatic CRPC, 19 evaluable patients were 
given infusions of the sipuleucel-T vaccine on weeks 0 
and 2 and injections of PA2024 (0.5 mg subcutaneously 
in each thigh) on weeks 4, 8, and 12. The treatment was 
well tolerated with only rare grade 3/4 infusion-associated 
toxicities (chills, fatigue, fever, malaise, emesis, dyspnea, 
and tachycardia). Three patients on this study had a 
>25% decrease in PSA, including one patient whose 
PSA dropped from 221 ng/mL to undetectable levels at 
24 weeks. Median time to progression for all patients 
was 16.9 weeks. An immune analysis again showed 
increased responsiveness to PA2024 in vitro 4 weeks 
after initial treatment. The patient with the most signifi-
cant drop in PSA had an increased immune response 
for 96 weeks after enrollment [89].

Two phase III placebo-controlled studies were done 
in patients with metastatic CRPC randomized 2:1 in 
favor of the sipuleucel-T vaccine, and results were 
encouraging but not definitive. In both studies, sipuleu-
cel-T was administered on weeks 0, 2, and 4 and cross-
over was allowed for patients who progressed (defined 
as new lesions on imaging or increased pain) after 8 
weeks. The primary endpoint of both studies was time 
to progression [90, 91]. The first trial to report results 
enrolled 82 patients on treatment and 45 patients on 
placebo (34 of whom would go on to receive sipuleu-
cel-T as part of the crossover component). This trial 
failed to meet its primary endpoint, although time to 
progression favored the patients randomized to sipuleucel-T 

(16.6 vs. 10 weeks; p = 0.052). Overall survival, 
however, showed a 4.5-month improvement in patients 
randomized to sipuleucel-T (25.9 vs. 21.4 months; 
p = 0.01). This overall survival benefit was even greater 
at 36 months, with estimated survival of 34% for the 
sipuleucel-T group vs. 11% for the placebo group 
(p = 0.005) [90]. When this phase III trial did not meet 
its primary endpoint of time to progression, but before 
survival benefit was seen, the second phase III trial was 
terminated early. When the 98 patients (65 treated with 
sipuleucel-T, 33 on placebo) in this second study were 
analyzed, no time to progression or survival benefit was 
seen [86, 91]. Given these varied results, the FDA has 
elected to await the results of an ongoing phase III trial 
that has already enrolled over 500 patients with meta-
static CRPC. The endpoint of this study is overall sur-
vival, and it will be analyzed when 360 deaths have 
occurred. An interim analysis is expected in the fourth 
quarter of 2008 [92]. There is also an ongoing phase II 
study using this vaccine in the neoadjuvant setting, 
prior to radical prostatectomy in men with localized 
disease [93] (See Chapter 28: Sipuleucel-T for detailed 
information on this vaccine).

Whole Tumor-Cell Vaccines

GVAX

GVAX (Cell Genesys Inc., South San Francisco, CA) is 
an allogeneic cellular immunotherapy that is not patient-
specific. GVAX consists of two prostate cancer cell lines 
(LNCaP and PC-3, derived from metastatic prostate can-
cer lesions) that have been transfected with a human gene 
that encodes GM-CSF. (This transfection was initially 
accomplished using a retroviral vector, but subsequent 
studies showed that an adenovirus vector results in 
increased secretion of GM-CSF.) After transfection, the 
cells are exposed to lethal levels of gamma radiation that 
denatures DNA and prevents cellular replication, while 
allowing GM-CSF secretion to continue. When injected 
into the patient, the cells cause a localized immune 
response, with the secreted GM-CSF as an adjuvant facil-
itating the attraction, maturation, and activation of APCs. 
These APCs then process TAAs and activate CD4+ and 
CD8+ T cells in local lymph nodes, leading to an antigen-
specific T-cell response [21]. Since each patient’s immune 
system processes whole tumor cells differently, the 
TAAs targeted may vary from patient to patient.
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A phase I study first evaluated the concept of whole 
tumor-cell vaccines using autologous cells from 11 
men who were found to have metastatic disease at rad-
ical prostatectomy. They were treated with autologous 
prostate cancer cells transfected to secrete GM-CSF 
and then irradiated. Eight of 11 patients had sufficient 
in vitro expansion of cultured cells to allow for treat-
ment. The autologous cells were well tolerated, with 
injection-site reactions and flu-like symptoms the most 
common side effects. Although some patients showed 
evidence of B-cell and T-cell responses, the use of 
autologous cells proved to be too inefficient for further 
study [94].

Subsequent trials utilized the GM-CSF-secreting 
PC-3 and LNCaP cell lines. A phase I/II trial was done 
in patients with rising PSA after radical prostatectomy 
(castration-sensitive, nonmetastatic, or stage D0 pros-
tate cancer). All 21 patients enrolled completed the 
course of 8 weekly intradermal injections (1.2 × 108 
cells) of the whole tumor-cell vaccine (all doses con-
tained equal parts of each cell line). Again, flu-like 
symptoms and injection-site reactions were the most 
common side effects. Clinically, one patient had a 
>50% PSA decline and 17 of 21 patients had decreases 
in PSA velocity 20 weeks after completing therapy 
(p < 0.001). From an immunologic standpoint, biopsies 
of the vaccination site showed that APCs had been 
recruited locally, while patients also had elevated lev-
els of antibodies targeting five different antigens found 
on the allogeneic tumor cells. In addition, the best PSA 
response correlated with a high-titer antibody response 
to an LNCaP antigen [95].

Two dose-escalation studies of GVAX have been 
conducted. One study employed 5.0 × 108 cells as a 
priming dose and 1.0 × 108 as a booster every 2 weeks 
for up to 6 months. Twenty-one patients enrolled on 
study had nonmetastatic CRPC and 34 patients had 
asymptomatic metastatic CRPC. For patients with 
nonmetastatic CRPC, median time to PSA progression 
and progression of lesions on bone scan was 3.9 and 
5.9 months, respectively. For patients with metastatic 
CRPC, time to PSA progression and progression of 
lesions on bone scan was 2.6 and 3.0 months, respec-
tively. In the metastatic CRPC group, the last ten 
patients enrolled received 3.0 × 108 instead of 1 × 108 as 
a biweekly booster. The overall survival of the meta-
static CRPC patients was 26.2 months; however, 
patients who received the high-dose booster lived 34.9 
months compared with 24.0 months for patients who 

received the lower dose, indicating that benefit may 
increase with higher doses of cells [48].

In a separate study of GVAX, 80 patients with 
metastatic CRPC were treated for 6 months at three 
different dose levels and schedules: low (1.0 × 108 or 
2.0 × 108 monthly), medium (2.0 × 108 biweekly), or 
high (3.0 × 108 biweekly or 5.0 × 108 priming dose 
with 3.0 × 108 biweekly). A maximum tolerated dose 
was not reached and the previously seen side effects 
of flu-like symptoms, headache, and injection-site 
reactions were reported. One patient had a >50% 
decline in PSA lasting 3.9 months, and 15 patients 
had a stable PSA (<50% decline to <25% increase) 
for at least 90 days. No significant differences were 
seen in PSA responses among the different dose lev-
els. Times to PSA progression were 2.8 months (low 
doses), 2.2 months (medium dose), and 2.5 months 
(high doses). Although 35% of all patients had stable 
disease, none had an objective response. Overall sur-
vival, however, was greater in the high-dose cohort: 
35 vs. 23.1 months in patients treated with low doses 
and 20 months in those treated with the medium dose. 
Survival in the high-dose cohort also compared favor-
ably to the Halabi predicted survival of 22.0 months 
[84, 96]. A study has also been done combining 
GVAX with the anti-CTLA-4 monoclonal antibody 
ipilimumab. Dosing of GVAX for this study was 
5.0 × 108 as a prime, then 3.0 × 108 biweekly for 24 
weeks, with escalating monthly doses of ipilimumab 
(0.3, 1, 3, or 5 mg/kg) for 24 weeks. In addition to 
injection-site reactions and flu-like symptoms, the 
combination was also associated with immune-mediated 
side effects, notably hypophysitis, in five of six 
patients at the higher dose levels. Immune break-
through events correlated with clinical response as 
PSA declines > 50% were seen in these five patients, 
with durations of 6.7–23.1 months. Four patients also 
had stable bone scans for at least 3 months. 
Immunologic responses in the form of dendritic-cell 
and T-cell activation were also seen at the higher dose 
levels. Based on these preliminary findings, an expan-
sion cohort of 16 patients will be enrolled to provide 
further safety and efficacy data [57, 58].

Two phase III trials with GVAX are currently under-
way. The endpoint for both studies is overall survival 
[97]. VITAL-1, a clinical trial that opened in 2004, is 
comparing GVAX to standard-of-care docetaxel and 
prednisone in patients with asymptomatic metastatic 
CRPC. VITAL-1 completed enrollment with about 
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600 patients. In 2005, VITAL-2 was opened for patients 
with metastatic CRPC who had disease-related pain. 
The 600 patients in this study were randomized to 
either GVAX and docetaxel or docetaxel and prednisone. 
A recent report indicated that this study has been 
stopped due to unforeseen toxicity in the vaccine plus 
chemotherapy arm; this is now being investigated.

ONY-P1

Another whole tumor-cell vaccine under clinical inves-
tigation is ONY-P1 (Onyvax Ltd., London, UK), which 
consists of three tumor cell lines (LNCaP, P4E6, and 
OnyCap-23) targeting prostate cancer TAAs. Initial 
studies showed that intraepidermal administration of 
this type of vaccine with a mycobacterial adjuvant is 
well tolerated and generates immune responses [98]. A 
later phase II study was done in 26 patients with CRPC 
without metastasis to the bone. The first two doses 
were administered biweekly with BCG as an adjuvant. 
Subsequently, the vaccine was given alone monthly for 
up to 12 months. Forty-two percent of patients had a 
statistically significant decline in PSA velocity, which 
correlated with an immune response [99]. A multi-
center phase II placebo-controlled study with ONY-P1 
has completed enrollment, and a second phase II study 
of ONY-P1 following limited ADT in castration-sensitive 
prostate cancer is ongoing at the NCI.

Future Directions

Regulatory T-Cell Depletion

Tregs help to regulate the body’s immune response by 
maintaining a degree of self-tolerance and thereby 
decreasing autoimmunity [100–102]. Tregs, which 
make up 5–10% of circulating CD4+ T cells, have the 
ability to suppress the activation and expansion of 
cytolytic T cells; thus, they can potentially limit the 
effectiveness of a vaccine designed to stimulate 
cytolytic T cells against TAAs [103, 104]. Furthermore, 
animal studies have shown that the number and activ-
ity of Tregs within tumors and peripheral blood 
increase with tumor burden [105, 106]. This has also 

been seen in human cancer patients, where higher lev-
els of Tregs have also been correlated with poor out-
come [107–110].
Experiments in preclinical models have demonstrated 
that selective removal of Tregs can enable a tumor-
specific immune response [106, 111, 112]. Several 
methods of Treg depletion are under investigation 
[113]. Low doses of the chemotherapy agent cyclo-
phosphamide have been shown to selectively decrease 
the number and function of Tregs while leaving 
cytolytic T cells unaffected [43, 114]. In addition, 
Tregs have been shown to express CD25, a high-affinity 
IL-2 receptor. In recent years, several antibodies have 
been developed to selectively target this marker, with 
the goal of neutralizing Tregs [109, 115–117]. As the 
understanding of the function of Tregs grows, new 
techniques may be developed to block their regulatory 
effects, thereby enhancing the effectiveness of vac-
cines in the treatment of cancer.

Evaluating Vaccines in the Clinical 
Setting

Objective evaluation of disease response in metastatic 
CRPC is difficult. About 60% of patients have metasta-
sis only to bone, which is best visualized by whole-
body scintigraphy. Unfortunately, complete responses 
with whole-body scintigraphy are rare, and there are no 
widely accepted criteria for partial responses. Moreover, 
increasing radionuclide uptake is associated with bone 
healing (possibly a therapeutic response), trauma, and 
progressive disease, further complicating interpreta-
tion. Only about 40% of patients have measurable soft 
tissue disease (mainly lymph node metastasis). Thus, 
standard evaluation paradigms may not be appropriate 
for vaccine-based treatment modalities. Standard che-
motherapeutic agents are evaluated based on the 
response evaluation criteria in solid tumors (RECIST), 
where clinical benefit is evaluated strictly by tumor size 
[118, 119]. A review of the numerous trials of all three 
types of vaccines discussed here shows that clinical 
benefit as indicated by overall survival may be achieved 
in spite of early disease progression, which does not 
take into account a potentially burgeoning immune 
response [82, 90, 96] (Table 27.3).

One complicating factor in immunotherapy trials is 
that waxing/waning lymph nodes may represent vaccine-
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driven therapeutic changes that can be misconstrued as 
progressive disease [120–122]. Furthermore, despite ini-
tial disease progression as measured by RECIST, subsequent 
therapies may exploit a smoldering immune response. 
Alternatively, ensuing therapies may enhance the 
immune response by eliminating Tregs or by exposing 
an active immune response to new TAAs through either 
chemotherapy-mediated cell lysis or treatment-induced 
tumor phenotypic alterations. To determine one potential 
clinical utility of vaccines, future clinical trials may need 
to randomize patients to vaccine followed by standard 
therapy compared with standard therapy alone to deter-
mine the benefits of sequential therapy [123], and employ 
survival as the primary endpoint.

Based on results of the clinical trials reviewed here, it 
appears that certain patients derive greater clinical bene-
fit from prostate cancer vaccines than do other patients, a 
significant consideration in issues such as FDA approval 
and the design of future clinical trials. An instructive 
example is trastuzumab, an agent targeted against Her-2-
positive breast cancer that likely would not have gained 
FDA approval had it been tested in patients with all types 
of breast cancer. Similarly, identifying the characteristic(s) 
of the subpopulation that will derive the greatest benefit 
from prostate cancer vaccines – whether that is disease 
burden, an aspect of the immune system, or a combina-
tion of both – must be the focus of future clinical trials. 
What seems clear is that the patient population classi-
cally represented in clinical trials – those previously 
treated with multiple therapies or who have a large dis-
ease burden – is not the appropriate population for clini-
cally evaluating the effectiveness of a vaccine [124]. 
That is why prostate cancer, an often indolent disease 

with a tumor marker (PSA) to detect low disease burden, 
may present a promising opportunity for defining the ini-
tial role of vaccines in cancer therapy.
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Abstract Few treatment options are currently  available 
for patients with asymptomatic or minimally symp-
tomatic metastatic castration-resistant prostate cancer 
(CRPC). Second line hormonal approaches are effec-
tive for a median of 3 months’ time but have never been 
shown to prolong survival.  Until recently, docetaxel 
was the only FDA-approved therapy for mCRPC that 
has been shown to extend survival. Sipuleucel-T is an 
autologous cellular immunotherapy treatment. In an 
initial Phase 3 study, a significant effect on the primary 
endpoint of time to disease progression was not dem-
onstrated, but a 4.5-month improvement in median sur-
vival compared to control was observed. A subsequent 
phase III study of sipuleucel-T in 512 men with asymp-
tomatic or minimally symptomatic CRPC,  resulted 
in a 4.1-month improvement in median survival com-
pared to control.  The most common adverse events 
observed in sipuleucel-T treated patients in randomized 
trials have been chills, fatigue, fever, back pain, nausea,  
joint ache, and headache.  The survival benefit, adverse 
event profile, and short course of treatment (4 weeks) 
associated with sipuleucel-T therapy make it an appealing 
treatment option for asymptomatic metastatic castrate 
resistant prostate cancer patients.

Keywords Autologous cellular immunotherapy  
• Castration-resistant • APC8015 • Hormone refractory 
• Immuno therapy • Prostate cancer • Provenge  
• Sipuleucel-T

Introduction

In 2009, prostate cancer is expected to claim the lives of 
27,360 men in the USA, a statistic that is essentially 
unchanged from 1989 despite continued refinements in 
detection and treatment of this disease [1]. Each year 
brings the diagnosis of more than 192,000 new cases of 
prostate cancer, the second most common cause of cancer 
death in males [1]. As depicted in Fig. 28.1, first-line 
treatment for localized disease may consist of radical 
prostatectomy and/or radiation therapy [2]. If disease 
recurs, typically manifested by a rising prostate-specific 
antigen (PSA) without evidence of metastases on imag-
ing studies, androgen deprivation may be initiated, either 
by orchiectomy or hormonal therapy with luteinizing 
hormone-releasing hormone agonists. Given sufficient 
time, most patients with hormone sensitive non-metastatic 
disease will progress to castration-resistant metastatic 
disease despite androgen deprivation. 

Docetaxel (Taxotere®, Sanofi-Aventis, NY) is the first 
Food and Drug Administration (FDA)-approved agent to 
demonstrate a significant survival advantage in metastatic 
CRPC [3]. In the TAX327 study by Tannock and col-
leagues that formed the basis for approval [4], treatment 
with docetaxel and prednisone in a mixed population of 
symptomatic and asymptomatic patients resulted in a 
median survival benefit of 2.4 months when compared to 
mitoxantrone and prednisone. Serious adverse events were 
observed in 26% of patients. A supporting phase III trial of 
docetaxel and estramustine (Emcyt®, Pfizer, Inc, New 
York, NY) also demonstrated a median survival increase of 
1.9 months compared to mitoxantrone and prednisone. 
Grade 3–5 toxicities were observed in 56% of patients [5].

Due to the toxicities of chemotherapy, many men with 
metastatic CRPC who do not have significant symptoms 
choose to delay or forgo chemotherapy despite the dem-
onstration of survival benefit [7], particularly given that  
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there is no evidence that delaying administration of doc-
etaxel is detrimental [6]. Men who have no or minimal 
symptoms due to metastatic CRCP make good subjects 
for the study of new agents with minimal toxicity.  With 
respect to immunological approaches, this population is 
appropriate since it may take weeks to months for an 
immune response to be mounted.

Several immunologic approaches to prostate cancer 
are being studied [8]. Recently, Sipuleucel-T (Provenge®, 
APC8015; Dendreon Corporation, Seattle, WA, USA) 
an autologous cellular immunotherapy designed to 
treat prostate cancer, was approved by the FDA in 
April 2010 based on the results of a phase III trial in 
men with metastatic CRPC who had no or minimal 
symptoms [9]. Other active immunotherapy approaches 
for the treatment of prostate cancer include Prostvac 
VF (Bavarian Nordic, Kvistgaard, Denmark), a live 
attenuated virus encoding PSA and co-stimulatory 
molecules, and  GVAX (BioSante Pharmaceuticals, 
Lincolnshire, IL), prostate cancer cell lines transfected 
with granulocyte macrophage-colony stimulating fac-
tor (GM-CSF) (see Chapter 29 on GVAX). This 
chapter will address the most recent clinical data on 
sipuleucel-T.

Sipuleucel-T Cellular Immunotherapy

Sipuleucel-T is an FDA approved autologous cellular 
immunotherapy product for the treatment of prostate 

cancer. Sipuleucel-T is an active immunotherapy which 
is dependent upon the effective presentation of a suit-
able target antigen to the immune system by antigen-
presenting cells (APC). The sipuleucel-T product 
consists of autologous APCs loaded with a recombinant 
prostate antigen protein, PA2024, designed to stimulate 
a patient’s own immunity to prostate cancer. PA2024 is 
a fusion protein composed of prostatic acid phosphatase 
(PAP) linked to GM-CSF. PAP is a prostate antigen that 
is expressed in more than 95% of prostate adenocarci-
nomas [10, 11] and has been shown to be an effective 
target antigen in experimental animal models [12, 13].

Preparation of sipuleucel-T involves harvesting 
peripheral blood mononuclear cells and loading them 
ex vivo with the PA2024 antigen (Fig. 28.2). The 
peripheral blood mononuclear cells include a large 
number of autologous APCs, in the range of 108–109 
cells [14]. The ex vivo manufacturing process removes 
the APCs from the potentially immunosuppressive 
environment found in patients with advanced cancer 
and directly exposes them to PAP antigen, theoreti-
cally allowing for a more robust immune activation 
[15, 16]. Although the precise mechanism of action of 
sipuleucel-T is unknown, the activated autologous 
APCs that are infused back into the patient are thought 
to stimulate the immune system to attack and kill 
tumor cells.

Each lot of sipuleucel-T is prepared from the patient’s 
own peripheral blood mononuclear cells obtained 
via a standard 1.5–2.0 blood volume leukapheresis 

Fig. 28.1 Natural history 
of prostate cancer and 
common treatment options 
with proposed use of 
immunotherapy
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procedure as illustrated in Fig. 28.2. Auto lo gous APCs 
are cultured ex vivo with PA2024 for approximately 
40 h. Cells are washed, and the final cellular product is 
suspended in lactated ringer’s solution and delivered 
for infusion approximately 3 days after completion 
of the leukapheresis. Sipuleucel-T is produced and 
administered intravenously at approximately weeks 
0, 2, and 4.

Clinical Efficacy of Sipuleucel-T

Phase I/II Studies

Eight phase I/II studies (Table 28.1) have been conducted 
in 223 prostate cancer patients to evaluate safety and to 
explore dosing regimens for sipuleucel-T [14, 17–22]. 
Most were monotherapy treatments in CRPC, with the 
exception of  the study by Beinart et al. [20] which evalu-
ated sipulecuel-T in men with a rising PSA following 
definitive local therapy, and the  study by Rini et al. [21] 
that evaluated sipuleucel-T in combination with bevaci-
zumab in 22 androgen-sensitive prostate cancer patients 
with nonmetastatic, recurrent disease manifested by a 
rising PSA following definitive local therapy.

The ability of sipuleucel-T to stimulate an immune 
response was measured in several studies by T-cell 
proliferation and/or interferon-gamma enzyme-linked 

immunospot (ELISPOT) assay. In each of these  studies, 
T-cell stimulation by the immunizing antigen was 
observed in 90–100% of patients treated with sipuleu-
cel-T [14, 17, 21].

Completed Phase III Clinical Studies  
in CRPC

Completed phase III clinical studies of sipuleucel-T in 
metastatic CRPC involved treatment of a total of 737 
patients in three trials (Table 28.1). D9901 and D9902A 
were identically designed, prospective, multicenter, ran-
domized, double-blind, controlled studies in men with 
asymptomatic metastatic CRPC. The primary endpoint 
for these studies was time to disease progression (TTP), 
and a prespecified analysis of overall survival was to be 
performed after 36 months of follow-up.  D9902B was 
a prospective, randomized, double blind, multi-center, 
controlled trial in men with symptomatic or minimally 
symptomatic metastatic CRPC.  The primary efficacy 
endpoint for D9902B was overall survival.

D9901 Study

The D9901 (NCT00005947) study used a 2:1 enrollment 
scheme with 82 patients randomized to control consisting 

Fig. 28.2 Production of 
sipuleucel-T and its proposed 
mechanism of action for its effect 
on prostate cancer cells. A full 
course of therapy consists of a 
total of three leukapheresis 
procedures and product infusions, 
one each at weeks 0, 2, and 4
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of mononuclear cells cultured without  antigen; all 127 
patients were included in the intent-to-treat (ITT) popu-
lation. The primary endpoint was TTP on the basis of 
bone scan, computed tomography, or clinical events 
associated with progression. There was a 31% reduction 
in the risk of disease progression (p = 0.052; log-rank; 
hazard ratio (HR) 0.69). The median TTP was 11.7 and 
10.0 weeks in the treated and control groups, respectively 
[9]. In a 3-year ITT analysis, patients randomized to 
sipuleucel-T demonstrated a 41% decrease in the risk of 
death (p = 0.010, log-rank; HR 0.58). The median overall 
survival was 25.9 months in the sipuleucel-T arm com-
pared to 21.4 months for patients in the control arm 
(Fig. 28.3), a 4.5-month improvement. In addition, 34% of  
patients receiving sipuleucel-T were alive at 36 months 
compared to 11% of patients receiving control (p = 0.005) 
(see Fig. 28.3). Finally, the treatment effect remained 
after adjustment for baseline prognostic factors (lactate 
dehydrogenase, PSA, number of bone metastases, body 
weight, and localization of disease.

Approximately 60% of these patients were subse-
quently treated with chemotherapy and similar num-
bers of each group (37% in the sipuleucel-T group and 
49% in the control group) were treated specifically 
with docetaxel [9]. In addition, there was no evidence 
of a difference in the time to initiation of chemo therapy 
between the treatment arms, and the sipuleucel-T treat-
ment effect persisted following adjustment for doc-
etaxel use. Thus, the survival benefit observed in this 

study was not likely attributable to docetaxel or other 
subsequent chemotherapy.

A subset of patients in the D9901 study was assessed 
for immunological response to PA2024. Patients 
treated with sipuleucel-T treatment had an eightfold 
increase in T-cell stimulation to the immunizing anti-
gen (p < 0.001, Wilcoxon rank sum) compared to their 
baseline values [9].

D9902A Study

The D9902 study was identical in original design to the 
D9901 study. Based on the initial disease progression 
results from D9901, and prior to the availability of the 
overall survival results from D9901, enrollment in D9902 
was halted at 98 patients (65 treated with sipuleucel-T 
and 33 treated with control). The study was renamed 
D9902A. There was no difference in TTP between the 
treatment arms. There was a 21% reduction in the risk 
of death for sipuleucel-T-treated patients relative to 
control, which was not statistically significant (p = 0.331, 
log-rank; HR 0.79). The median survival was 19.0 
months in the sipuleucel-T arm compared to 15.7 
months in the control arm.  The treatment effect remained 
after adjustment for baseline prognostic factors using an 
exploratory Cox multiple regression model developed on 
the D9901 data [22]. At 36 months post randomization, 

Table 28.1 Clinical studies with sipuleucel-T in prostate cancer

Study Phase Description N Patient population References

Studies with sipuleucel-T in castration-resistant prostate cancer
D9610 I/II Dose escalation, safety  31 Metastatic and nonmetastatic Small et al. [14]
D9702 I/II Dose escalation, safety  34 Metastatic Burch et al. [18, 19]
D9801 I Dose–response  15 Metastatic and nonmetastatic Data on filea

D9906 I Dose–response  18 Metastatic and nonmetastatic Takaue et al.[17]
D9903 II Cryopreserved product  56b Asymptomatic metastatic Data on filea

PB01 II Cryopreserved product  28c Asymptomatic metastatic Data on filea

D9901 III Safety and efficacy 127 Asymptomatic metastatic Small et al. [9]
D9902A III Safety and efficacy  98 Asymptomatic metastatic Higano et al. [22]
D9902Bc III Safety and efficacy 512 Asymptomatic/minimally symptomatic Kantoff  et al. [23]
Studies with sipuleucel-T in nonmetastatic castration-sensitive prostate cancer
D9905 II Safety  19 Rising PSA after definitive local therapy Beinart et al. [20]
P-16 II Sipuleucel-T + bevaci-

zumab
 22 Rising PSA after definitive local therapy Rini et al. [21]

P-11 III Safety and efficacy 176 Rising PSA after radical  prostatectomy and 
3 months of hormonal therapy

Beer et al. [24]

aDendreon Corporation, Seattle, WA
bAlso enrolled in D9902A
cAlso enrolled in D9902B
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32% of the sipuleucel-T patients in D9902A were alive 
compared to 21% of the control-treated patients.

An exploratory integrated analysis of the data from 
D9901 and D9902A was performed based on the iden-
tical trial designs, eligibility criteria, and consistent 
treatment effects observed in the two studies. In this 
analysis, the reduction in the risk of death and survival 
benefit were maintained [22].

D9902B Study

The D9902B (NCT00065442) study used a 2:1 enroll-
ment scheme, with 341 patients randomized to sipuleu-
cel-T and 171 patients randomized to control; all 512 
patients were included in the ITT population.  The pri-
mary efficacy endpoint in D9902B was overall survival 
and the secondary efficacy endpoint was TTP by inde-
pendent assessment of serial imaging studies.  There 
was a 22.5% reduction in the risk of death (o=0.032; 
HR 0.775;) and a 4.1 month improvement in median 
survival (25.8 months for sipuleucel-T vs. 21.7 months 
for control) [23].  The median time to objective disease 
progression was 14.6 weeks (3.7 months) in the sipuleu-
cel-T group and 14.4 weeks (3.6 months in the control 
(p=0.628; HR 0.951).  In addition, 31.7% of patients 
receiving sipuleucel-T were alive at 36 months com-
pared to 23.0% of patients for control.  The treatment 
effect consistently favored the sipuleucel-T group in 
patient subgroups based on  20 baseline characteristics 
of the patients.  The treatment effect was observed after 
adjustment for the presence or absence of docetaxel 
after sipuleucel-T (p=0.03; HR 0.78).  Therapy with 

sipuleucel-T was also associated with a positive overall 
survival effect in an analysis that included 18 additional 
deaths observed between the data-cutoff and study-
completion dates, with a median of 36.5 months of 
follow-up (p=0.02; HR 0.76).  Adverse events reported 
more frequently in the patients who received sipuleu-
cel-T included chills, fever, and headache [23].

Developmental History of Sipuleucel-T  
in Metastatic CRPC

The original intent of the phase III studies, D9901 and 
D9902, was to evaluate the ability of sipuleucel-T to 
delay disease progression (TTP), the primary endpoint, 
in patients with asymptomatic metastatic CRPC. 
Additionally, there was a prespecified plan to analyze 
survival after all patients were followed for 36 months 
postrandomization. In 2002, when the primary analysis 
for study D9901 was performed, the disease progression 
endpoint was not met. Based on this result, D9902 
enrollment was stopped early. The study remained 
blinded and was renamed D9902A. All subjects in both 
studies D9901 and D9902A continued to be followed 
for survival. From the knowledge gained in the analysis 
of D9901, a new phase III study was designed, D9902B, 
under a Special Protocol Assessment with the FDA. 
Following the availability of the overall survival results 
from D9901 and D9902A, a Biologics License 
Application was filed in 2006. In May 2007, the FDA 
requested additional clinical data from the D9902B trial 
prior to licensure of sipuleucel-T. In November 2009, 
Dendreon filed a supplement to the Biologics License 

Fig. 28.3 Overall Kaplan–Meier survival benefit from 
treatment with sipuleucel-T in the D9901 study. From 
Small et al. [9]. Reprinted with permission. ©2008 
American Society of Clinical Oncology. All rights 
reserved
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Application and received approval for licensure of 
sipuleucel-T by the FDA in April 2010 for the treatment 
of asymptomatic or minimally symptomatic metastatic 
CRPC.

Ongoing Randomized Study

One additional randomized study, P-11 is currently 
ongoing (Table 28.1). P-11 is a study of hormone-sen-
sitive patients with nonmetastatic prostate cancer who 
experienced PSA elevation following radical prostate-
ctomy [24]. P-11 has reached the enrollment goal and 
is closed to accrual, however, subjects continue to be 
followed for safety and the secondary endpoints of dis-
tant failure and survival. Endpoints in this trial include 
time to biochemical failure, PSA doubling time, safety, 
time to distant failure, and overall survival.

Safety and Tolerability

In phase I/II studies of sipuleucel-T, the maximum toler-
ated dose was not reached. The most common adverse 
events, reported in patients in the sipuleucel-T group at a 
rate ≥ 15%, were chills, fatigue, fever, back pain, nausea, 
joint ache, and headache [23]. In 67.4% of patients in the 
sipuleucel-T group, these adverse events were mild or 
moderate in severity. Severe (Grade 3) and life-threatening 
(Grade 4) adverse events were reported in 23.6% and 
4.0% of patients in the sipuleucel-T group compared with 
25.1% and 3.3% of patients in the control group. Fatal 
(Grade 5) adverse events were reported in 3.3% of patients 
in the sipuleucel-T group compared with 3.6% of patients 
in the control group. The most common (≥ 2%) Grade 
3–5 adverse events reported in the sipuleucel-T group 
were back pain and chills.  Cerebrovascular events 
occurred in 3.5% of patients in the sipuleucel-T group 
compared to 2.6% of patients in the control group.

Discussion

The approach to the patient with metastatic CRPC with 
no or minimal symptoms remains individualized. 
Although docetaxel confers a modest survival benefit, 

it can be associated with significant toxicities. 
Physicians and patients are often reluctant to proceed 
with chemotherapy despite the known survival benefit 
and therefore second-line hormonal manipulations are 
often used in this setting. Although PSA and some 
objective responses to second-line hormonal therapy 
have been reported, there is no evidence that survival is 
improved.

With FDA approval of sipuleucel-T approval, patients 
with no or minimal symptoms now have a therapeutic 
option that can prolong survival, is of short duration and 
low toxicity.  Because the PSA does not usually decline 
nor do the imaging studies improve following treatment 
with sipulecuel-T, it may be difficult to determine whether 
an individual patient is benefiting from treatment with 
sipuleucel-T.  With the development of improved bio-
logic markers, it may become possible to better define 
those who are most likely to benefit from sipuleucel-T. 
At the present time, physicians should proceed with 
subsequent therapy appropriate for the patient’s clinical 
condition, following treatment with sipuleucel-T.  
Currently available data suggests that administration of 
sipulecuel-T does not preclude subsequent chemother-
apy [22, 23]. As sipuleucel-T is prescribed outside the 
clinical trial setting, there will be new lessons to be learned 
from the administration of immunotherapy in this popu-
lation of prostate cancer patients. At one time, there was 
little enthusiasm for immunotherapy of solid tumors, 
and even less belief that such approaches would be ben-
eficial in patients with metastatic disease. However, the 
results from the clinical trials of sipuleucel-T and other 
immunotherapeutic agents may change this paradigm. 
Results of the P-11 phase III trial of ADT induction 
followed by sipuleucel-T vs. control in men with hor-
mone-sensitive biochemical relapse after prostatec-
tomy will inform future studies in patients with low 
volume disease or those earlier in the natural history 
of the disease. In addition, sipuleucel-T may be of use 
in combination or in sequence with other active agents, 
as suggested by the pilot study combining sipuleucel-T 
with bevacizumab [21].
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Abstract Prostate cancer offers both compelling and 
challenging problems for research and development of 
active specific immunotherapy using cancer vaccines. 
Vaccine strategies designed to break tolerance and 
generate a sustained, potent, antineoplastic immune 
response against prostate cancer represent a therapeutic 
strategy, which has emerged as a significant research 
enterprise over the past 15 years. Several approaches 
to prostate cancer immunotherapy have been inves-
tigated in the past decade, including defined peptide 
vaccines, dendritic cell-based vaccines, whole-tumor 
cell autologous and allogeneic vaccines, carbohydrate 
vaccines, and poxvirus vaccines. It is estimated that 
over 1,200 prostate cancer patients have been treated 
with investigational vaccines in Phase I, II, or III 
trials. This chapter will focus on a narrow segment 
of vaccine research: strategies employing GM-CSF 
gene-transduced whole prostate cancer cell vaccines 
(GVAX). Attention will be given to the preclinical 
rationale, clinical development, emerging body of 
knowledge on resistance mechanisms, clinical devel-
opment challenges, and future directions for GVAX 
in particular. The extensive data with GVAX now in 
humans with advanced prostate cancer is likely to be 
instructive in the future research and development of 
antineoplastic immunotherapy for prostate cancer.

Keywords Prostate cancer • Vaccine • GVAX  
• GM-CSF • Immunotherapy

Introduction

All generalizations are false, including this one
Mark Twain
Prostate cancer (CaP) is the most common noncuta-

neous neoplasm, and the second most common cause 
of cancer deaths in US men. New prostate cancer cases 
now account for a full third of all male cancer diagno-
ses and 10% of all deaths [1]. Fortunately, the death 
rate from prostate cancer has decreased over the last 
decade. Nevertheless, more than 28,000 US men are 
estimated to have died of advanced CaP in 2008 [2]. 
Prostate-specific antigen (PSA) screening is in part 
responsible for reducing the death rate and the increased 
diagnosis of localized disease. Unfortunately, even 
with digital rectal examination and PSA screening, up 
to 30–40% of patients have disease that recurs and 
metastasizes after local therapy. Progress in robotics in 
radical prostatectomy, IMRT (intensity-modulated 
radiation therapy) in radiation therapy, and in identify-
ing patients who will benefit from watchful waiting 
[3–5] have all been important clinical advances. Yet new 
approaches to metastatic disease beyond the reach of 
local intervention are urgently needed.

Prostate cancer offers both compelling and chal-
lenging problems for research and development of 
active specific immunotherapy using cancer vaccines. 
Despite 40 years of testing, cytotoxic drugs have not 
conferred survival advantages in prostate cancer as 
they have in treatment of testicular cancer, lympho-
mas, breast cancer, and colon cancer. A theoretical 
advantage of CaP for immunotherapy is the relatively 
slower tumor cell growth in most cases and longer 
clinical course in which to study patients and their 
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immunity to their cancers. In concept, there is “time” 
to induce systemic immunity to prostate cancer in 
patients who have excellent performance status. A 
study of nearly 2,000 patients with good to moderate 
risk of disease and a biochemical recurrence of PSA 
following radical prostatectomy showed development 
of metastatic disease within 8 years [6]. Few situations 
in medical oncology offer so many patients such a sig-
nificant interval for investigational therapeutics, if they 
are relatively well tolerated in the outpatient setting. 
For an effective immunotherapy, this period of time 
would be ideal for adjuvant immunotherapy – if an 
effective immunotherapy existed.

The standard of care for patients with recurrent 
prostate cancer is androgen deprivation therapy (ADT). 
The vast majority of ADT patients eventually become 
castration resistant. The median survival time of 
patients with castration-resistant prostate cancer 
(CRPC) may be improved from an average of about 12 
months to about 17–18 months by the addition of anti-
neoplastic chemotherapy with taxanes, and systemic 
ADT earlier in the disease course [7, 8]. Beyond 
“frontline” docetaxel-based chemotherapy for hor-
monal therapy refractory disease, the standard of care 
is treatment with investigational agents in clinical tri-
als whenever clinically appropriate.

Vaccine strategies designed to break tolerance and 
generate a sustained, potent, antineoplastic immune 
response against prostate cancer represent a therapeutic 
strategy, which has emerged as a significant research 
enterprise over the past 15 years. A PubMed search 
shows 775 research reports on prostate cancer vaccines; 
to put the world-wide scope of the vaccine immuno-
therapy research activity into context, a literature search 
of “prostate cancer and p53 gene” generates 800 cita-
tions vs. 775 for prostate cancer vaccines.

Several approaches to prostate cancer immunother-
apy have been investigated in the past decade, includ-
ing defined peptide vaccines, dendritic cell-based 
vaccines, whole-tumor cell autologous and allogeneic 
vaccines, carbohydrate vaccines, and poxvirus vac-
cines. It is estimated that over 1,200 prostate cancer 
patients have been treated with investigational vac-
cines in Phase I, II, or III trials. This chapter will focus 
on a narrow segment of vaccine research: strategies 
employing GM-CSF gene-transduced whole prostate 
cancer cell vaccines (GVAX). Attention will be given 
to the preclinical rationale, clinical development, 
emerging body of knowledge on resistance mechanisms, 

clinical development challenges, and future directions 
for GVAX in particular. As Churchill once observed, 
some generalizations for the future of treatment 
research in prostate cancer – made from the basic and 
clinical research experience using GVAX – are likely 
to be only partly true. Nevertheless, the extensive data 
with GVAX now in humans with advanced prostate 
cancer is likely to be instructive in the future research 
and development of antineoplastic immunotherapy for 
prostate cancer.

Preclinical Rationale for GM-CSF 
Genetically Transduced Vaccines

Tolerance is another word for indifference
W. Somerset Maugham
Operationally, every CaP patient who succumbs to 

metastatic prostate cancer is the victim of genetically 
altered prostate cells, which have either escaped host 
immunity or induced immunologic tolerance or perhaps 
more precisely, “indifference.” Immunologic “indiffer-
ence” to metastatic prostate cancer is the threshold 
across which all forms of immunotherapy research must 
cross in the clinic. Research breaking immunologic 
“indifference” to prostate cancer cell-associated tumor 
antigens spurred the clinical development of GVAX.

Historically, vaccines are perhaps most familiar in the 
context of infectious disease, where their history is 
expansive. Although documentary evidence suggests the 
use of sheep pox inoculations as early as the sixteenth 
century among African nomadic herders, vaccination 
appears to have originated further east in China or India 
where variolation with powdered scabs may have been 
practiced as early as 1000 AD [9]. Vaccination against 
infectious disease typically involves the administration 
of attenuated whole pathogens or pathogen-derived 
immunogens with the intent to induce an immune 
response. The popular press, interest in prostate cancer 
vaccines, which has been disproportionate to objective 
clinical benefit, has been largely based on 100 years of 
vaccination for life-threatening illnesses.

Research on cancer vaccines is more recent. In 1957 
Prehn and Main reported in the JNCI on an investiga-
tion with experimental whole cell tumor vaccines in 
mice to generate antitumor immune responses [10]. To 
the emerging field of cancer vaccines, the report was a 
seminal contribution. Prehn and Main demonstrated 
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for the first time that the immunogenicity of whole cell 
tumor vaccines could be increased dramatically by 
prior gamma irradiation. Three decades prior to a 
molecular and cellular understanding of T-cell, B-cell, 
and innate immune responses to tumor-associated anti-
gens, Prehn and Main demonstrated that autologous 
tumor cells could be used as immunogens. In 1975, 
Johns Hopkins researchers, Brannen and Coffey dem-
onstrated that even in more advanced stages of disease, 
human prostate cancer cells possessed tumor-associated 
antigens that could be recognized within prostate 
cancer patients themselves [11]. A very small case 
series was reported from Hopkins using autologous 
prostate cancer cell plasma membranes in DTH 
(delayed-type hypersensitivity).

Autologous cancer cell vaccine development was 
explored intermittently throughout the twentieth cen-
tury. Different bacterial adjuvants were used in some 
cases. Clinical responses to whole cell tumor vaccines 
were rare and often short lived as a generalization out-
side of melanoma. Prior to the cloning of cytokine 
genes and the use of recombinant cytokines with tumor 
vaccines, it was not possible to draw even beginning 
inferences on the mechanism of inducing antineoplastic 
immune responses. Viral “oncolysates” of tumor vac-
cines and combinations with BCG and C. parvum and 
other adjuvants were used as “activators” in what we 
now know as attempts to generate antigen presentation 
at vaccine sites.

Although cancer cells offer potentially unique 
tumor-associated antigens that may induce tumoricidal 
immunity, evasion of autologous host immune response 
is a common and perhaps central hallmark of cancer. 
Prostate cancer cells are, specifically, very poorly 
immunogenic and are poor at antigen presentation. 
Autoantibodies are not seen in prostate cancer patients. 
In addition, defects in the major histocompatibility 
(MHC) class I expression occur in 85% of primary 
tumors and 100% of metastases [12]. Along with others, 
we have defined antigen presentation defects in Class I 
MHC surface presentation [13]. Successful immuno-
therapy strategies against prostate cancer have to over-
come the poor immunogenicity of this disease.

One method to optimize tumor antigen presentation 
is to employ cytokines involved in antigen recognition 
and response to drive prostate tumor-associated anti-
gens to be presented better. Significant research screen-
ing cytokines head-to-head for their ability to increase 
the immunogenicity of poorly immunogenic tumors 

was necessary to determine which cytokines to employ. 
Dranoff conducted the first systematic comparison of 
individual cytokines expressed by gene transfer in a 
melanoma tumor vaccine model. Compared to inter-
leukin-2, interleukin-4, and other immunomodulatory 
molecules, granulocyte-macrophage colony-stimulating 
factor (GM-CSF) was the most potent cytokine signal 
tested for activation of antigen processing and presen-
tation by dendritic cells (DCs) [14]. This work on the 
mechanism of action of GM-CSF gene-transduced 
tumor vaccines also implicated DCs as a critical 
component for induction of immunity to poorly immu-
nogenic tumors. Paracrine GM-CSF secreted by 
GM-CSF gene-transduced tumors promotes migration 
of DCs to vaccination sites, activates the cellular 
machinery of antigen phagocytosis, and enhances anti-
gen peptide presentation. DCs are the most potent 
antigen-presenting cells (APCs) in the immune sys-
tem. GM-CSF, however, also has growth and matura-
tional effects on multilineage progenitor cells, and 
activates other mature immune cells involved in anti-
gen processing and presentation, such as macrophages 
and neutrophils [15]. APCs activated by GM-CSF 
enhance the immunogenicity of cancer vaccines by 
presenting cancer-associated antigens processed by 
the APCs to both CD4 (helper) and CD8 (cytolytic) 
T-cells in the draining lymph node of the vaccination 
sites [16]. The cytolytic T-cells generated by the active 
specific immunization with tumor-associated antigens 
then mount a systemic tumoricidal immune response, 
leave the draining lymph node of the vaccination site, 
and respond to metastatic cells elsewhere.

In the early 1990s, Dranoff et al. first characterized the 
promise of this approach using a murine model of mela-
noma [14]. The transduced vaccine conferred 100% 
protection, with vaccinated mice surviving both immedi-
ate (7 days after vaccination) and late (several months 
after vaccination) challenges. Mice vaccinated with the 
GM-CSF transduced vaccine were also able to reject pre-
established tumors and to develop potent CD4+ and 
CD8+ T-cell-dependent systemic immunity against 
otherwise poorly immunogenic tumors. Irradiation of the 
gene-transduced vaccine was required to attenuate malig-
nancy. Unirradiated GM-CSF gene-transduced murine 
tumor vaccines grew in the animal; however, irradiated 
GM-CSF gene-transduced poorly immunogenic tumor 
vaccines conferred the greatest antitumor immunity. Of 
note, lethal irradiation of vaccine also improved the 
immunogenicity of the vaccine. Extensive studies of 
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GM-CSF gene-transduced tumor vaccines induced similar 
immunologic memory, protective immunity, and curative 
effects in the Dunning models of prostate cancer [17–19]. 
In one study, animals injected with GM-CSF transduced 
cells performed significantly better than animals adminis-
tered soluble GM-CSF in combination with cancer cell 
vaccine. These observations suggest that paracrine secretion 
of the GM-CSF at vaccination sites was a superior way to 
recruit DCs and other APCs in comparison to bolus 
systemic administration of GM-CSF.

Clinical Development of GM-CSF 
Genetically Transduced Vaccines

It ain’t what you don’t know that gets you into 
trouble. It’s what you know for sure that just ain’t so

Mark Twain
The concept that ex vivo GM-CSF gene transduc-

tion of tumor cells could constitute antitumor immuno-
therapy was first explored in a Phase I trial in renal cell 
cancer. Renal cell carcinoma (RCC) was selected for 
the relative ease of generating an autologous tumor 
immunotherapy product, and the vaccine was engineered 
by transduction of patients’ primary tumor cells 
(harvested at surgery) with GM-CSF [20]. The replica-
tion-defective retroviral vector MFG containing the 
human GM-CSF cDNA was used. This trial showed 
the approach to be safe, but only short-lived immuno-
logic responses and one clinical response were noted 
in 18 patients. Compared to untransduced irradiated 
RCC vaccine injection sites, GM-CSF gene-transduced 
vaccines generated distinctive APCs at the vaccine 
sites identical to preclinical murine models of efficacy, 
and patients mounted significant delayed-type hyper-
sensitivity (DTH) reactions to untransduced irradiated 
autologous tumor cells after vaccination. However, the 
proof-of-concept trial was clear that patients’ autolo-
gous tumor cells were, in general, extremely variable 
in terms of viability of vaccine cell for irradiation, and 
transduction efficiency. Setting a fixed dose of vaccine 
cells and fixed secretion of GM-CSF for autologous 
vaccines for Phase II trials was deemed very difficult 
for multicenter clinical trials.

The immunogenicity of whole-tumor vaccines from 
prostate cancer was an open question and had never been 
tested. Autologous, irradiated GM-CSF gene-transduced 

vaccines for prostate cancer were initially investigated 
by Simons et al. [21]. This was also the first human gene 
therapy trial for prostate cancer. Surgically harvested 
prostate tumor cells from anatomic radical prostatecto-
mies were placed in primary culture, irradiated, and 
engineered to secrete GM-CSF via the MFG replication-
defective retrovirus.

In this initial Phase I human gene therapy trial, eight 
immunocompetent prostate cancer patients were 
treated with autologous, GM-CSF-secreting, irradiated 
tumor vaccines prepared from ex vivo retroviral trans-
duction of surgically harvested cells. Expansion of pri-
mary cultures of autologous vaccine cells successfully 
met trial specifications in 8 of 11 cases (73%). The 
yields of the primary cell cultures limited the number 
of vaccination courses. Side effects were pruritis, ery-
thema, and swelling at vaccination sites. Vaccine site 
biopsies demonstrated infiltrates of cells consistent with 
DCs and macrophages among prostate tumor vaccine 
cells after 3 days of vaccination. Vaccination activated 
new T-cell and B-cell immune responses against PCA 
antigens. T-cell responses, evaluated by assessing DTH 
reactions against untransduced autologous tumor cells, 
were evident in two of eight patients before vaccina-
tion and in seven of eight patients after treatment. 
Reactive DTH site biopsies manifested infiltrates of 
effector cells consisting of CD45RO+ T-cells, and 
degranulating eosinophils consistent with activation of 
both Th1 and Th2 T-cell responses. A distinctive 
eosinophilic vasculitis was evident near autologous 
tumor cells at vaccine sites, and at DTH sites. B-cell 
responses were also induced. Sera from three of eight 
vaccinated men contained new antibodies recognizing 
polypeptides of 26, 31, and 150 kDa in protein extracts 
from prostate cells. The 150-kDa polypeptide was 
expressed by LNCaP and PC-3 CaP cells, as well as by 
normal prostate epithelial cells, but not by prostate 
stromal cells. No antibodies against PSA were detected. 
These data suggest that both T-cell and B-cell immune 
responses to human CaP can be generated by treatment 
with irradiated, GM-CSF gene-transduced CaP vac-
cines. The numerous technical difficulties involved in 
the preparation and expansion of primary autologous 
prostate tumor cells, however, represent a significant 
limitation for clinical development of this approach. In 
this study, a sufficient volume of cells could not be har-
vested in three of 11 patients attempted. In addition, 
the individualized preparation of the vaccine was labor 
intensive and not robust enough for larger Phase II 
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trials. Successful expansion of autologous prostate 
vaccine cells did not appear to be correlated with 
Gleason grade or obvious clinical factors. Furthermore, 
variability in the autologous cells precluded the devel-
opment of vaccines with reproducible and robust 
immunogenicity between patients.

An approach to overcome the difficulties involved 
in engineering an autologous tumor vaccine emerged 
out of the observation that the immune system is not 
directly primed by antigen on tumor cells. Rather, 
these cells are phagocytosed and antigen is presented 
on professional antigen-presenting-cells from the host, 
i.e., DCs and macrophages. In other words, an irradi-
ated GM-CSF gene-transduced tumor cell that 
expressed tumor-associated antigens shared by the 
metastatic cells in the patient could offer the “plat-
form” for antigen loading without requiring the use of 
the patient’s primary tumor as the antigen source. This 
concept led to the hypothesis that a cell-based immu-
notherapy product could be created by using alloge-
neic prostate cancer cell lines transduced to produce 
the appropriate stimulatory cytokine, i.e., GM-CSF. 
The use of allogeneic cells lines has been applied to a 
number of tumor types including pancreatic cancer, 
breast cancer and lung cancer as well as prostate can-
cer [22–25]. Furthermore, allogeneic vaccines can be 
developed from readily available established prostate 
cancer cell lines permitting vaccine manufacture on a 
large scale. An additional advantage of the allogeneic 
approach is that the tumor-associated antigens are pro-
cessed within the autologous APCs to the autologous 
T-cells and B-cells via “cross priming.” Patients there-
fore do not need to be HLA matched a priori for these 
GM-CSF gene-transduced, irradiated tumor vaccines 
in order to participate in larger Phase II or Phase III 
trials. Furthermore, with the ability to expand enor-
mous quantities of ex vivo gene-transduced allogeneic 
tumor vaccines (which are stable in culture – unlike 
primary cultures of autologous cells), makes it possible 
to escalate the dose and repeated durations of vaccina-
tions. In autologous GM-CSF gene-transduced tumor 
vaccine trials repeated “booster” vaccination was not 
possible in most patients because the supply of pri-
mary cultures of vaccine cells ran out.

An academic “proof of concept” Phase I/II trial for 
allogeneic GVAX for prostate cancer was conducted in 
the NCI S.P.O.R.E. in Prostate Cancer at Johns Hopkins 
[26]. The purpose of the single institution trial was to 
characterize the adverse effects, immunologic effects, 

and clinical activity of immunotherapy with irradiated, 
allogeneic, prostate cancer cells expressing GM-CSF. 
Patients who were “hormone therapy naïve” who had 
recurrent CaP by biochemical relapse of PSA were 
selected. The Phase I/II trial was conducted in selected 
patients in the absence of radiologic metastases who were 
immunologically competent to mount DTH skin reac-
tions to common microbial recall antigens. Patients were 
enrolled who had not received primary radiotherapy. 
Treatments were administered weekly via intradermal 
injections of 1.2 × 10(8) GM-CSF gene-transduced, irra-
diated cancer cells (6 × 10(7) LNCaP cells and 6 × 10(7) 
PC-3 cells) for 8 weeks. Both the cell lines were trans-
duced with the MFG-GM-CSF vector. Patients were not 
given booster vaccinations. Twenty-one immunocompe-
tent patients were treated. Toxicities included local injec-
tion-site reactions, pruritus, and flu-like symptoms. All 
who experienced toxicity were managed as outpatients. 
One patient had a partial PSA response of a 7-month 
duration. The same patient had elevated levels of CEA at 
the start of vaccination and CEA levels declined to 
normal intercurrent with the PSA response. This patient, 
along with all the vaccinated patients in the trial, did not 
mount anti-PSA antibodies or serologic signs of autoim-
mune disease. All patients were treated as outpatients 
only. At 20 weeks post-first treatment, 16 of 21 (76%) 
patients showed a statistically significant decrease in PSA 
velocity (slope) compared with prevaccination levels 
(P < 0.001). Injection-site biopsies showed intradermal 
infiltrates consisting of CD1a+ DCs and CD68+ 
macrophages, closely analogous to both previous clinical 
trials using autologous GM-CSF-transduced cancer cells 
and preclinical models. Posttreatment, patients developed 
new oligoclonal antibodies reactive against at least five 
identified antigens expressed by LNCaP or PC-3 cells. 
A high-titer antibody response (>1:250) against a 250-kDa 
antigen expressed on normal prostate epithelial cells was 
induced in a patient with partial PSA remission. Titers of 
this antibody decreased when treatment ended, and 
subsequent PSA relapse occurred. The nonpatient-
specific prostate cancer immunotherapy had a favorable 
safety profile and is immunologically active. These findings 
warranted further evaluation of dose, schedule and assess-
ment of efficacy.

Cell Genesys, South San Francisco, CA expanded 
from the academic proof of concept translational clinical 
development into a full-fledged clinical development 
program for GM-CSF gene-transduced irradiated whole 
prostate cancer cell vaccines. Vector improvements ensued, 
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and an AAV based vector replaced the use of a replication-
defective retroviral vector MFG [21, 27]. Furthermore, 
transfected allogeneic vaccine cells were expanded in 
large bioprocessor vats so patients could be vaccinated 
with single production “lots” under Good Manufacturing 
Practice. The company’s IND-based GVAX vaccine was a 
combination of the two human prostate cancer cell lines 
PC-3 and LNCaP. These two cell lines were chosen in 
order to provide a potentially complementary source of 
potential tumor-associated antigens that might be 
expressed at metastatic sites. LnCaP as a cell line was 
derived from disease metastasis to a lymph node, and 
expresses a number of prostate epithelial antigens includ-
ing PSMA and PSA. PC-3 is an androgen-refractory cell 
line derived from a bone metastasis and expresses several 
cancer-associated proteases [28]. Both cell lines were 
similarly transduced with an AAV-human GM-CSF cDNA 
vector and expressed high levels of paracrine, bioactive, 
human GM-CSF.

Expansion of Clinical Trials of GVAX 
from Academic Investigation

Phase II: G-9803 and G-0010

Two Phase II trials were conducted in CRPC patients 
with radiologically confirmed metastatic disease 
(metastatic CRPC) [26]. The first study (G-9803) 
administered GVAX in the outpatient setting, enrolling 
34 patients who were selected for their excellent 
performance status and who had CRPC but were 
asymptomatic with their metastases. Multiple vaccina-
tions were found to be very tolerable for outpatient 
treatment with no induction of autoimmune disease 
observed. Vaccine-site pruritis and erythema were the 
major consistent toxicity. The median survival for the 
GVAX-treated patients was 26.2 months, suggesting 
an improvement with vaccination in light of the 
18-month median survival for patients with CRPC-
receiving docetaxel. Comparing favorably at the time 
with palliative chemotherapy, this clinical result of 
median survival improvement exceeded expectations 
based on the natural history of the disease in this patient 
population, and stimulated interest in larger studies 
evaluating efficacy and increased vaccine dose. There 
was not, however, a high frequency of PSA responses 

in the Phase II trial, even in patients whose survival 
appeared to be prolonged with time.

The Phase II study G-0010 in asymptomatic meta-
static HRPC was subsequently initiated as a follow-up 
to the G-9803 study. The AAV-GM-CSF gene-
transduced LnCAP and PC-3 combined allogeneic 
vaccine product was used at higher doses in this Phase 
II trial. The objective of the trial was to assess for an 
optimal dose for a Phase III efficacy evaluation trial. 
G-0010 enrolled 80 US patients who either received 
low-dose (200 million cells monthly), medium-dose 
(200 million cells biweekly), or high-dose (500 million 
cells as priming dose followed by 300 million cells 
biweekly) vaccine. Vaccine-specific antibodies were 
evaluated by Western blot analysis of vaccine lysates 
against the patient’s sera collected before and after 
vaccination. Osteoclastic bone degradation in CRPC 
metastases was simultaneously assayed using the 
marker type 1 carboxy terminal telopeptide. Bone 
scans were obtained every 3 months. PSA was assayed 
at each treatment visit.

Of 19 patients, 6 (32%) in the high-dose GVAX group 
had PSA declines after repeated vaccinations. However, 
PSA continued to rise for the first 2 months before 
decreasing, even in apparent responders to vaccination. 
This “delayed” induction of apparent antineoplastic 
immune response pattern was consistent with the hypoth-
esized kinetics of an immunotherapeutic effect that takes 
weeks to develop and requires multiple rounds of vacci-
nation. In other words, multiple, repetitive vaccinations 
were required to present sufficient tumor-associated anti-
gens to activate a T-cell and B-cell response – even in 
immunocompetent patients. Presumably, the low immu-
nogenicity of human prostate cancer, even in the setting 
of paracrine expression of GM-CSF to activate DC 
antigen presentation, takes multiple doses. Unlike the 
immediate cytotoxic effects of chemotherapy, GVAX 
immunotherapy responses appeared later in the course of 
treatment. Consistent with this idea, patients showed bio-
chemical evidence by PSA of tumor progression prior to 
arrest of progression, stabilization of PSA levels, and an 
objective response. Bone metastatic activity was assayed 
in this trial as a hypothesis of using type 1 carboxy termi-
nal telopeptide as an intermediate endpoint of response. 
In 34 of 55 (62%) patients with osseous metastases stable 
or decreasing type 1 carboxy terminal telopeptide levels 
were observed, suggesting osteoclast inhibition in bone 
metastases. Patients were not allowed to use bisphospho-
nates or undergo hormone therapy changes while 
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 participating in this study, precluding changes in type 1 
carboxy terminal telopeptide from being attributable to 
such treatment. Bone scans stabilized in 31 of 72 (43%) 
and apparently normalized in two cases.

The proportion of patients mounting de novo IgG 
antibody response to at least one prostate cell line 
increased with vaccine dose. In the highest vaccine-dose 
group, 87% of patients had an immune response com-
pared with 72 and 40% in the medium and low-dose 
groups, respectively (P = 0.001, Kendall tau-b). To the 
best of our knowledge, this was the first data in humans 
showing a dose–response relationship with activating 
B-cell responses to prostate cancer-associated antigens 
in a vaccine. Data from the 80 patients enrolled suggest 
that the vaccine was well tolerated, was immunogenic 
in a dose-dependent fashion, and had clinical activity. 
These observations complemented the median survival 
of 26.2 months observed in the earlier G-9803 study.

Safety Profile

In the Phase II trials described above, injection-site 
reaction was the most common adverse event, and was 
experienced by 100% of patients treated with intrader-
mal injections of the GVAX® for prostate cancer [26]. 
Pruritus and erythema for 3–5 days were common low-
grade adverse events postvaccination. Other side effects 
were consistent with an immunotherapy approach, and 
including fatigue, and flu-like symptoms that resolved 
with no active management after vaccination. No dose-
limiting toxicity was observed. There was also no clini-
cal or laboratory evidence of autoimmune disease in 
vaccinated patients despite prolonged vaccinations with 
irradiated allogeneic cells. Taken together, these two, 
small, highly selected Phase II trials suggested that 
larger efficacy evaluations for outpatient therapy were 
warranted, and provided the rationale for their design 
and implementation in future ongoing studies.

Phase III: Vital-1 and Vital-2

Subsequently, two Phase III trials were conducted that 
involved community practices as well as some academic 
centers. These two trials were entitled VITAL-1 and 
VITAL-2 and were a part of the sponsoring  company’s 

Food and Drug Administration (FDA) registration strat-
egy for GVAX. Patients in the VITAL-1 trial were 
enrolled in randomized open-label studies comparing 
vaccine to the standard-of-care chemotherapy regimen of 
docetaxel and prednisone. The primary objective of this 
study was to compare the duration of survival between 
the two treatment arms. The secondary objectives were 
the comparison between treatment arms of: (1) the pro-
portion of patients who had a bone-related event 
including spinal cord compression, surgery to bone, 
local radiation therapy to bone, or skeletal fracture; 
(2) the proportion of patients who had a progression 
of bone metastases; and (3) time to onset of bone pain. 
The secondary objectives were intended to explore the 
impact of treatment on the significant morbidities 
that occur in advanced CRPC (i.e., complications of 
metastatic bony disease, and pain).

Data from both VITAL-1 and VITAL-2 were pre-
sented at the Genitourninary American Society of 
Clinical Oncology meeting in late February 2009, and 
are summarized below. Presented in abstract form, the 
data have not been peer-reviewed and published at the 
time this chapter was written. VITAL-1 was a Phase III 
clinical trial designed to compare GVAX immunother-
apy (CG1940/CG8711) as a monotherapy for CaP 
against docetaxel chemotherapy plus prednisone in 
600 patients with advanced castration-resistant meta-
static disease. Enrollment began in 2004 and included 
only chemotherapy-naïve men without cancer-related 
pain requiring opioid analgesics were eligible.

In 2007, the VITAL-1 trial completed enrollment 
with 626 patients at 131 sites in North America and the 
European Union. A priming dose of GVAX was admin-
istered in the GVAX arm followed by routine “mainte-
nance” vaccine treatments. The priming dose was a 
500 million cells vaccination followed by 300 million 
cell booster GVAX doses every 2 weeks for 13 doses. 
Docetaxel (75 mg/m2 q 3 weeks × 9 cycles) plus pred-
nisone (10 mg daily) was given in the control arm 
(D + P). The primary endpoint was superiority in overall 
survival in the GVAX arm. Of note, a positive trial 
for a survival advantage for GVAX compared with 
docetaxel would have been submitted to the FDA for 
approval. In January 2008, the independent data moni-
toring committee (IDMC) had completed a preplanned 
interim efficacy analysis for VITAL-1 and recom-
mended that the study continue, providing no further 
information to the sponsoring company other than the 
recommendation to continue the trial. On 27 Aug 2008, 



336 L.R. Patel and J.W. Simons

the Company announced that it had requested the 
IDMC to conduct a previously unplanned futility anal-
ysis of VITAL-1. VITAL-1 was terminated in October 
2008 based on the results of that analysis, which indi-
cated that the trial had less than a 30% chance of meeting 
its predefined primary endpoint.

All 626 patients completed the initial 6-month treat-
ment period. At the time of study termination the 
median follow-up was 66 weeks. Analysis of patient 
data from the trial revealed no imbalance in patient 
baseline characteristics. The Halabi predicted survival 
(HPS) was 16 months for the GVAX arm and the D + P 
arm suggesting a balance in both arms for adverse 
prognostic factors for CRPC. More than 45% of 
patients enrolled had aggressive disease at diagnosis 
with a primary biopsy of Gleason grade >8 pattern. 
The median number of GVAX treatment doses was 8 
(range 1–51) for GVAX and 9 (1–16) for D + P. The 
frequency of Grade 3 or higher related adverse events 
was 8.8% for the GVAX arm vs. 43% for the D + P 
arm. The median survival was 20.7 months for patients 
on GVAX and 21.7 months on D + P, hazard ratio 1.03, 
95% CI (0.83, 1.28), P = 0.78, stratified log-rank test. 
The Kaplan–Meier (KM) curve showed GVAX cross-
ing above the D + P survival curve at approximately  
22 months in a small subset. In the subset of men with 
HPS >18 months (n = 264), median survival was pro-
longed on GVAX (29.7 months) compared to D + P 
(27.1 months), HR 0.90 (0.61–1.33), P = 0.60.

What was learned from this first multinational mul-
ticenter Phase III trial of GVAX? First, GVAX as a 
monotherapy does not appear to confer an antineoplastic 
immune response that can improve overall survival 
compared to standard-of-care palliative chemotherapy 
in most patients. At the dose and schedule chosen, 
single-agent GVAX treatment did not demonstrate a 
convincing and statistically superior overall survival 
compared to D + P. The observed, albeit not statisti-
cally significant, survival increase in a subset of 
patients with a HPS ³18 months in VITAL-1 also 
suggests that this subset of patients may have a more 
favorable response to GVAX immunotherapy. What 
characteristics about patients in this subset predispose 
them to this response remains unknown as the trial was 
terminated. Treatment with GVAX, however, was 
generally very well tolerated in all patients treated in 
VITAL-1, and it had a side-effect profile favorable in 
comparison to that of standard-of-care palliative 
chemotherapy. This was particularly true for toxicities 

of grade 3 and higher, which GVAX caused in appreciably 
less frequency (8.8% vs 43%).

Interestingly, a crossover exists in the final KM 
survival curves for the two treatment arms of VITAL-1, 
with the curve for GVAX patients crossing above the 
chemotherapy curve at approximately the same time 
median survival was reached in both treatment arms 
(~21 months). This has led some to hypothesize that a 
late favorable effect of GVAX may transpire that pro-
longs survival compared to chemotherapy in some 
patients. This finding, however, was not a primary end-
point of the trial as designed. Long-term follow-up is 
needed to interrogate the existence, nature, and dura-
tion of this putative “longer surviving tail” in the GVAX 
treatment arm of this study. Motivated in part by the 
unexpected KM crossover, Cell Genesys announced 
that it has recently taken steps to facilitate further studies 
of GVAX by academic investigators and the NCI.

VITAL-2 was a Phase III trial designed to compare 
GVAX immunotherapy in combination with docetaxel 
(G + D) to docetaxel plus prednisone (D + P) in CRPC 
patients with metastatic disease who were symptomatic 
with respect to cancer-related pain. The primary end-
point of the trial was also improvement in survival. 
VITAL-2 was initiated in June 2005 and had enrolled 
408 patients at 115 clinical trial sites located in North 
America and the European Union prior to study termi-
nation. VITAL-2 trial was prematurely terminated on 
27 Aug 2008 following the recommendation of the 
trial’s IDMC, which observed in a routine safety review 
meeting an imbalance in deaths between the two treat-
ment arms of the VITAL-2 study with more deaths 
occurring in the GVAX arm.

In contrast to the outpatient safety profile of VITAL-1, 
the VITAL-2 trial did raise a concern about safety in 
men with symptomatic pain from metastatic CaP. 
However, an updated analysis of adverse events showed 
no significant toxicities in the GVAX + Docetaxel arm 
that could explain the increased number of deaths in 
this arm. Eighty-five percent of deaths were reported as 
due to prostate cancer in both arms, but, at this writing, 
no trend has been found in this trial for the causes of 
death in the remaining 15% of mortalities. These obser-
vations are consistent with highly significant flaws in 
the study design of VITAL-2. The decision to omit con-
comitant prednisone in the G + D treatment arm was 
made to avoid the possible immunosuppressive effects 
of prednisone. This decision may have contributed to 
VITAL-2’s unfavorable outcome, particularly when 
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docetaxel is given with prednisone in the “control arm” 
of the trial. Considering how well GVAX was tolerated 
in VITAL-1 and in the Phase II setting, vaccination of 
patients with advanced symptomatic stage IV prostate 
cancer as opposed to men with less and asymptomatic 
tumor burdens may have been a factor. However, fur-
ther analysis of VITAL-2 data have indicated that the 
imbalance in deaths between the two treatment arms 
decreased from 20 deaths at that the time of the IDMC’s 
initial analysis (August 2008) to 9 deaths at the time of 
final analysis (December 2008).

Perhaps further academic investigations of GVAX, 
facilitated by Cell Genesys’s recently announced efforts, 
will shed some light on this unresolved question of the 
effects of GVAX used in combination with docetaxel in 
men with advanced, metastatic CRPC. It is fair to say 
that both VITAL-1 and VITAL-2 clinical trials treated 
patients with disease burdens far greater than the patient 
populations vaccinated in the earlier clinical trials, and it 
is fair to say also that, as a monotherapy, allogeneic 
prostate GVAX does not confer a significant objective 
remission rate or survival advantage in CRPC.

Tumor Tolerance and Cancer Vaccine 
Resistance: New Frontiers

The new frontier for immunotherapy and vaccines for 
prostate cancer is the need to overcome a number of 
resistance pathways that have been identified since the 
entrance of GVAX into early clinical testing in 1995. 
While GM-CSF gene-transduced tumor cell vaccines 
enhance tumor antigen presentation, other forms of 
immune tolerance may not be overcome by even potent 
gene-transduced vaccines alone. Specifically, regula-
tory T-cells (T-regs) confer immune tolerance by sup-
pressing the activity of their cytotoxic counterparts. 
While such tolerance from T-regs is required to protect 
healthy tissues from autoimmunity, an analysis of 
peripheral blood in 46 patients with epithelial malig-
nancies showed an increase of T-reg-like CD4(+)
CD25(+) cells when compared to samples from 34 
healthy controls [29]. The same study also found that 
T-reg-like cells isolated from cancer patients inhibit 
natural-killer cell-mediated cytotoxicity. These obser-
vations suggest prostate cancers may avert tumoricidal 
immunity by exploiting T-reg-mediated immune tolerance. 
The specific T-reg mechanisms exploited by cancer must 

accordingly be subverted before the full therapeutic 
effect of tumoricidal GM-CSF gene-transduced vacci-
nations can be realized in the clinic.

In addition to T-regs, the anticytotoxic T lympho-
cyte antigen CTLA-4 protein is perhaps the best-studied 
immune tumor evasion mechanism exploited by cancer. 
A regulator of T-cell proliferation and differentiation, 
CTLA-4 is expressed on the surface of T-regs and 
facilitates immune tumor evasion by tolerizing acti-
vated cytotoxic T-cells, suppressing their expansion, 
and altering differentiation [30]. These effects are 
partly induced by changes in glucose metabolism and 
PI3K/Akt signaling downstream of CTLA-4 ligation 
[31]. Preclinical evaluation of anti-CTLA-4 antibodies 
by Allison et al. show enhanced antitumor responses in 
several animal tumor models [32–34]. Synergy 
between immune modulation by CTLA-4 inhibition 
and immune priming with GVAX may translate into 
increased tumor vaccine efficacy in humans. A Phase 
I/II trial investigating this possibility using the CTLA-4 
antibody MDX-010 in combination with GVAX is cur-
rently underway with over 20 CRPC patients at the 
Free University Cancer Center in Amsterdam. These 
data on the combination of CTLA-4 antibody and 
GVAX, however, have only been presented in abstract 
form at the time of this writing.

A similar strategy under evaluation is to combine 
GVAX with targeted inhibitors against programmed 
death 1 (PD1), a negative immune-modulating receptor 
ligated by B7-family members. Like CTLA-4, PD1 is 
a membrane protein expressed on T-cells following 
activation by an APC [35]. Ligation of PD1 by its 
ligand PD-L1 reduces the cytokine secretions and pro-
liferation of T-cells [36], and induces their apoptosis 
[37]. PD1 ligation may also inhibit cytotoxic T-cell 
activity through changes in PI3K/Akt signaling and 
glucose metabolism, but appears to function through 
mechanisms distinct from those used by CTLA-4 in 
achieving the same effects [31]. The results of anti-
PD-L1 antibody use in preclinical tumor models of 
multiple cancer types suggest successful, albeit tran-
sient, suppression of tumor tolerance [36, 38, 39]. 
Although it is aberrantly expressed, PD-1 expression 
correlates with disease progression, and associates 
with diminished survival in kidney and bladder cancer 
[40]. PD-L1 is poorly expressed in clinically localized 
prostate cancer [41]. To the best of our knowledge 
prostate cancer expression of PD-L1 has yet to be 
assessed in metastastatic sites. DCs responsible for 
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presenting tumor antigens from engulfed cancer cells 
do express PD-L1 [42], suggesting the target may be 
very relevant to abrogating tumor antigen tolerance in 
prostate cancer patients treated with cellular cancer 
vaccines like GVAX.

In addition to CTLA-4 and PD-1, other members of 
the B7-family may provide a promising series of 
immune-modulating targets to inhibit in combination 
with vaccines that load APCs with prostate tumor- 
associated antigens. B7-H3 is of particular interest as it 
is over expressed in prostate cancer and correlates with 
tumor aggressiveness in localized prostate cancer [41]. 
While the precise function of B7-H3 and its mechanism 
of action are not fully characterized, it appears to 
enhance T-cell proliferation and promote immune 
response against allografts [43]. These observations 
suggest prostate cancer could be uniquely susceptible 
to tumoricidal immunity. However, the abundant 
expression of B7-H3 in lymphoid and nonlymphoid tis-
sues also suggests a role in self-tolerance. In a study of 
DCs derived from C57BL/6 mice genetically trans-
duced to produce a soluble mouse-B7-H3 human-IgG1-
Fc fusion, transduced cells had no effect on cell cycling 
of T-cells, inhibited T-cell IL-2 and IFN-g production, 
and significantly inhibited allogeneic immunogenicity 
in comparison to controls [44]. The conflicting results 
may be due to differences in methods and models. More 
importantly, T-cell tolerance is mediated by a combina-
tion of signals [45]. Thus the apparent bi-functionality 
of B7-H3 may be due to its interactions with a multi-
tude of other B7-family immune modulators. Efforts to 
break tumor tolerance in prostate cancer patients will 
accordingly benefit from further study of the B7-family 
and the development of drugs targeting their coopera-
tive immunosuppressive signaling.

Emerging evidence suggests that lymphocyte activa-
tion gene-3 (Lag-3) is another diversely active immune-
modulating cell-surface molecule that is not of the 
B7-family, but may inhibit antineoplastic immunity in 
prostate cancer. A CD4 homolog selectively expressed 
on T-regs, Lag-3 binds the MHC class II receptor and 
appears to suppress effector T-cells [46]. Anterior 
chamber-associated immune deviation (ACAID) is an 
induced ocular pathology model of immune privilege. 
T-regs in ACAID mice were found to express Lag-3 in 
greater frequency and to have a greater ability to sup-
press effector T-cells in comparison to T-regs from non-
ACAID controls [47]. It also appears that tissue-derived 
 adenosine-mediated peripheral immune tolerance may 

be caused in part by an increase in LAG-3(+) T-regs 
promoted by adenosine receptor ligation [48]. These 
observations suggest LAG-3 is an excellent candidate 
for making malignancies immune-privileged microen-
vironments. Elevated expression of LAG-3 observed on 
T-cells in antigen-expressing organs and tumors (includ-
ing prostate cancer) further suggests a role in promot-
ing tumor tolerance [49]. Antibodies targeting Lag-3 
administered in combination with a recombinant vac-
cinia viral cancer vaccine in the TRAMP model of 
transgenic prostate cancer increased the number, 
restored cytotoxic activity, and caused prostatic accu-
mulation of effector T-cells. More importantly, vacci-
nated mice when given the antibody displayed 
approximately 45% target-specific lysis on average as 
compared to vaccinated mice not given the antibody, 
which failed to mount a significant antitumor response 
[49]. While this finding is promising, it remains to be 
seen whether inhibition of Lag-3 will be as successful 
in the clinic or in combination with GVAX, anti-PD-1 
or anti-CTLA-4 strategies.

Immune evasion to vaccination with GVAX may not 
solely be conferred by T-cell and APC-signaling mole-
cules. Indoleamine 2,3 dioxygenase (INDO) is an 
inducible enzyme catalyzing the initial and rate-limit-
ing step in the catabolism of tryptophan, causing it to 
passively immunize against microbes dependent upon 
external sources of this essential amino acid [50]. It 
also appears to function as a major immune modulator 
in tumor immunology. INDO is expressed by the human 
placenta [51] and when inhibited by 1-methyl-trypto-
phan (1MT) in fetal allograft murine models of preg-
nancy results in rejection and abortion of conceptuses 
[52], suggesting a natural role for the enzyme in fetal–
maternal immune tolerance. The effect is achieved by 
inhibiting proliferation of T-cells, which develop 
G1-phase cell-cycle arrest in response to tryptophan 
shortage [53]. An expression analysis in human cancer 
cell lines and a broad panel of human tumor specimens 
including prostatic, colorectal, pancreatic, cervical, 
non-small-cell lung, ovarian, and head and neck carci-
noma revealed constitutive expression of INDO in solid 
tumors of various stages. The same investigators who 
evaluated human cancers evaluated immunized mice 
bearing P815 tumors and found INDO expression by 
tumors conferred resistance to immune rejection [54]. 
INDO inhibition with 1MT, which entered Phase I clin-
ical trials in 2007, slowed the growth of syngeneic 
mouse lung carcinoma [55] and retarded the growth of 
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spontaneously arising mammary tumors in the MMTV-
neu/HER2 transgenic mouse model of breast cancer 
[56]. In both models, antitumor efficacy of 1MT mono-
therapy was limited but enhanced by combination with 
cytotoxics. More interestingly, 1MT enhanced the anti-
tumor efficacy of a DC/Lewis lung carcinoma (LLC) 
fusion vaccine applied to a murine LLC model [57]. 
These findings suggest a promise for combinations of 
INDO-targeting small molecules and GVAX in proof 
of concept clinical trials.

In addition to combining immunoregulatory therapies 
with vaccines, it may also be critical to investigate the 
therapeutic potential of targeting multiple effector T-cell 
suppressors to break tumor tolerance. Little is known 
about the synergy and overlap between immune modula-
tors. The independent mechanisms used by PD1 and 
CTLA-4 to alter PI3K/Akt-signaling and glucose metabo-
lism in activated T-cells suggests the possibility of synergy 
when therapeutically targeting both. Similarly, cotargeting 
CD4-family suppressor molecules and B7-family immune 
modulators may produce responses not achieved by mono-
therapy. Such cotargeting has yet to be evaluated in the 
preclinical and clinical setting. In the event a therapeutic 
window can be defined without the induction of autoim-
munity, such combinations may be critical to breaking 
tumor tolerance barriers to successful cancer vaccine 
therapy.

Lastly, the late induction of apparent antineoplastic 
immune response patterns in Phase II trials of GVAX 
was itself hypothesis generating. This observation was 
consistent with the hypothesized kinetics of an immu-
notherapeutic effect that takes weeks to develop in 
most prostate cancer patients. A previously cited pos-
sibility is that multiple rounds of GVAX vaccination 
are required to present sufficient tumor-associated 
antigen to overcome a threshold for systemic antineo-
plastic response. Another possibility is antigen spread-
ing might occur at the sites of metastasis after successful 
immunization transpires. Specifically, the cytotoxic 
response primed by GVAX vaccination may release 
tumor-associated antigens from lysed cancer cells at 
metastases. This additional priming at metastatic sites 
would provide APCs new combinations of tumor-spe-
cific epitopes, priming a sustained and more potent 
antineoplastic immune response. These hypothesized 
effects would also be manifested as a later induction of 
systemic antitumor responses in a clinical trial. 
Although highly speculative, the hypothesis of a delay 
in induction of immune responses in patients with 

advanced disease argues for combining vaccines and 
inhibitors of immune evasion with other cytotoxic 
therapies. Thus, the antitumor activity of vaccines may 
also be improved if given in combination with immune-
modulating doses of chemotherapy or radiation ther-
apy if given in the correct schedule. Consistent with 
this idea, data in several preclinical models have shown 
synergistic cytotoxic effects from immunotherapy with 
GM-CSF-secreting tumor cells in combination with 
chemotherapy [21, 58, 59]. Similarly, it was recently 
shown in the TRAMP model of prostate cancer that 
combining radiation therapy with a recombinant vac-
cinia viral anti-tumor vaccine provoked a tumoricidal 
immune response when either therapy alone did not 
[60]. Investigations probing the role of antigen spread-
ing and the potential to enhance the immunogenicity 
of tumor vaccines by combination therapy with che-
motherapy and radiation are warranted with vaccines 
like GVAX.

Conclusions, Observations, and Future 
Directions

Get your facts right first, then you can distort them as 
you please

Mark Twain
A number of important conclusions can be drawn 

from the experience with GVAX immunotherapy. First 
GM-CSF tumor vaccines do appear to break immuno-
logic tolerance in men with advanced prostate cancer 
by both DTH assays and induction of new IgGs. 
Second, induction of immune responses to prostate 
cancer is insufficient to confer a large survival advantage 
in men with CRPC when GVAX is used as monother-
apy at the one dose and schedule chosen for the 
VITAL-1 trial. It is unclear if subset analysis of the 
surviving “tail” in VITAL-1 will yield additional infor-
mation on the unique characteristics of these patients 
in terms of their immune response. Certainly, the field 
would benefit from knowing what molecular factors 
underlie the immune response or resistance to treat-
ment. Assessment of the role and expression of inhibitory 
factors including but not limited to CTLA-4, PD1, 
B7-H3, LAG3, and INDO which play a role in defining 
which patients received a survival advantage from 
GVAX would be of great interest. An important 
conclusion from the VITAL-2 trial in GVAX is 
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that patients with far advanced prostate cancer and 
symptomatic bone pain from osseous metastasis are 
unlikely to be excellent candidates for efficacy evalua-
tions of immunotherapy – until real efficacy has been 
demonstrated in other and earlier stages of the disease 
are confirmed. Whether or not the omission of predni-
sone in the GVAX arm of VITAL-2 contributed to the 
observed imbalance in deaths in VITAL-2 is also not 
known. The overall determination of whether GVAX is 
safe or unsafe in this very advanced population is sim-
ply clouded by the withdrawal of prednisone in these 
patients in the GVAX arm of the trial compared to the 
arm of patients that received continuous prednisone.

Translational science has demonstrated that GVAX is 
proof of concept for DC loading. Characterization of 
tumor-associated antigens observed after vaccination with 
GVAX is ongoing. Some of these antibodies may be part 
of the patients’ allogeneic immune response. However, 
some of the IgGs may actually provide evidence that 
antineoplastic immune responses to antitumor antigens 
are adequately induced in patients, but insufficient to 
confer a prolonged survival advantage by themselves. 
Examples of GVAX-induced IgGs include antibodies 
directed against Filamin B and NY-ESO1 antigens.

It has also become abundantly clear that cotargeting 
combinations that permit better effector cell activation 
after vaccine-based immunotherapy is an important 
direction for the entire field. Anti-CTLA-4 antibody in 
combination with GVAX vaccination is being investi-
gated in a Phase I/II trial at the VUMC. What could be 
contemplated – based on the data reviewed above – is 
that an ideal cotargeting strategy for immunotherapy 
of CRPC would be tested in patients with the earliest 
signs of PSA relapse, a lower tumor burden, and excel-
lent performance status to permit long observation 
after treatment. This ideal strategy would consist of 
testing cohorts of patients to assess the correct combi-
nation of anti-CTLA-4, anti-LAG3, indo-1 inhibitor, 
and anti-PD-1 agents and would characterize toxicities 
with these potent combinations. Autoimmune toxicities 
are a great potential concern in these patients, and very 
careful clinical assessments of autoimmune events 
need to be conducted in these patients. However, short 
of well-designed Phase II trials testing these questions, 
it is unlikely that murine models are going to be as 
informative as translational clinical research trials in 
Homo sapiens with advanced prostate cancer.

The murine models that created the molecular 
immunology of prostate cancer have their limitations 

including the patient observation of GVAX-associated 
IgGs that are generated in patients with immune 
responses were not predicted, nor are the tumor-
associated antigens found after GVAX were found in 
any of the preclinical models of prostate cancer. There 
is no substitute for Homo sapiens with prostate cancer 
as subjects of intelligently designed careful immuno-
therapy clinical trials.

Lastly, the experience of VITAL-2 and VITAL-1 
suggest that more Phase II trials with molecular sur-
rogates may be required to better define the right 
patient subsets for clinical benefit – before a large 
Phase III program is begun.

Over 800 prostate cancer patients have been vacci-
nated with GM-CSF gene-transduced prostate cancer 
vaccine cells. Unfortunately molecular data outside of 
academic centers does not exist for the great majority 
of patients now treated. It appears incumbent on inves-
tigators in academic centers, biotechnology, in government, 
and the pharmaceutical industry to work together to 
capture more molecular data in clinical development, 
including Phase III registration, in order to better elicit 
an understanding of treatment benefit when and if it is 
observed. That effort would further extend our under-
standing of the complexities of creating a sustained 
antineoplastic immune response that confers a survival 
advantage for patients.
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Abstract The immune system has demonstrated the 
ability to participate in cancer surveillance, but its role 
in promoting anticancer activity has only begun to be 
harnessed. Advances over the last 10 years have made 
the possibility of immunotherapy for the treatment of 
cancer a more realistic possibility. Prostate cancer is 
an ideal target for immunotherapy given its relatively 
slow growth rate and the time required to generate 
immune responses. This chapter will discuss an anti-
body to cytotoxic T lymphocyte antigen-4 (CTLA-4), 
which can dampen the restraints on T-cell activity to 
incite a T cell response to tumor, resulting in immune-
mediated tumor regression, and the experience with 
this mechanism in treating advanced prostate cancer.

Keywords CTLA-4 • Ipilimumab • CTLA-4 block-
ade • Immunotherapy

Introduction

Successful immunotherapy requires the generation of an 
antigen-specific T cell response. The major components 
of this response are antigen-presenting cells (APCs), such 
as dendritic cells, monocytes and macrophages, and T 
lymphocytes. APCs digest tumor antigens and present 
them on major histocompatibility complex (MHC) 
 molecules. They are then presented to T lymphocytes, 
where two independent signals are required for activation 
[1–3]. The first arises from the interaction between the 
 MHC-bound antigen on the surface of the APC and 

the  corresponding antigen-specific T-cell receptor. The 
second, or costimulatory signal, results from the interac-
tion between B7.1 (CD80) and B7.2 (CD86), which are 
molecules present on the surface of APCs, with the T cell 
receptor CD28. This signal facilitates T-cell activation, 
promotes T-cell proliferation, and induces T-cell differen-
tiation to the effector phenotype.

There is, however, an important mechanism that is 
thought to provide balance to this system by preventing 
too robust an immune response with possible resulting 
autoimmunity. After CD28 on the T-cell binds to the B7 
ligands on the APC, resulting in T-cell activation, 
CTLA-4 (CD152) relocates to the surface of the T-cell 
(Fig. 30.1). CTLA-4 is a homolog of CD28 but binds to 
B7 with 50–200 times the affinity of CD28 [4]. Instead 
of providing a costimulatory signal, it provides an inhib-
itory signal to T cells. This serves to abrogate T-cell acti-
vation. Evidence of the clinical role of CTLA-4 in 
preventing too an robust immune response is provided 
by transgenic mice lacking the CTLA-4 receptor [5, 6]. 
These mice experience severe lymphoproli ferative dis-
orders, which result in multiorgan polyclonal lympho-
cytic infiltrates and death within 1 month. Further 
evidence is provided by the fact that mice that lack not 
only the CTLA-4 receptor but also the CD28 T-cell 
receptor do not experience the lymphoproliferative dis-
order [7]. This suggests that, without the costimulatory 
signal from CD28, there is no need for the inhibitory 
signal that CTLA-4 binding to B7 provides.

Preclinical

The above observations were taken into preclinical 
models for confirmation and exploration of clinical 
utility. It was observed that blockade of the CTLA-4 
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receptor with an antibody promoted the regression of 
solid tumors in mice [8]. C57BL/6 mice were injected 
subcutaneously with tumor cells from TRAMP (trans-
genic adenocarcinoma of mouse prostate), followed by 
administration of an anti-CTLA-4 antibody in a pro-
portion of mice. Nearly all of the mice administered 
anti-CTLA-4 antibody experienced partial or complete 
regression of subcutaneous TRAMP tumors. In addi-
tion, when mice with TRAMP tumors underwent sur-
gical tumor removal, those administered anti-CTLA-4 
antibody had metastatic outgrowth that was decreased 
by approximately 50% [9]. In these preclinical models, 
the only evidence of autoimmunity was the develop-
ment of prostatitis and vitiligo.

Clinical

Given the success with CTLA-4 blockade in preclinical 
models, a fully humanized antibody was developed 
with the goal of using it in human anticancer therapy 
without generating antibodies to the therapy. The antibody 

ipilimumab (Bristol-Myers Squibb, New Jersey) targets 
the CTLA-4 receptor and has undergone extensive 
evaluation in melanoma and prostate cancer. For the 
purpose of this chapter, the discussion will focus on its 
evaluation in prostate cancer.

The first human study was done in 14 patients with 
metastatic castration-resistant prostate cancer (CRPC) 
[10]. Patients had a median age of 70, and a median  
prostate specific antigen (PSA) of 84.6 ng/mL; all 14 
patients had evidence of bone metastases and, an addi-
tional four patients had soft tissue metastases, as well. In 
this study, patients received a single dose of 3 mg/kg of 
ipilimumab. It was well tolerated with a half-life of 
12.5 ± 5.3 days. Two patients experienced PSA declines 
of at least 50%, lasting 60 and 135 days. These two 
patients underwent retreatment with a second dose of 
ipilimumab at the time of PSA progression but neither 
responded again. An additional eight out of 14 treated 
patients had a decline in PSA of <50%. Toxicity was rea-
sonable with one patient experiencing a grade three rash/
pruritis, which responded to systemic corticosteroids. 
This suggested that a single dose of ipilimumab was well 
tolerated and associated with some antitumor activity.

Fig. 30.1 Mechanism of T cell activation. (a) T cell 
activation requires two signals: (1) binding between the 
MHC/antigen/TCR; (2) costimulatory signal between CD28 
and B7. When these signals occur, CTLA-4 is recruited to 
the T-cell surface. (b) CTLA-4 competes with CD28 for 

binding to B7. When CTLA-4 binds to B7, it inactivates 
the T cell, resulting in down-regulation of the T cell 
immune response. (c) CTLA-4 binding to B7 can be blocked 
with a monoclonal antibody to CTLA-4. This results in 
augmented T cell activation
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Combination Therapy

Repetitive doses have also been administered, both as 
monotherapy and in combination with other agents. 
Multiple studies have evaluated whether vaccination 
with tumor cells modified to express granulocyte-mac-
rophage colony-stimulating factor (GM-CSF) can 
improve the effectiveness of CTLA-4 blockade. 
Treatment of TRAMP mice with a vaccine consisting 
of irradiated tumor cells modified to secrete GM-CSF 
resulted in a reduction in tumor incidence 2 months 
after treatment [11]. Treated mice were also found to 
have lower grade tumors with accumulation of inflam-
matory cells in interductal spaces.

GM-CSF is a growth factor for APCs and is able to 
induce PSA declines in patients with CRPC. Results 
from a phase I trial of GM-CSF in combination with 
escalating doses of ipilimumab have been reported 
[12]. GM-CSF was administered 250 mg/m2/day SQ 
on days 1–14 of a 28-day cycle. Ipilimumab was 
administered as doses ranging from 0.5 to 10 mg/kg 
every 4 weeks, originally 4 times and eventually 6 
times per patient. In the highest dose level reported to 
date (3 mg/kg), 50% of patients experienced PSA 
declines of at least 50%, and one patient experienced 
a partial radiographic response in liver metastases. 
Three of the 24 patients treated had grade three 
immune-related toxicities: grade three rash in one 
patient at a dosage of 1.5 mg/kg, grade three rash and 
panhypopituitarism in one patient at 3 mg/kg, and 
grade three colitis in one patient treated at 3 mg/kg. 
There was evidence of a dose–response relationship 
between anti-CTLA-4 antibody dosage and antigen-
specific CD8+ T cells after treatment. In addition, an 
expansion of circulating CD4+ FoxP3+ regulatory 
T cells, which are thought to be immunosuppressive, 
was also seen with treatment. Once the maximum 
tolerated dose has been determined, a phase II 
expansion cohort and a randomized phase II study 
of ipilimumab monotherapy or in combination with 
GM-CSF is planned.

Ipilimumab has also been combined with the pros-
tate cancer vaccine GVAX [13]. GVAX is a prostate 
cancer cell line modified to secrete GM-CSF and irra-
diated. A phase I/II study of GVAX in combination 
with ipilimumab is underway and has been reported. 
During the dose escalation portion of the study, 12 
patients were treated with biweekly intradermal injec-
tions of GVAX and every 4 week doses of ipilimumab 
at a dosage of either 0.3 or 1 or 3 or 5 mg/kg. Median 

follow-up for these 12 patients is 21.2 months, and 
five of six patients treated at 3 or 5 mg/kg experienced 
grade two or three immune-related toxicities, includ-
ing one patient with grade two or three hypophysitis 
and one patient with grade three alveolitis. Late onset 
PSA responses were seen in five patients, with dura-
tions of 6.7, 8.6, 9.5, 13.8 (ongoing), and 23.1 months. 
Four patients had stable disease by bone scan for at 
least 12 months. The expansion cohort consisted of 16 
patients treated at a dosage of 3 mg/kg ipilimumab. 
Six patients have completed treatment; three have 
experienced immune-related toxicities, including one 
with grade one diarrhea, one with grade three adrenal 
insufficiency, and one with grade three hepatitis, 
which resolved with steroids. The median follow-up 
in the six patients who have completed treatment is 
6.5 months; one patient has had a PSA decline of at 
least 50%, and three additional patients have had a 
stable PSA (including one patient with pain relief). 
Tumor-reactive antibodies induced by treatment have 
been identified using serologic analysis and include 
antibodies to filamin B, PSMA, and NY-ESO-1. 
Biopsies of injection sites have revealed evidence 
of T-cell infiltration. These results suggest that the 
use of CTLA-4 blockade in combination with other 
immunostimulatory therapies is promising and well 
tolerated. In addition, they provide proof of principle 
that an antigen-specific immune response can be 
generated.

However, the question arises as to whether there is 
a more effective way to improve antigen presentation 
to augment the immunostimulatory effects of CTLA-4 
blockade. The cytotoxic effects of radiotherapy 
could potentially serve as a means of antigen prim-
ing, improving antigen presentation [14]. Radiation 
has long been known to have the ability to reduce 
tumor growth outside the field of radiation, which is 
known as the abscopal effect [15]. The biology of this 
is poorly understood, but it is thought to generate both 
tumor-specific antigen from dying cells and matura-
tion stimuli necessary for the activation of tumor- 
specific T cells by dendritic cells [16, 17].

This theory was demonstrated in a study of mice with 
a syngeneic mammary carcinoma in both flanks who 
received radiation with or without a dendritic cell growth 
factor, Flt3-Ligand (Flt3-L) [17]. One tumor was irradi-
ated and the effect on the other tumor was recorded. In 
mice who received radiation alone, the growth of the 
nonirradiated tumor was not impaired, while in mice who 
received Flt3-L, in addition to radiation, growth of the 
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nonirradiated tumor was impaired. Growth of the nonir-
radiated tumor was not impaired in mice who received 
Flt3-L without radiation, suggesting radiation has the 
potential for additional benefit when combined with 
other agents. The dose of radiation (either two or six 
Gray) did not affect the results in this study. The effects 
were also noted to be tumor-specific; treatment with 
Flt-3 and radiation did not affect a second tumor of a 
different type. Demaria et al. have also shown that the 
combination of external beam radiation therapy (EBRT) 
and CTLA-4 blockade can be synergistic for inducing 
tumor responses in a murine model of an implantable 
breast cancer tumor line [17].

Based on the above results, a clinical trial for pre- 
and postchemotherapy patients with metastatic CRPC 
was launched, in which patients were treated with esca-
lating doses of ipilimumab every 3 weeks for four doses 
at levels of 3, 5, and 10 mg/kg [18]. After the 10 mg/kg 
cohort was completed, a single fraction of radiation to 
up to three bony sites of disease was given within 
24–48 h prior to initiating the first dose of ipilimumab. 
The primary endpoint was safety. Results for the first 
26 patients have been reported to date, including eight, 
six, and six patients treated at the 3, 5, and 10 mg/kg 
dose levels, respectively, and six patients treated in the 
first radiation cohort. Nine patients experienced grade 
three or four immune-related toxicities, including diar-
rhea/colitis in six, hepatitis in two, and rash in one. 
Toxicities were responsive to immunosuppression. One 
patient died of opportunistic infections after 3 months 
of immunosuppression for colitis. Six patients (23%) 
experienced a PSA decline of at least 50% with a 
median duration of 140 days and a range from 49 to 
over 269 days. The median time for onset of response 
was 84 days with a range from 41 to 147, underscoring 
the need to allow for prolonged period until response is 
observed in studies of this agent. One of seven patients 
with measurable disease had a partial response in nodal 
metastases and the prostate and achieved an undetect-
able PSA after treatment with 10 mg/kg. All patients 
who experienced responses also experienced immune-
related toxicities. Phase III evaluation of ipilimumab in 
combination with radiation is underway.

Toxicity (and Response)

Immune-related toxicities have been termed immune-
related adverse events (IRAEs) and are thought to result 

from exuberant activity of the immune system causing 
self-directed immune activity. In melanoma, these 
events have been demonstrated to correlate with tumor 
regression [19]. Attia et al. evaluated 56 patients with 
metastatic melanoma, 29 of whom were treated with 
ipilimumab 3 mg/kg every 3 weeks and 27 of whom 
were treated with ipilimumab 3 mg/kg initially followed 
by 2 mg/kg every 3 weeks. All the patients also received 
vaccination with two modified HLA-A*0201-restricted 
peptides from the gp100 melanoma-associated antigen, 
gp100:209–217(210 M) and gp100:280–288(288 V). 
Two patients had complete responses, which were ongo-
ing at the time of report at 30 and 31 months and five 
patients had partial responses, lasting four, six, and 
ongoing at 25, 26, and 34 months. The overall objective 
response rate for the cohort was 13%. Fourteen patients 
experienced grade three or four IRAEs. Five (36%) out 
of the 14 patients who experienced these toxicities had a 
clinical response, compared to only two (5%) responses 
in the 42 patients without autoimmune toxicity 
(P = 0.008). This correlation demonstrates a relationship 
between IRAEs and activity in melanoma. A similar 
relationship in prostate cancer has not been definitively 
demonstrated but is hypothesized to exist, as well.

The mechanism for these toxicities has been demon-
strated to be immune in nature with colonoscopies 
performed on patients with enterocolitis demonstrating 
increases in intraepithelial lymphocytes, increases 
in CD3 and CD8 T-cell markers, as well as increases 
in CD3+ CD4+ lymphocytes and eosinophils 
[19]. Similarly, biopsy of areas involved by dermatitis 
revealed papillary dermal edema, at times with pervas-
cular lymphocytic infiltrates, which was CD3+ CD8+ 
and CD3+ CD4+. Liver biopsy revealed acute hepatitis 
with a predominantly lymphocytic infiltrate in a lobular 
pattern of inflammation and predominantly CD4+ cells 
in the periportal regions and CD8+ cells in the hepatic 
lobules. Most of the noncancer-bearing organs targeted 
by T cells for the toxicities observed (colon, duodenum, 
liver, eye, and pituitary) do not express the gp100 anti-
gen, suggesting that the autoimmunity was not a result 
of the peptide vaccination, but rather the result of bro-
ken self-tolerance induced by CTLA-4 blockade.

Future Directions

Recently, immunogenic prostate tumor antigens identi-
fied by CTLA-4 blockade have been reported. Using the 
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TRAMP model, CTLA-4 in vivo blockade was adminis-
tered in combination with a GM-CSF expressing 
TRAMP-C2 cell vaccine to generate an anti-TRAMP 
tumor response in nontransgenic, syngeneic C57BL/6 
mice [20]. Tumor-specific T cells were isolated, and 
the first T-cell-defined TRAMP tumor antigen was expres-
sion cloned. It has been named Spas-1 (stimulator of pro-
static adenocarcinoma-specific T cells-1), and its 
expression is found to be increased in advanced primary 
TRAMP tumors. Immunization with dendritic cells 
pulsed with a peptide containing its immunodominant 
epitope SNC9-Ha resulted in protection against 
TRAMP-C2 tumor challenge, suggesting that this is a 
potentially attractive target antigen for the development 
of antigen-targeted immunotherapies, likely in combina-
tion with CTLA-4 directed therapy. SPAS-1 has a human 
ortholog known as SH3GLB2, which is known to be immu-
nogenic in humans in vitro. The future for CTLA-4 blockade 
is likely to be in combination with other agents, such as 
vaccination with a SH3GLB2 containing peptide, with 
the hope of generating a more specific response.

In addition, CTLA-4 blockade will likely be com-
bined with therapies that attempt to uncouple antitumor 
activity from toxicity. CD4+ regulatory T cells (Tregs) 
are a naturally occurring subpopulation of T cells with 
immunosuppressive function. Tregs prevent autoimmu-
nity but can also inhibit rejection of transplants, regu-
late the immune response to infectious diseases, and 
suppress antitumor responses. Although present in 
mice and humans, at approximately 3–10% of all CD4+ 
T cells, Tregs have been shown to accumulate in blood 
and tumor sites in murine cancer models and cancer 
patients. The presence of Tregs within tumors has been 
shown to be inversely correlated with survival in ovar-
ian cancer patients [21]. Treg depletion can induce 
tumor rejection in some murine tumor models [22]. 
The addition of Treg depletion to treatment with CTLA4 
blockade can enhance antitumor immunity in mouse 
models [23]. Treatment with anti-CTLA4 antibody has 
been demonstrated to expand Tregs in vivo in prostate 
cancer patients. Depletion of Tregs may therefore 
enhance the antitumor immune responses induced with 
CTLA4 blockade in cancer patients.

Naturally occurring Tregs constitutively express 
CD25, a component of the high-affinity IL2 receptor, 
on their cell surface. Denileukin diftitox (Ontak, 
Ligand Pharmaceuticals) is an IL2-fusion toxin that is 
FDA-approved for use in treatment of cutaneous T-cell 
Lymphoma (CTCL), an IL2 receptor-expressing 
malignancy. Denileukin diftitox has been shown to 

reduce Tregs in tissue culture and in vivo in renal cell 
and ovarian cancer patients [24, 25]. Similarly, metro-
nomic chemotherapy, specifically, oral cyclophosph-
amide, has demonstrated the ability to deplete Tregs in 
advanced cancer patients [26]. A better understanding 
of the role of Tregs and the utilization of methods to 
deplete them may make use of CTLA-4 blockade, a 
more realistic clinical possibility.

There have been recent strides in understanding the 
role of Tregs with the demonstration that anti-CTLA-4 
antibody does not deplete human regulatory T cells 
in vivo; instead, it may mediate its effects through the 
activation of effector T cells [27]. Tregs constitutively 
express higher levels of CTLA-4 that translocate to the 
cell surface than effector T cells, and therefore, they 
may be more strongly regulated by the inhibitor effects 
of CTLA-4 than effector T cells. Lower antibody doses 
may actually result in the expansion of regulatory  
T cells, with expansion of effector T cells only at a 
higher threshold antibody dosage. This may make it 
possible to modulate the immune response to CTLA-4 
blockade in the future using antibody dosage.

Conclusions

Much remains to be learned about the role of the 
immune system in cancer treatment and what stage of 
disease is the best place for application for these agents. 
In addition, the clinical trials community is learning 
how to design trials around immunologic agents, which 
may require additional time to demonstrate responses. 
Advances are being made in many of these issues, and 
if the toxicity of CTLA-4 blockade can be managed 
without compromising efficacy, the potential of 
CTLA-4 blockade for anticancer therapy is likely to be 
harnessed for clinical benefit.
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Abstract Carcinogenesis is the multistep process by 
which normal cells undergo malignant transformation. 
The clinical expression of cancer may be prevented 
or delayed either by risk factor modification, such as 
quitting smoking, or by the administration of drugs 
to prevent or delay the clinical expression of the 
malignant phenotype. This chapter focuses on the lat-
ter approach, often referred to as “chemoprevention.” 
Specifically, it addresses the two key issues distin-
guishing cancer prevention from cancer treatment 
agent development: selection of study endpoints and 
patient cohorts. In addition, a comprehensive update 
is provided of recently completed and ongoing 
phase 1, 2, and 3 prostate cancer prevention clinical 
trials conducted under the auspices of the Division of 
Cancer Prevention, NCI.

Keywords Chemoprevention • Agent development  
• Study endpoints • Patient cohorts • PCPT • SELECT 
• REDUCE

Abbreviations

8-OH-dG   8-Hydroxydeoxyguanosine is a marker of 
oxidative DNA damage

AR Androgen receptor
Bax A proapoptotic gene
Bcl-2 An anti-apoptotic proto-oncogene
Caspase-3  Caspases are critical effectors of apoptosis
cd31  Membrane protein cell–cell interactions, 

adhesion

CDC6 Cell division cycle 6 protein
CgA  Chromogranin A may be useful in estab-

lishing a prostate cancer diagnosis, deter-
mining prognosis, and predicting response 
to treatment

COX Cyclooxygenase
DFMO a-Difluoromethylornithine
DHCR24  Also known as seladin-1 is an anti-apoptotic 

protein
DHT Dihydrotestosterone
DIM 3,3¢-Di-indolylmethane
DNA Deoxyribonucleic acid
E Estradiol
ELISA Enzyme-linked immunosorbent assay
HGPIN  High-grade prostatic intraepithelial neoplasia
IGF Insulin-like growth factor
IGFBP3 Insulin-like growth factor binding protein 3
IHC Immunohistochemistry
Ki-67 A marker of cellular proliferation
KLK2  Kallikrein-related peptidase 2 serum lev-

els of human kallikrein increase with pro-
gression from benign prostate epithelium 
to primary cancer and metastatic disease

M30 A marker of apoptosis
MIB-1  A monoclonal antibody that detects the 

Ki-67 antigen
MMP Matrix metalloproteinase
mRNA Messenger ribonucleic acid
NF-kB Nuclear factor-kappa B
ODD Oxidative DNA damage
p21 A cyclin-dependent kinase cell cycle control
p27  A cyclin-dependent kinase inhibitor cell 

cycle control
P53 A tumor suppressor gene
Par-4 Protease activated receptor 4
PCNA Proliferating cell nuclear antigen
PG Prostaglandin
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PIN Prostatic intraepithelial neoplasia
PPE Polyphenon E
PSA Prostate-specific antigen
PSAV Prostate-specific antigen velocity
PTEN A tumor suppressor gene
qRT-PCR  Reverse transcriptase-polymerase chain 

reaction
Se Selenium
Se-met Selenomethionine
SHBG Sex hormone binding globulin
T Testosterone
TGF-b Transforming growth factor-beta 2
TUNEL  Terminal deoxynucleotidyl transferase 

(TdT)-mediated dUTP nick-end labeling
VEGF Vascular endothelial growth factor

Introduction

Carcinogenesis

Carcinogenesis is the multistep process by which nor-
mal cells undergo malignant transformation. It is char-
acterized by genetic and epigenetic alterations that 
disrupt the regulatory pathways controlling cell growth, 
apoptosis, and differentiation [1–3]. The observation 
that premalignant, noninvasive lesions often precede 
invasive carcinoma by decades suggests the possibility 
of intervening before the malignant phenotype is estab-
lished [4, 5]. This may be achieved by modifying 
behaviors, for example, smoking cessation, or through 
“chemoprevention,” the administration of natural or 
synthetic agents to reverse, inhibit, slow, or prevent the 
development of cancer [6].

Chemoprevention

Despite the advances in the treatment and the wide-
spread adoption of PSA screening, prostate cancer 
remains the second leading cause of cancer death in the 
US males. Although screening clearly improves pros-
tate cancer survival, which is subject to substantial lead-
time and length bias, its impact on prostate cancer 
mortality is not known. This critical issue is the subject 
of two randomized, controlled clinical trials, and the 
results of which are eagerly anticipated. Even if shown 

to reduce prostate cancer mortality, population screening 
for prostate cancer will be associated with treatment-
related morbidity as well as substantial financial costs. 
Given the inherent risks of screening, the nonmodifiable 
nature of the major prostate cancer risk factors (age, 
race, and family history), the difficulty of determining 
which cancers require treatment and the long natural 
history of this disease, prevention may be the best strat-
egy to reduce the burden of prostate cancer.

Prostate Cancer Prevention Clinical 
Trials

Chemoprevention Agent Development

As the target population for cancer prevention drug 
therapy does not have overt disease and would likely 
require an extended period of treatment, chemopreven-
tion agents must meet a very high standard with regard 
to toxicity, convenience, and cost. It is, therefore, not 
surprising that the majority of agents currently being 
studied for this purpose are bioactive dietary didid 
components. Examples include soy, lycopene, vitamins 
D and E, green tea catechins, and 3,3'-diindolyomethane 
(DIM). Supporting evidence for these and other agents 
has come from epidemiological observations, clinical 
trials, and experimental animal models [7].

Trial Endpoints

Chemoprevention agent development poses a number 
of challenges not faced in cancer treatment drug devel-
opment. The major issues in this regard are the identi-
fication of study cohorts and the selection of endpoints. 
Given the long natural history of prostate cancer, one 
must rely upon intermediate endpoints, for example, 
biomarkers of response, to obtain preliminary evidence 
of efficacy [8]. The major categories of biomarkers 
include histopathologic markers (e.g., high-grade pro-
static intraepithelial neoplasia or HGPIN), tissue-based 
markers of proliferation and apoptosis (Ki-67 and 
TUNEL assays, respectively), and serum markers (e.g., 
PSA) [9]. The reliance on intermediate endpoints 
requires that studies be well controlled, preferably 
placebo-controlled, as comparisons of intermediate 
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endpoints before and after an uncontrolled intervention 
can be difficult to interpret.

Study Cohorts

Although appropriate cohorts for cancer treatment trials 
are readily defined, identifying cohorts for prostate can-
cer prevention studies poses a challenge. Even though 
the obvious answer would seem to be individuals who 
are at high risk of developing prostate cancer, the fact 
remains that all men are at substantial risk of this  disease. 

Given the importance of tissue-based intermediate 
 endpoint biomarkers in the evaluation of putative cancer 
prevention agents, the ideal candidate for a prostate can-
cer chemoprevention trial is a man in whom prostate 
tissue will be obtained during the course of standard 
management. Examples include men with (1) HGPIN, 
(2) a positive family history, (3) an elevated PSA with a 
negative biopsy, (4) prostate cancer being followed with 
“watchful waiting” (more properly referred to as “active 
surveillance”), and (5) men with prostate cancer sched-
uled for surgery, i.e., preprostatectomy cohort. The NCI 
is currently supporting prostate cancer chemopreven-
tion studies in each of these cohorts (Table 31.1).

Table 31.1 Completed phase II chemoprevention trials: selected results NCI-sponsored prostate cancer prevention trials

Study  
design Cohort Agent Endpoints

Sample  
size Status

Phase II,  
placebo  
control

Preprostatectomy Lycopene (30 or 60 mg)
6 weeks

Tissue, serum lycopene 
levels

DHT, T, PSA
Ki-67, TUNEL

8/75 Ongoing [15]

Phase II,  
placebo  
control

Watchful waiting Lycopene (30 mg) vs.  
Omega-3 fatty acids  
(1 g)

3 months

Gene expression
IGF-1, COX-2
Clinical progression

85/180 Ongoing [16]

Phase II,  
placebo  
control

Watchful waiting Isoflavones (80 mg)
3 months

Isoflavone levels,  
PSA

T, E, SHBG

53/148 Study completed:  
No effect on PSA, 
T, E, or SHBG [17]

Phase II,  
placebo  
control

High-risk,  
postradical 
prostatectomy

Soy protein 20 g (24 mg 
genistein and 40 mg  
total isoflavones)

24 months

Two year PSA  
failure rate

Time to PSA failure

161/284 Ongoing [18]

Phase II,  
placebo  
control

Preprostatectomy Genistein (150, 300,  
600 mg)

2–6 weeks

Oxidative stress  
(ODD)

Plasma, tissue levels

34/80 Study completed: 
Preliminary results 
– no change in 
oxidative stress 
biomarkers; 
paradoxical increase 
in IGF-1 in 600 mg 
group; increase in 
plasma and tissue 
genistein levels in 
treated patients [19]

Phase II,  
placebo  
control

Preprostatectomy Genistein (2 mg/kg/day)
1–2 months

Morphology (adhesion)
Gene expression
PSA, T, PCNA, apoptotic 

index

37/80 Accrual completed: 
Preliminary results 
– altered expression 
of motility genes 
[20]

Phase III,  
placebo  
control

Elevated PSA/ 
negative biopsy

Se-yeast (200, 400 mg)
Up to 57 months

Prostate cancer
PSAV
Prostate cancer progression: 

alkaline phosphatase, 
CgA

612/700 Accrual completed: 
Analysis pending 
[21]

(continued)
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Study  
design Cohort Agent Endpoints

Sample  
size Status

Phase II,  
placebo  
control

Watchful waiting Se-yeast (200, 800 mg*)
Average duration  

45 months
*800 arm dropped in  

2000 due to toxicity

PSAV, prostate cancer 
progression: alkaline 
phosphatase, CgA

Bcl-2, Ki-67, thioredoxin 
reductase, glutathione 
peroxidase

159/220 Accrual completed: 
Analysis pending 
[21]

Phase II,  
placebo  
control

Healthy men Se-yeast
(240, 350 mg)
Se-met (200 mg)
9 months

Plasma & urine selenium 
concentration

DHT, T, PSA

0/300 Ongoing [22]

Phase II,  
placebo  
control

Preprostatectomy  
or prebrachy-
therapy

Se-met (400 mg)
8–9 weeks

Androgen receptor (AR) 
gene expression in 
prostate tissue

Expression of AR related 
genes, e.g., PSA, KLK2, 
CDC6, DHCR24

0/70 Ongoing [23]

Phase II, placebo 
control

Preprostatectomy Se-met (400 mg),  
Finasteride (5 mg)

8–9 weeks

PSA gene expression-
TUNEL, caspase-3, 
ELISA

0/164 Ongoing [24]

Phase II, placebo 
control

Preprostatectomy Se-met (200 mg)
14–31 days

Prostate selenium 
concentration

Serum & seminal vesicle 
selenium levels; PSA 
levels

68/68 Study completed: 22% 
increase in prostate 
selenium concentra-
tion [25]

Phase III, placebo 
control

HGPIN Se-met (200 mg)
3 years

Prostate cancer incidence-
TUNEL, Ki-67

440/465 Accrual completed: 
Analysis pending 
[23]

Phase II, 2 × 2 
placebo  
control

Preprostatectomy Se-met (200 g),  
vitamin E (400 mg)

3–6 weeks

FeasibilityKi-67, NFkB, 
COX-2, p53

Tissue selenium levels

48/48 Accrual competed: 
Analysis pending 
[26]

Phase III, 
2 × 2 × 2 × 2, 
placebo  
control

US male  
physicians

Vitamin E (400 mg),  
vitamin C (500 mg), 
multivitamin  
(Centrum Silver)

10 years

Total cancer risk; vascular 
events

Prostate, colon cancer risk; 
myocardial infarction, 
cerebrovascular 
accident; macular 
degeneration; cognitive 
function

14,641 Ongoing: Vitamin E 
and vitamin C arms 
closed;

multivitamin arm 
ongoing [27]

Phase I,  
placebo  
control

Preprostatectomy Green Tea Catechins  
(800 mg PPE)

3–6 weeks

Tissue catechin levles
Clusterin, MMPs, IGFs, 

8-0H-dG

18/50 Ongoing [21]

Phase II, placebo 
Control

HGPIN Green Tea Catechins  
(400 mg PPE)

12 months

Compliance, toxicity, 
quality of life

Prostate Cancer
NFkB, Ki-67, TUNEL

1/240 Ongoing [17]

Phase Ib, placebo 
control

Preprostatectomy DIM (100, 200 mg)
3–4 weeks

Tissue DIM levels
T, PSA, IGFs, AR 

localization Ki-67, 
TUNEL, caspase-3

45/45 Accrual completed: 
Analysis pending 
[28]

Phase II, placebo 
control

Preprostatectomy Hecterol (10 mg)
4–6 weeks

Nuclear morphology
HGPIN
TUNEL, VEGF, IGFs

31/60 Study completed: 
Preliminary results 
– decrease in 
HGPIN; decrease 
TGF-b; increase 
IGFBP3 [29]

Table 31.1 (continued)

(continued)
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Study  
design Cohort Agent Endpoints

Sample  
size Status

Phase II, historical 
and concurrent 
controls

Preprostatectomy Sulindac sulfone  
(375 mg QD)

4 weeks

Apoptosis markers: bcl-2, 
Bax, Par-4, M30, 
TUNEL, PTEN

PSA, HGPIN, MIB-1,  
DNA ploidy

105/130 Study completed: 
Prelminiary results 
– no differences in 
markers of 
apoptosis [30]

Phase II  
placebo  
control

Preprostatectomy Celecoxib (400 mg  
b.i.d.)

4–6 weeks

Tissue PG levels
COX-2, mRNA  

expression, DNA 
oxidation, p27, p21, 
PCNA, and Ki-67,  
PSA

64/65 Study completed: 
Preliminary results 
– no observed 
effects on PG, 
COX-2, and 
oxidized DNA base 
levels [31]

Phase III,  
placebo  
control

“PCPT”  
(Prostate 
Cancer 
Prevention 
Trial: primary 
prevention)

Age > 55
PSA < 3
Digital rectal  

exam – within 
normal limits

Finasteride (5 mg/day)
7 years

7-Year period prevalence  
of prostate cancer

Gleason Score, other 
cancers, toxicity

18,882 Study completed: 
Results – 24.8% 
decrease in 7-year 
period prevalence of 
prostate cancer [32]

Phase II, placebo 
control

Preprostatectomy Finasteride (5 mg/day)
4–6 weeks

Effect of finasteride on  
IHC markers  
associated with 
high-grade

Gleason Score

95/200 Ongoing [26]

Phase II, placebo 
control

Positive family 
history with 
negative  
biopsy

DFMO (500 mg QD)
1 year

Prostate polyamines levels 
(putrescine, spermine 
and spermadine),  
PSA

81/100 Study Completed: 
Results – significant 
change only in 
putrescine levels 
[33]

Phase II, placebo 
control

Preprostatectomy Toremifene (40 mg QD)
3–6 weeks

HGPIN Index
bcl-2, Ki-67, cd31
DHT, T, PSA, E

52/78 Study completed: 
Preliminary results 
– no effect on either 
HGPIN or 
biomarkers [34]

Table 31.1 (continued)

HGPIN Cohort

In the late 1990s, several small studies supported the posi-
tion that the presence of HGPIN in a prostate biopsy was 
associated with an increased risk of cancer (as much as 
40–50%) and that patients with HGPIN required close 
surveillance (follow-up and repeat biopsies). For exam-
ple, in a study from Johns Hopkins, repeat biopsies iden-
tified cancer in 32.2% of 245 men with a prior diagnosis 
of HGPIN. The number of cores with high-grade PIN 
proved to be the only independent predictor of a cancer 
diagnosis: 30.2% with 1 or 2 cores, 40% with 3 cores, and 
75% with >3 cores [10]. The more intensive follow-up 
and biopsy regimen suggested for an HGPIN diagnosis 
made this group of patients the potential  candidates for 

chemoprevention studies. Indeed, a few NCI-sponsored 
chemoprevention studies using this cohort were started 
during this time period and some are still underway 
including a phase 3, placebo-controlled trial of selenom-
ethionine and a phase 2 study of polyphenon E. In recent 
years, however, larger, better-controlled studies have pro-
vided data showing that the subsequent risk of prostate 
cancer is not as great as originally observed and the stan-
dard of care is changing [11]. In fact, recent studies have 
shown that the cumulative risk of the detection of carci-
noma on serial follow-up biopsies did not differ signifi-
cantly between those with an initial diagnosis of HGPIN 
on biopsy compared with a control group, prompting 
reconsideration of repeat biopsy strategies for HGPIN 
patients [12].
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Positive Family History Cohort

Epidemiological studies indicate that dominantly inher-
ited susceptibility genes with high penetrance may cause 
as much as 5–10% of all prostate cancer cases, and as 
much as 30–40% of early onset disease [13]. Having a 
brother with prostate cancer may confer a greater risk 
than a father [14], possibly because the gene for the 
androgen receptor is located on the X-chromosome. The 
NCI is not currently sponsoring any chemoprevention 
trials in men with a positive family history.

Elevated PSA, Negative Biopsy Cohort

Men with an elevated PSA and a negative biopsy rep-
resent another potentially useful cohort for chemopre-
vention agent development. Although the absolute risk 
of finding prostate cancer on a subsequent biopsy is 
dependent upon the number of biopsy cores that have 
previously been examined, most men in this category 
will undergo repeat biopsies making them good candi-
dates for clinical trials addressing intermediate bio-
marker endpoints. The NCI is currently sponsoring 
trials of high selenium yeast and soy in this cohort.

Active Surveillance Cohort

Since men with prostate cancer being followed with 
active surveillance (previously referred to as “watchful 
waiting”) are routinely recommended to follow-up biop-
sies to monitor their disease status, these men represent 
another informative cohort for chemoprevention agent 
development. This group also provides an important 
population in whom to evaluate the usefulness of genom-
ics and proteomics to predict the natural history of this 
heterogeneous disease. The NCI is currently sponsoring 
trials of high-selenium yeast, as well as lycopene and 
omega-3 fatty acids in this cohort.

Preprostatectomy Cohort

Men with localized prostate cancer planning to undergo 
definitive surgery represent another highly informative 
cohort. Study agents are generally administered for 
3–6 weeks in this model, the period of time between 
the diagnostic biopsy and prostatectomy. Despite the 
short duration of drug exposure, valuable information 

can be obtained regarding the effect of the study drug 
on intermediate endpoint biomarkers and distribution 
of the candidate agent in prostate tissue, since the 
entire gland will become available at the time of sur-
gery. As shown in Table 31.1, most of the drugs cur-
rently in phase 2 testing in the NCI prostate cancer 
chemoprevention agent development program are 
being evaluated in this cohort.

Chemoprevention Clinical Trial Program

The Prostate and Urologic Cancers Research Group in 
the Division of Cancer Prevention, NCI has sponsored 
a number of Phase I, II, and III chemoprevention trials 
that are completed or currently underway. A complete 
list of these trials is included in Table 31.1.

Five NCI-sponsored phase II prostate chemopre-
vention trials that were initiated in 2001–2003 have 
been completed and their data have been analyzed. All 
five trials employed the presurgical study design where 
men with localized prostate cancer are enrolled and the 
study agent is administered for the 3–6 weeks between 
diagnostic biopsy and radical prostatectomy. The pri-
mary endpoint is generally the bioavailability of the 
study agent in prostate tissue removed at prostatec-
tomy. In addition, the study agent’s effect on a variety 
of other intermediate biomarker endpoints can be stud-
ied. These usually include general measures of cell 
proliferation and apoptosis as well as molecular path-
way-specific targets in prostate tissue.

The five completed trials examined the prostate tis-
sue bioavailability and biomarker modulation for cele-
coxib, toremifene, 1-a hydroxyvitamin D2, exisulind, 
and genistein. Three of the five trials employed a ran-
domized design with a placebo control group. Of the 
two studies without a placebo group, one study, the 
1-a-hydroxyvitamin D2 trial, used a control group 
randomized to observation only, while the other, the 
exisulind trial, attempted a unique design using con-
current and historical untreated controls as the com-
parison group. Only one of the five trials, the celecoxib 
study, reached its full accrual goal. Hence, findings 
from the other four are difficult to interpret because of 
their small sample size and consequent low statistical 
power to detect the differences.

The celecoxib trial was conducted at the Sidney 
Kimmel Comprehensive Cancer Center at Johns 
Hopkins. This was a randomized, placebo controlled 
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trial of celecoxib in men prior to receiving prostatec-
tomy for clinically localized prostate cancer [31]. Sixty-
four men were randomized to either celecoxib 400 mg 
twice daily or placebo for 4–6 weeks prior to prostatec-
tomy. The primary endpoint was the modulation of 
prostate tissue prostaglandin (PG) levels by celecoxib. 
The investigators also examined fresh frozen prostate 
tissue levels of COX1 and COX2 mRNA as well as the 
presence of oxidized DNA bases. Paraffin-based, form-
alin-fixed tissue slides were used to examine celecoxib 
effects on markers of proliferation, apoptosis, and angio-
genesis. Age, baseline PSA, race, and Gleason score 
were comparable across intervention groups, and the 
treatment regimen was well tolerated with no serious 
adverse events. However, despite achieving measurable 
prostate tissue levels of celecoxib in the intervention 
group, no significant treatment effects on PG levels, 
COX mRNA levels, or oxidized DNA base levels were 
observed. The investigators concluded they could not 
recommend further studies of celecoxib at 400 mg twice 
daily as a prostate cancer chemopreventive agent.

The four remaining Prostate Phase II Chemo-
prevention trials enrolled 34–71% of their requisite 
 sample sizes. As such, low statistical power may have 
contributed to the lack of significant treatment effects 
reported by these trials. However, some findings suggest 
that with a larger study sample and, perhaps, with longer 
exposure time, a few of these agents may have promise. 
For example, in a study conducted at the University of 
Wisconsin using a synthetic analog of vitamin D, 1-a 
hydroxyvitamin D2, investigators found a lower percent-
age of patients with HGPIN in the synthetic vitamin D 
group after 1 month of intervention (23 vs. 50%, p = 0.15). 
They also noted that patients in the vitamin D group 
exhibited consistent treatment group differences in the 
circulating plasma levels of two proteins that have been 
implicated in prostate cancer growth: lower levels of the 
growth factor, TGF-b2 (p = 0.07), and higher levels of a 
growth factor binding protein, IGFBP3 (p = 0.04).

Investigators at the Mayo Clinic conducted a trial to 
evaluate the effect of exisulind (a sulfone derivative of 
sulindac that has been developed as a proapoptotic agent 
for use in oncology) on molecular markers of apoptosis 
including bcl-2, Bax, Par-4, caspase-3, and PTEN. The 
trial employed an unusual design in that the trial was not 
randomized or placebo controlled. Administration of 
exisulind was begun 4 weeks before prostatectomy in 
enrolled patients. Pre-prostatectomy (i.e. base line 
biopsy) and post-prostatectomy levels of tissue bio-
markers of apoptosis in treated patients (n = 44) were 

then compared with untreated prospective (n = 33) and 
historical (n = 24) controls selected from the same clinic 
population. After 4 weeks of intervention, no differ-
ences in the apoptosis markers chosen were observed. 
This study illustrates the importance of the randomized 
design, especially in clinical trials of modest size. For 
example, large group differences in Gleason scores for 
both biopsies and radical prostatectomy tissue were 
observed, perhaps due to differences in the time periods 
when cases were enrolled and controls were selected,. 
Only 28% of the combined prospective and historical 
controls had a Gleason score of 7 or greater on diagnos-
tic biopsy compared with 48% of those in the exisulind 
group. This difference persisted in the prostatectomy 
specimens with 43% of controls having a Gleason score 
of 7 or greater compared with 61% of the exisulind 
group. These group differences in prostate cancer 
pathology may have contributed to the null findings 
regarding apoptosis.

The great advantage of the preprostatectomy study 
design employed in the trials described above is that 
the entire prostate gland can be examined following its 
surgical removal. This is a critical step in assessing a 
potential chemopreventive agent’s bioavailability in 
prostatic tissue and its ability to modify important drug 
or disease specific molecular pathways. Two major 
drawbacks of this design are the relatively short dura-
tion of exposure to the agent and that the intervention 
is given to a patient who already has prostate cancer. 
Nevertheless, the presurgical model will continue to be 
an important early step in the clinical evaluation and 
development of chemoprevention agents.

Phase III Prostate Cancer 
Chemoprevention Trials

The Prostate Cancer Prevention Trial

Overview

Dihydrotestosterone (DHT) is the principal androgen 
supporting both benign and malignant prostate tissue 
and is an important molecular target for the chemopre-
vention of prostate cancer [35, 36]. Testosterone (T) is 
reduced to DHT by the 5-alpha-reductase enzymes [37]. 
Rennie et al. postulated the existence of at least two iso-
forms of this enzyme over two decades ago, based on 
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their observation that 5-alpha reductase isolated from 
the stromal and epithelial compartments differed with 
regard to activity level (V

max
) and sensitivity (K

i
) to 

5-alpha reductase inhibitors [38]. It was subsequently 
determined that the stromal isoenzyme (type 2) is the 
predominant form in benign prostatic hyperplasia, 
whereas both the stromal and epithelial (type 1) iso-
forms are present in localized prostate cancer [35, 39].
The Prostate Cancer Prevention Trial (PCPT) was the 
first large-scale, PCPT completed in the US. This phase 
III, placebo-controlled clinical trial evaluated finas-
teride, a selective inhibitor of the type 2 isoform of 
5-alpha reductase, for the prevention of prostate cancer 
in healthy men. Between 1993 and 1996, the PCPT 
recruited 18,882 men aged 55 and older with a PSA of 
£3 ng/mL and a normal digital rectal examination 
(DRE). Study participants were randomized to receive 
5 mg of finasteride or a matching placebo daily for 
7 years and were followed with yearly PSA tests and 
DREs. Prostate biopsies were recommended for a PSA 
greater than 4.0 ng/mL or an abnormal DRE. Given that 
finasteride reduces serum PSA levels by about 50%, 
adjusted PSA values were reported to participants and 
their physicians to preserve the blind and to equalize 
the number of biopsies performed on the two study 
arms. In addition, all cancer-free men were asked to 
undergo an “end-of-study” prostate biopsy after 7 years 
on-study to reduce biases in prostate cancer detection 
that could have been introduced by the effects of finas-
teride on PSA and gland size. The primary study end-
point was the 7-year period prevalence of prostate 
cancer, a composite of incident cancers diagnosed “for-
cause,” i.e., elevated PSAs or abnormal DRE and prev-
alent cancers found at “end-of-study” biopsies. The 
PCPT was not designed to assess the effect of finas-
teride on prostate cancer mortality; it was neither large 
enough nor of sufficiently long duration [32].

Results

In February 2003, 15 months ahead of schedule, an 
independent Data and Safety Monitoring Committee 
(DSMC) charged with oversight of this clinical trial 
determined that the primary study endpoint had been 
reached: finasteride significantly reduced the risk of 
prostate cancer from 24.4 to 18.4% (p < 0.001). 
Significant reductions were seen for incident as well as 
prevalent cancers, and the magnitude of risk reduction 

was similar for all risk groups based on age, race/
ethnicity, family history, and entry PSA. In accordance 
with the DSMC recommendations, the trial was termi-
nated, participants were unblinded, and the results 
were submitted for publication [32].

Adverse Events

Finasteride was well tolerated despite increases in hor-
mone-related side effects such as erectile dysfunction, 
reduced ejaculate volume, loss of libido, and gyneco-
mastia. In addition, men on the finasteride arm were 
more likely to temporarily discontinue study drug. A 
quality of life analysis reported by Moinpore et al., 
using the Sexual Activity Scale found that the effects 
of finasteride on sexual function, while statistically 
significant, were clinically minimal (an increase of 
3.21 points out of 100 or about half the intraindividual 
variation) and decreased with time [40]. As expected, 
men on finasteride had fewer urinary complaints. 
Significant reductions were reported in benign pros-
tatic hyperplasia, prostatitis, urinary retention, and 
transurethral prostate resections (TURPs) [32].

Does Finasteride Make the Grade?

Despite a clear benefit with regard to the primary study 
endpoint, finasteride was associated with a statistically 
significant increase in high-grade (HG) cancer. Overall, 
6.4% of men on finasteride vs. 5.1% of men on placebo 
were diagnosed with high-grade (Gleason score 7–10) 
prostate cancer (p = 0.005). In total, 43 more high-grade 
tumors were diagnosed on the finasteride arm (280 vs. 
237) [32]. Although this finding dampened enthusiasm 
for the use of finasteride as a preventive agent [41], the 
lack of a temporal relationship between exposure to 
finasteride and the incidence of HG cancer raised 
doubts as to the causal nature of this association. For 
example, the 2.5-fold increase in the incidence of HG 
cancer seen after 1 year among men on finasteride did 
not increase over the next 6 years on drug. In addition, 
the total number of HG cancers detected in men who 
had the longest exposure to finasteride (i.e., at end-of-
study biopsy) was nearly identical in the two arms: 92 
on finasteride vs. 89 on placebo [32].

Assessment of tumor grade in the PCPT was based 
on Gleason scores determined on biopsy specimens, as 
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not all men diagnosed with prostate cancer underwent 
prostatectomy. Given the profound effect of finasteride 
on prostate gland size (ultrasound measurement docu-
mented a 24.1% median decrease in prostate volume in 
men on the finasteride arm), the investigators addressed 
the possibility that this drug may have introduced 
detection-bias both for the diagnosis of prostate cancer 
and of high-grade disease [32]. Indeed, a comparison of 
Gleason scores determined at prostatectomy in 495 
men who underwent surgery (~25% of the total number 
of men diagnosed with prostate cancer during the 
PCPT) showed the association between finasteride and 
HG disease to be no longer statistically significant [42]. 
To further explore the grade issue, more than 500 pros-
tate biopsies on the two study arms with Gleason 
score ³ 7 were examined for pathologic evidence of dis-
ease extent, a surrogate for aggressive behavior. High-
grade cancers on the finasteride arm were found to be 
less extensive than those on the placebo arm with regard 
to positive cores (34 vs. 38%, p = 0.02), bilaterality 
(22.8 vs. 30.6%, p = 0.05), and perineural invasion (14.2 
vs. 20.3%, p = 0.07), suggesting that finasteride led to 
earlier detection of high-grade disease [42].

The effects of finasteride on the sensitivity of PSA, 
DRE, and biopsy for prostate cancer detection provide a 
strong underlying mechanism for detection-bias. For 
example, at a PSA threshold providing 90.5% specific-
ity, the sensitivity for the detection of GS > 7 prostate 
cancer was 53% on the finasteride arm vs. only 39.2% 
on the placebo arm [43]. Finasteride also significantly 
improved the sensitivity of DRE for the overall biopsy 
detection of prostate cancer. Although the sensitivity of 
DRE for the detection of GS ³ 7 disease was also 
increased by finasteride, this difference did not reach 
statistical significance [44]. Finally, patients found to 
have high-grade disease at prostatectomy were signifi-
cantly more likely to have had HG disease accurately 
diagnosed at the time of their prostate biopsy if they 
were on the finasteride arm (70 vs. 51%, p = 0.01) [42].

PCPT: Conclusions

The PCPT provided a definitive answer to the primary 
study question: finasteride significantly reduced the 
7-year period prevalence of prostate cancer [32]. 
Although finasteride was associated with an increase in 
high-grade disease, this was a secondary finding based 
on Gleason scores determined at biopsy, rather than on 

prostatectomy specimens and was therefore subject to 
detection-bias. Subsequent analyses showed that finas-
teride significantly improved the diagnostic accuracy of 
PSA, DRE, and needle biopsy, leading to an underesti-
mate of the magnitude of risk reduction and to an over-
estimate of the high-grade disease attributable to this 
agent [42, 45]. Finasteride has not yet been brought to 
the FDA for consideration of a prevention label, how-
ever, 5-alpha reductase inhibitors may represent a par-
ticularly useful class of agents for this purpose given  
their beneficial effects on urinary function and amelio-
ration of complications associated with BPH [46].

The Reduction by Dutasteride  
of Prostate Cancer Events Trial

Reduction by Dutasteride of Prostate Cancer Events 
Trial (REDUCE) is a double-blind, placebo-controlled 
trial of dutasteride, 0.5 mg/day, for prostate cancer pre-
vention. Dutasteride, an inhibitor of both the type 1 
and 2 isoforms of 5-alpha reductase, has a more pro-
found inhibitory effect on both serum and intrapros-
tatic DHT levels than finasteride (described earlier) 
[47]. Although both isoenzymes are increased in high-
grade prostate cancer, dutasteride is 45 times more 
effective than finasteride in inhibiting the type1 isoen-
zyme and twice as effective against the type 2 enzyme 
[35]. These observations suggest that the dual inhibitor 
may confer even greater protection against prostate 
cancer than finasteride [39].

REDUCE accrued 8,108 men aged 50–75 with PSA 
levels between 2.6 and 10 ng/dL (3.0–10 for men over 
60 years) and a negative biopsy within 6 months of 
randomization. All participants were requested to have 
a follow-up 10-core prostate biopsy at 24 and 48 months 
postrandomization. The primary endpoint was the time 
to biopsy-proven prostate cancer. The secondary end-
points included the number and percent of cores posi-
tive for prostate cancer and the effect on Gleason score. 
Study results were presented by Gerald Andriole in 
abstract form at the April 2009 meeting of the American 
Urological Association. In summary, significantly 
fewer men randomized to dutasteride were diagnosed 
with prostate cancer over the course of the 4 year study 
(relative risk reduction 23.5%, p < 0.0001). Unlike the 
PCPT, there was no statistically significant increase in 
high-grade prostate cancer, whether defined as GS 
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7–10 or 8–10. However, an increase in GS 8–10  
cancers was noted on the dutasteride arm (19 cases or 
0.6% on placebo vs. 29 cases or 0.9% on dutasteride, 
p = 0.15).

The Selenium and Vitamin E Cancer 
Prevention Trial

Selenium and Vitamin E Cancer Prevention Trial 
(SELECT) is a phase III randomized, placebo-con-
trolled trial of selenium (200 mg/day from l-selenom-
ethionine) and/or vitamin E (400 IU/day of all 
rac-a-tocopheryl acetate) supplementation for prostate 
cancer prevention [48]. Interest in these two agents 
was driven primarily by secondary analyses of two 
earlier randomized, placebo-controlled prevention tri-
als. The first trial (Nutritional Prevention of Cancer 
study) [49] suggested that selenium could reduce pros-
tate cancer incidence by as much as two-thirds. The 
second (Alpha Tocopherol Beta-Carotene Study) [50] 
suggested that vitamin E could decrease the incidence 
of prostate cancer incidence and mortality by more 
than 30%. The hypothesis that selenium and/or vita-
min E would be effective in reducing prostate cancer 
risk was generally supported by epidemiologic, pre-
clinical, and other clinical data [51–63].

The major eligibility requirements for SELECT 
were age ³ 55 years for non-African American men  
(³ least 50 years for African American men), serum 
PSA £ 4 ng/mL, and a nonsuspicious DRE. SELECT 
accrued 35,533 participants between July 2001 and 
July 2004. At baseline, white blood cells, red blood 
cells, plasma, and other tissue samples (e.g., toenails) 
were banked for subsequent ancillary correlative stud-
ies. Annual PSA tests and DREs was not mandatory 
since the benefits of this screening were (and still are) 
under debate when the trial opened and community 
standards regarding prostate cancer screening were 
expected to evolve over the course of this planned 
7–12-year trial. Participants were seen every 6 months 
throughout the trial for adherence and adverse events 
monitoring [48].

The primary endpoint of SELECT was the clinical 
incidence of prostate cancer. The large sample size 
provided 96% power to detect a 25% decrease in pros-
tate cancer for either of the single agents vs. placebo 
and 89% power to detect a 25% decrease for selenium 

plus vitamin E vs. an active single agent. Secondary 
endpoints included lung, colon, and total cancer inci-
dence, cardiovascular events, death from any cause 
and toxicity. In addition, four prospectively conducted 
substudies addressing the usefulness of selenium and 
vitamin E in the prevention of macular degeneration, 
chronic obstructive lung disease, Alzheimer’s disease, 
and colon polyps were performed in men already 
accrued to the parent study.

On 15 September 2008, following the second of 
five planned interim analyses, the DSMC recom-
mended that the study supplements, vitamin E and 
selenium, be discontinued due to lack of efficacy. In 
addition, vitamin E was associated with a nonsignifi-
cant 13% increase in prostate cancer incidence 
(p = 0.06). A nonsignificant 7% increase in type 2 dia-
betes mellitus (p = 0.16) was observed in men on the 
selenium arm. Neither of these trends was seen in the 
combined vitamin E + selenium arm, which has raised 
some doubts regarding the validity of these observa-
tions. No significant differences were observed in any 
of the prespecified secondary endpoints, including tox-
icity [64].

These primary study findings underscore the impor-
tance of large-scale, randomized, clinical trials to 
definitively determine the risks and benefits of putative 
cancer preventive agents, including over-the-counter 
nutritional supplements. It should be emphasized that 
despite discontinuation of the study supplements, 
SELECT is not over. Most study participants have 
agreed to remain on-study and be followed in a blinded 
manner, which should help clarify the relationship 
between vitamin E and prostate cancer risk and 
between selenium and the risk of type 2 diabetes. It 
will also permit a more robust assessment of the sec-
ondary endpoints and substudies that make up a very 
important component of this clinical trial. Beyond that, 
the extensive biorepository, including prediagnostic 
serum and DNA from all study participants, will allow 
the conduct of correlative studies to better understand 
the biology of prostate cancer.

Conclusions

A great deal of progress had been made in the field of 
prostate cancer prevention over the past decade. 
Finasteride was definitively shown to reduce a man’s risk 
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of this disease, whereas selenium and vitamin E, in the 
doses and formulations tested, were shown to be ineffec-
tive in this regard. The NCI phase I/II prostate cancer 
chemoprevention agent development program continues 
to expand our understanding of promising chemopreven-
tion agents with regard to metabolism, bioavailability, 
and modulation of intermediate end-point biomarkers. 
Future agent development studies will focus on novel 
prevention strategies, including vaccines, combinations 
of agents with complementary mechanisms, surrogate 
endpoints, and biomarkers of risk and benefit.
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Abstract Dramatic differences in rates of prostate 
cancer around the world and within immigrant popula-
tions have led researchers to investigate diet and lifestyle 
practices for prostate cancer risk. Epidemiologic studies 
over the past several decades have identified several 
dietary risk factors for prostate cancer incidence, and 
emerging data suggest that diet may also play a role after 
diagnosis. This chapter will summarize and integrate the 
findings of recent meta-analyses and current literature. 
Overall, data indicate that specific vegetables (e.g., cru-
ciferous, tomatoes, soy/legumes/pulses) and nutrients 
(vitamin E, selenium, and lycopene) may prove benefi-
cial in reducing the risk of developing prostate cancer, 
whereas calcium/calcium-rich foods/dairy products and 
processed or red meats may increase the risk.

Keywords Diet • Nutrition • Prostate cancer

Background

In 2008, it is estimated that more than 186,000 new 
cases of prostate cancer will be diagnosed in the United 
States, and more than 28,000 deaths due to prostate 
cancer will occur. Prostate cancer is the most common 
cancer in men in the US and the second most common 
cause of cancer death in men. Older age, African-
American race, and family history of prostate cancer 
are well-established risk factors for prostate cancer 
incidence. Diet or exercise practices may also affect 
risk and possibly progression of this common cancer.

In the United States, African-American men are at 
the greatest risk of developing prostate cancer and 
approximately 20% (or one in five) of African-
American men are diagnosed in their lifetime (assum-
ing a lifespan of 85 years; www.seer.cancer.gov). 
Similarly, one out of six non-Hispanic white men, one 
in seven Hispanic men, and one in nine Asian/Pacific 
Islander men develop prostate cancer. Globally, pros-
tate cancer is more common in the Americas, Western 
and Northern Europe, South Africa, Australia, and 
New Zealand. Asian and North African countries have 
historically lower rates of prostate cancer incidence.

It is interesting to note, however, that prostate can-
cer is on the rise in some of these low-risk countries. 
For example, countries such as China and Japan have 
historically had very low rates of prostate cancer, 
sometimes 30-fold less than the US. However, in recent 
decades, prostate cancer has been increasing in these 
countries, too. While their rates are still lower than in 
the US, they have experienced dramatic 50–100% 
increases in prostate cancer diagnosis and death rates 
[1, 2]. Researchers have hypothesized that some of this 
increase may be due to the “Westernization” of the diet 
in these traditionally low-risk countries.

Another reason that has led researchers to study the 
effects of diet and lifestyle on prostate cancer risk stems 
from studying immigrant populations. These are studies 
where investigators examine the risk of prostate cancer 
in a low-risk country, such as China, and compare this 
with first-generation and second-generation immigrants 
who live in higher risk countries such as the United 
States. For example, using data from the Surveillance 
Epidemiology and End Results (SEER) database, Cook 
et al. [2] reported the following incidence rates (pre-
sented here as cases per 100,000, for 1973–1986, adjusted 
to the world standard population) of prostate cancer 
among Chinese men in Shanghai, Chinese men born in 
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China but now living in the United States, and Chinese 
men born and living in the United States: 1.8, 23, and 37, 
respectively. These rates demonstrate how, within a sin-
gle racial group, there are dramatic differences based on 
country of origin, birthplace, and country of current resi-
dence (please note that rates cannot be directly compared 
with other population rates, unless standardized to the 
same world population standard). The same trend was 
observed for Japanese and Filipino men in this study as 
well. Together, such data indicate that lifestyle factors 
that vary by culture and country may influence prostate 
cancer risk, even within a person’s lifetime.

Methods

In this chapter, we will review dietary risk factors for 
prostate cancer incidence and comment briefly on 
other modifiable risk factors for this disease. The lit-
erature on diet and prostate cancer was recently sum-
marized in 2007 by the World Cancer Research Fund 
and the American Institute for Cancer Research in 
their updated report, “Food, Nutrition, Physical 
Activity, and the Prevention of Cancer: a Global 
Perspective” (hereafter referred to as the WCRF-AICR 
report) [3]. This report conducted rigorous systematic 
literature reviews for individual cancer sites, including 
the review of 558 papers on diet and exercise as risk 
for prostate cancer, published from 1966 through April 
2004. Details on the methodology employed in the 
WCRF–AICR report can be found elsewhere [3]. This 
chapter will summarize our understanding of dietary 
risk factors for prostate cancer by citing and integrat-
ing the findings of the WCRF–AICR report with newer 
papers published since April 2004. Wherever possible, 
we will comment on the quality of the evidence for a 
specific dietary item as a probable or possible risk fac-
tor for prostate cancer incidence.

The majority of published studies report on total 
prostate cancer as the main outcome; however, more 
recent literature also often examined advanced or 
aggressive disease outcomes as secondary analyses 
when data allowed. This is particularly relevant for 
prostate cancer because of changes in the distribution of 
early and advanced cases with the widespread use of 
PSA screening. In particular, more early stage cases are 
now diagnosed in countries that utilize PSA screening 
routinely, and it is estimated that a large proportion of 
early stage disease may actually be latent tumors with a 

different etiology than more aggressive phenotypes. 
Thus, risk factors may have a different association with 
early vs. advanced stage disease at diagnosis; and it may 
be important to subdivide overall prostate cancer into 
two distinct outcomes: those with a more clinically sig-
nificant phenotype (characterized by higher PSA, stage, 
or grade at diagnosis) vs. those that have lower prognos-
tic risk at diagnosis. Lastly, we will summarize the much 
more limited data available on diet and the risk of pros-
tate cancer progression, recurrence, or mortality.

In assembling this review, we focused on data from 
case–control and cohort studies and randomized clinical 
trials. Each of these has strengths and weaknesses that 
are important to consider when interpreting results. 
Prospective diet and lifestyle data collection (from 
cohort or nested case–control studies) helps to minimize 
recall bias; whereas retrospective case–control studies 
are more vulnerable to this bias. The WCRF–AICR 
report also placed more weight on case–control studies 
where the controls were drawn from the population as 
opposed to hospital-based controls. Given that people 
who eat well often follow other health-seeking behav-
iors, it is important that studies consider confounding by 
other lifestyle factors (e.g., smoking, exercise, body 
size, etc) using multivariate analyses. Randomized clini-
cal trials are often unfeasible designs for examining 
long-term cumulative effects of diet on cancer, given the 
inability to randomly assign daily food consumption 
over long time periods. Such trials are effective for 
examining specific nutritional supplements although 
these are still restricted to examining specific doses over 
relatively short intervention periods, and data on such 
trials are limited to date given the scope and cost of such 
studies. When assessing the effects of diet on prostate 
cancer recurrence, it is important to remember that bio-
chemical recurrence correlates imperfectly with prostate 
cancer mortality; and the definition of recurrence may 
be study-specific. Such studies may also not always be 
able to adjust for confounding due to disease aggres-
siveness, as patients may make specific lifestyle changes 
based on their clinical features at diagnosis, which also 
strongly correlate with prognosis.

Diet and Prostate Cancer

Specific vegetables, fruits, and micronutrients may 
decrease the risk of prostate cancer, while dairy foods or 
foods high in calcium content and meat may increase risk. 
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In particular, cruciferous vegetables, foods rich in the 
carotenoid lycopene (e.g., tomatoes), legumes, soy, vita-
min E, and selenium may protect against development of 
prostate cancer. In contrast, higher intakes of milk and 
other dairy foods, calcium, and processed meat or red 
meat (e.g., bacon, sausage, hot dogs) have been linked to 
elevations in prostate cancer incidence risk. Each of these 
will be discussed further below.

Vegetables and Fruits

Specific vegetables and fruits (e.g., cruciferous vegeta-
bles, legumes/pulses (including soy), tomatoes/tomato 
products) are considered possible protective risk factors 
for prostate cancer. Data on overall vegetable or fruit 
intake and other subgroups are less conclusive [3].

Legumes and Soy

Via meta-analyses the WCRF–AICR report (based on 
one cohort study and five population-based case–
control studies) estimated that there was a statistically 
significant 3–7% decrease in prostate cancer risk per 
one serving increase per week of legumes/pulses [3]. 
Since the publication of that report, an additional four 
case–control studies have been published, all of which 
observed an inverse trend for consumption of soy, tofu, 
or a traditional Taiwanese vegetarian soy- and wheat 
protein-based diet [4–7]. Two of these studies used 
population-based controls [6, 7]. These studies were 
conducted in China, Scotland, Taiwan, and Japan.

An additional study conducted among Japanese, 
Korean, and American men reported differences 
between prostate cancer cases and controls with regard 
to the ability to convert the soy isoflavone daidzein 
into equol. Asian cases were less likely to produce 
equol than Asian controls, and Asian men were roughly 
twice as likely to produce equol as the American men 
in the study, although numbers for this comparison 
were small. Of four cohort studies published since the 
Global Perspective [8–11], three reported overall null 
associations for total prostate cancer and soy or legume 
consumption [8–10]. Although, one of these, a large 
cohort study of Japanese men, observed a statistically 
significant inverse association for soy products and 
localized prostate cancer [9]. The large Multi-Ethnic 
Cohort Study (4,404 cases identified among 82,483 

men) reported statistically significant, small to moderate 
reductions in risk for overall and aggressive prostate 
cancer and legume consumption (RR = 0.89, 95% CI 
0.89–0.99 for total prostate cancer and RR = 0.74, 95% 
CI 0.61–0.91 for aggressive disease) [11]. Mechanisms 
for legumes/soy remain unclear, although it is hypoth-
esized that soy isoflavones that have estrogenic effects 
may inhibit testosterone-induced growth of the pros-
tate. As effects have been reported for nonsoy legumes 
as well, other legume constituents such as dietary fiber, 
omega-3 fatty acids, protease inhibitors, and saponins 
are being investigated as well [11].

Cruciferous Vegetables

Results from three cohort studies reporting on crucifer-
ous vegetable intake and prostate cancer risk have been 
somewhat equivocal, while eight case–control studies 
have generally reported inverse associations [3]. Since 
the WCRF–AICR report, a small cohort of 1,985 men 
exposed to asbestos reported a borderline statistically 
significantly risk reduction for broccoli consumption 
[12]. Cruciferous vegetables include broccoli, cauli-
flower, kale, cabbage, and Brussels sprouts. These veg-
etables are rich in the isothiocyanate sulforaphane and 
indole-3-carbinol, which have been shown to have anti-
cancer properties, including induction of phase 1 and 2 
enzymes that help eliminate carcinogens; effects on 
cell signaling, epigenetic regulation, and cell cycle 
arrest [13, 14]. Further support for a role of cruciferous 
vegetables in decreasing prostate cancer risk comes 
from evidence of an interaction with the glutathione 
S-transferase (GST) gene variants. GSTs are phase 2 
enzymes involved in xenobiotic metabolism and excre-
tion. Joseph et al. observed a stronger effect of high 
cruciferous vegetable consumption and prostate cancer 
risk among those with the GSTM1 present variant vs. 
null deletions in this gene [15].

Tomatoes and Lycopene

The WCRF–AICR report summarized data from 17 
prospective studies (cohort or nested case–control) and 
18 case–control studies on tomato intake (four prospec-
tive and seven case–control), dietary lycopene (three 
prospective and nine case–control), or circulating lyco-
pene levels (four prospective and two case–control) [3]. 
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The majority of studies observed moderate to strong 
inverse associations with increasing consumption of 
tomatoes or lycopene or circulating lycopene level.

Papers published subsequent to the WCRF–AICR 
report (two large prospective studies and two case–
control studies) [16–19] have also been consistent in 
indicating moderate to strong risk reductions for 
dietary intakes of tomatoes (in particular, cooked 
tomatoes or tomato sauce) or lycopene or circulating 
lycopene levels. One case–control study conducted in 
Japanese men since the publication of WCRF–AICR 
report observed null results for tomato consumption, 
although the estimate was in the inverse direction [4]. 
Overall, some of the strongest evidence come from the 
large cohorts, the Health Professionals Follow-up 
Study and the Physicians Health Study.

The Health Professionals Follow-up Study observed 
more than a 30% risk reduction in prostate cancer risk 
for the highest vs. lowest quintile of plasma lycopene, 
and results were stronger for older men and those with-
out a family history of prostate cancer [20]. In the 
Physicians Health Study, the odds ratio was 0.56 (95% 
CI = 0.34–0.91) for comparing extreme quintiles of cir-
culating lycopene and the risk of aggressive prostate 
cancer [21]. We also observed a 20% decrease in the 
risk of prostate cancer recurrence and progression 
associated with increasing tomato sauce consumption 
by two servings per week after diagnosis relative to 
before prostate cancer diagnosis, in further analyses of 
the Health Professionals Follow-up Study [22].

Tomatoes are rich in the carotenoid lycopene that has 
antioxidant, antiproliferative, and prodifferentiation prop-
erties. Furthermore, initial studies suggest that lycopene 
supplements can also reduce transcript level of proinflam-
matory cytokines and reduce LDL cholesterol [3], each of 
which is hypothesized to influence the prostate microen-
vironment to predispose to cancer. In summary, tomatoes 
or cooked tomatoes or the carotenoid lycopene are a prob-
able protective risk factor for prostate cancer.

Vitamin E

The WCRF–AICR report reviewed the data from six 
cohort studies and 14 case–control studies on either 
dietary vitamin E or serum levels of vitamin E. Overall, 
they concluded that the majority of studies demon-
strated a decreased risk with increasing intake or level 
of vitamin E. Two subsequent cohort studies published 

after the WCRF–AICR report also observed inverse 
associations for circulating levels of vitamin E or 
dietary vitamin E [23, 24]; although, one large pro-
spective study reported null associations between 
plasma tocopherols and prostate cancer risk [17]. 
Supplemental vitamin E was associated with up to a 
40% decreased risk of prostate cancer mortality, in 
secondary data analyses of a randomized clinical trial.

In some studies, a potential interaction with smoking 
has been observed, whereby the benefit of vitamin E was 
limited to men with a current or past history of smoking 
[25]. While data are not entirely consistent with regard to 
vitamin E assessed in the diet vs. supplements vs. circu-
lation, the literature suggests that vitamin E, in general, 
is a possible protective risk factor for prostate cancer.

Vitamin E refers to up to eight different compounds of 
similar structure and biological function that are divided 
into the tocopherols and tocotrienols. Gamma tocopherol 
is the major form of vitamin E consumed in the human 
diet, whereas alpha-tocopherol is the main form of vita-
min E consumed in supplements and measured in tissues. 
Vitamin E has antioxidant, anti-inflammatory, antiprolif-
erative, and proapoptotic functions that may protect 
against prostate cancer development or progression.

Selenium

Secondary analyses of a randomized clinical trial and 
several prospective studies have observed a 50–65% 
reduction in prostate cancer risk associated with greater 
selenium intake or physiologic measures of selenium, 
and in vitro and in vivo studies indicate that selenium 
may have multiple effects on prostate cancer including 
antiproliferative, proapoptotic, antiangiogenic, and 
antioxidant properties [26–37]. The WCRF–AICR 
report concluded that there was strong evidence from 
clinical trials and cohort studies that selenium proba-
bly protects against prostate cancer.

Subsequent to this review, a nested case–control 
study from the Physicians’ Health Study reported a 
strong interaction between the valine(V)/alanine(A)-
polymorphism (rs4880) in SOD2 and plasma selenium 
levels and risk of total and aggressive prostate cancer 
[38]. Men who were in the highest quartile of sele-
nium, and had the AA genotype, had a 53% lower risk 
of total prostate cancer (odds ratio (OR) = 0.47, 95% 
CI 0.26–0.85) and a 65% lower risk of aggressive pros-
tate cancer (OR = 0.35, 95% CI 0.15–0.82), compared 
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to men who were in the lowest quartile of selenium 
and had the VA or VV genotypes (p-values for interac-
tion 0.05 and 0.01, respectively). At the time of this 
writing, vitamin E and selenium are the focus of the 
large, ongoing, national, randomized, blinded, pla-
cebo-controlled, Selenium and Vitamin E Cancer 
Prevention Trial (SELECT) (See Chapter 31: Prostate 
Cancer Chemoprevention Strategies for detailed infor-
mation on the SELECT trial).

Recently, a large prospective cohort study reported 
an elevated risk of prostate cancer associated with 
more than daily usage of multivitamins, in particular, 
among men also taking individual supplements (e.g., 
selenium, folate, vitamin E, beta-carotene, zinc) or 
who had a family history of prostate cancer 
[39]. Such a potential adverse interaction for 
higher dosing of specific nutrients warrants further 
investigation.

Milk, Dairy, and Calcium

Milk, calcium, or dairy products have been associated 
with a greater risk of prostate cancer in most observa-
tional studies. The WCRF–AICR report reviewed ten 
cohort studies and 13 case–control studies investigating 
milk and dairy foods, as well as nine cohort studies and 
12 case–control studies focused on dietary calcium 
intake. They concluded that there was suggestive evi-
dence that milk and dairy products are possible risk fac-
tors for prostate cancer; and diets high in calcium are a 
probable cause of prostate cancer. One [40] out of three 
[4, 7] additional case–control studies and four [41–44] 
out of seven cohort studies [10, 45, 46] published after 
the WCRF–AICR report also observed positive asso-
ciations between some measure of milk, dairy, or cal-
cium and prostate cancer risk. The four prospective 
studies observing positive associations were large well-
conducted cohorts in several different countries 
[41–44].

Subsequent secondary results from a randomized 
clinical trial on calcium supplements and colorectal 
adenomas reported a null to inverse association 
between prostate cancer and calcium supplements 
[47]. It has been hypothesized that this apparent dis-
crepancy may be because calcium has different actions 
on prostate cancer development at different times in 
the disease course or depending on clinical phenotype. 
Most of the cases observed in the trial tended to be 

earlier stage cases than that reported in the observa-
tional studies. The leading hypothesized mechanism 
by which dairy or milk intake may affect prostate can-
cer risk involves the effects of calcium intake on circu-
lating levels of 1,25(OH)

2
,D

3
, the most biologically 

active form of vitamin D, which has been shown to 
inhibit growth of prostate cancer cells.

Meat, Poultry, Fat, and Prostate Cancer

The WCRF–AICR report concluded that data were too 
limited or inconsistent to draw conclusions regarding 
relationships between meat, fats, fish, and prostate 
cancer; although, processed meat was considered a 
suggestive risk factor.

Results of ecologic and case–control studies have 
consistently suggested a positive association between 
total meat intake and prostate cancer [48, 49], yet most 
prospective cohort studies have reported null associa-
tions [44, 45, 50–53].

For example, 9 of 12 case–control studies con-
ducted between 1966 and 1999 reported a positive 
association between total meat intake and prostate can-
cer, three out of which were statistically significant, 
while only two out of eleven prospective cohort studies 
conducted between 1979 and 2008 reported a positive 
association, eight reported no association, and one 
reported an inverse association [44, 45, 48, 50–54]. 
This discrepancy may be due to issues such as recall 
bias or inappropriate control selection, or may also 
partially be explained by a greater role of meat intake 
in the progression, rather than initiation of prostate 
cancer. If this was the case, an association may be 
found in a case–control study with hospital-based 
cases, but not in a cohort study where incident prostate 
cancer may include indolent disease identified by PSA 
screening. Another possible explanation for the null 
findings of most cohort studies is the variability in 
nutrient composition and cooking practices for differ-
ent types of meat, which may have different associa-
tions with prostate cancer.

Red and Processed Meat

Several studies have looked at red or processed 
meat and prostate cancer risk. The results have been 
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 inconsistent for red meat, with five out of ten cohort 
studies reporting a positive association and five report-
ing no association [44, 48, 51, 52, 55, 56]. Fewer stud-
ies have looked at processed meat and prostate cancer, 
but three of five cohort studies reported a positive asso-
ciation between processed meat and total prostate 
cancer [44, 52, 53, 55, 56], and four out of six reported 
a positive association between processed meat and 
advanced/metastatic prostate cancer, albeit nonsignifi-
cant [44, 51–53, 55, 56]. Thus, the evidence suggests 
processed meat, and possibly red meat, may be posi-
tively associated with prostate cancer progression.

Poultry

Overall, total poultry intake has not been associated 
with prostate cancer incidence or mortality [44, 50–
52]. However, a recent cohort study reported a nonsig-
nificant 1.65-fold increase in the risk of advanced 
prostate cancer when comparing highest vs. lowest 
quintiles of chicken intake. Another cohort study 
reported a nonsignificant positive association between 
chicken or turkey with skin and metastatic pros-
tate cancer but a nonsignificant inverse association 
between chicken or turkey without skin and metastatic 
prostate cancer [50, 51]. This suggests a possible 
increased risk of advanced prostate cancer associated 
with either a component of poultry skin or perhaps a 
diet or lifestyle factor correlated with choosing to eat 
the skin on poultry; although, none of the results have 
been significant and the evidence is currently sparse.

Biological Mechanisms for Meat  
and Poultry

The observed associations between processed meat, 
red meat, and potentially poultry with skin intake and 
prostate cancer may be mediated by high levels of 
dietary animal fat, heme, zinc, and/or carcinogens 
found on meat such as heterocyclic amines (HA) and 
N-nitroso compounds (NNC). Meat is a major source 
of animal fat in the diet, and ecologic studies have 
reported a positive correlation between per capita fat 
intake and prostate cancer incidence and mortality 
[49]. Animal and in vitro studies provide evidence to 

support this hypothesis. For example, mice injected 
with DU145 prostate cancer cells and fed a high-fat, 
linoleic acid-rich diet developed twice the tumor mass 
compared to similarly injected mice fed a low-fat diet. 
Mice fed a low-fat diet exhibited significantly less pro-
liferative behavior compared to mPIN epithelial cells 
of mice on a high-fat diet [57, 58]. Potential mecha-
nisms to explain these findings include changes in hor-
mone metabolism, cell membrane composition, cell 
signal transduction, and proinflammatory eicosanoid 
synthesis due to high animal fat intake, all of which 
may promote prostate cancer cell growth [48]. 
However, recent epidemiologic studies generally do 
not support an association between total, saturated, or 
animal fat intake and total prostate cancer incidence 
[45, 52, 54, 59], and the WCRF–AICR report deemed 
the data on fats and prostate cancer as too low quality, 
too inconsistent, or too sparse to allow conclusions to 
be reached [3].

Additionally, 8 out of 13 case–control, nested case–
control, or cohort studies have reported a positive asso-
ciation between alpha-linolenic acid (ALA) intake and 
prostate cancer, particularly for advanced prostate can-
cer [60–62]. A recent cohort study reported a signifi-
cant approximately two-fold increased risk of advanced 
prostate cancer comparing men in highest vs. lowest 
quintile of ALA intake, but no association between 
ALA intake and total prostate cancer was reported[62]. 
Conversely, animal studies have reported no change in 
prostate tumor growth in mice fed with ALA-rich diets 
compared with mice fed with linoleic acid-rich diets, 
and the mechanism by which ALA may increase the 
risk of advanced prostate cancer has yet to be eluci-
dated [60].

Along with animal fats, meat is a major dietary 
source of heme compounds and zinc. Heme compounds, 
including oxymyoglobin, deoxymyoglobin, hemoglo-
bin, and deoxyhemoglobin, are hydrolyzed to amino 
acids, peptides, and a heme group in the gastrointestinal 
tract. The heme group can then catalyze oxidative reac-
tions, causing tissue damage throughout the body [63]. 
Zinc is found in high levels in the prostate and is neces-
sary for testosterone synthesis and therefore may also 
contribute to prostate carcinogenesis [48].

HAs and NNCs are other agents that may poten-
tially be involved in the observed association between 
processed meat, red meat, and poultry with skin and 
prostate carcinogenesis. Heterocyclic amines (HA) are 
potent mutagens formed when beef, pork, chicken, and 
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fish are cooked to higher degrees of doneness with 
heat-intensive methods [64–66]. 2-amino-1-methyl-6-
phenylimidazol[4,5-b]pyridine (PhIP) is the predomi-
nant carcinogenic HA in the US diet [67–69] and is 
found predominantly in well-done chicken, beef, and 
pork [70–72]. PhIP intake in humans has been linked 
to increased risk of prostate, gastrointestinal, breast, 
and lung cancers [64]; it has been shown to covalently 
bind to and damage DNA [73–76], and it induces pros-
tate, colon, intestinal, and mammary adenocarcinomas 
in rats [77–84].

In epidemiologic studies, consumption of cooked 
meats and associated HA have been linked to increased 
risk of prostate and other cancers [85–96], although a 
few studies report no such associations [97–99]. 
Differences in findings may be partly explained by dif-
ferences in meat intake and doneness preference 
assessment methods [64].

NNCs are another category of mutagens that could 
explain the observed positive associations between 
meat and prostate cancer, particularly processed meats. 
Processed meats that have been smoked or cured using 
nitrites, such as bacon, are a major dietary source of 
NNCs [100]. NNCs are also formed endogenously 
through the reaction of secondary and tertiary amino 
compounds (found in meat) with nitrite or other nitro-
sating agents in the gastrointestinal tract. Hughes et al. 
reported that a high-meat diet (420 g/day) resulted in 
NNC exposures comparable to that of tobacco smoke 
and NNCs have been shown to induce tumors in mul-
tiple organs in rats [100, 101].

Fish and Marine Omega-3 Fatty Acids

The results for fish intake and prostate cancer risk have 
been inconsistent and, similar to meat from land ani-
mals, may depend on the type of fish and stage of pros-
tate cancer studied. Three out of four case–control 
studies reported an inverse association between total 
fish intake and prostate cancer risk, one of which was 
significant [102]. In contrast, only two out of eight 
cohort studies reported a significant positive associa-
tion between total fish intake and total prostate cancer, 
while six reported no association [44, 52–54, 102–104]. 
Fewer studies have looked at advanced prostate cancer 
and total fish intake, and the results were once again 
inconsistent.

One cohort study reported a significant inverse 
association between total fish intake and advanced 
prostate cancer among health professionals in the 
United States, but no association for total prostate can-
cer, and another cohort study reported a significant 
inverse association between total fish intake and pros-
tate cancer mortality in Sweden, while two nested-case 
control studies, one in the Netherlands and the other in 
Los Angeles and Hawaii, reported no association 
between total fish intake and advanced prostate cancer 
[52, 53, 102, 103]. Additionally, one cohort study 
reported a nonsignificant 27% reduction in risk of 
prostate cancer progression comparing men in the 
fourth quartile of postdiagnostic fish intake to the low-
est quartile [22].

Thus, the evidence suggests that total fish intake 
may be inversely associated with prostate cancer pro-
gression, but more research is needed to confirm these 
results. Furthermore, similar to the possible opposing 
associations between poultry with skin and poultry 
without skin and prostate cancer, a cohort study in 
Sweden reported a significant inverse association for 
dark meat fish consumption and total prostate cancer 
incidence, but a significant positive association for 
cod/saithe/fish finger and shellfish consumption and 
total prostate cancer [105].

The potential inverse association between fish 
consumption and prostate cancer development and/
or progression is thought to be due to the high level 
of omega-3 polyunsaturated fatty acids in dark meat 
fish. The main marine omega-3 fatty acids, eicosap-
entaenoic acid (EPA) and docosahexaenoic acid 
(DHA), have consistently been shown to inhibit 
prostate cancer cell growth in vitro and in animal 
studies [106]. Marine omega-3 fatty acids inhibit the 
synthesis of proinflammatory eicosanoids from ara-
chodonic acid (AA), by competing for the cycoloox-
ygenase-2 enzyme and inhibiting lipoxygenase 
activity. AA-derived eicosanoids, such as prosta-
glandins, leukotrienes, and hydroxyeicosatetraenoic 
acids, have been shown to increase cellular prolifera-
tion, impede immune surveillance, induce angiogen-
esis, and inhibit apoptosis and have been linked to 
tumor development and progression in animal, 
in vitro, and human studies [106]. Hence, a high 
level of marine omega-3 fatty acids in the diet may 
decrease the risk of prostate cancer and/or slow pros-
tate cancer progression by inhibiting the synthesis of 
these compounds.
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Diet and Prostate Cancer Progression 
and Survival

There are limited data on diet after diagnosis and prostate 
cancer recurrence or survival risk, although several studies 
of diet and prostate cancer incidence observed stronger 
associations for risk of advanced or fatal prostate cancer. 
In a large prospective cohort study, we observed that 
higher tomato sauce and fish intake after diagnosis was 
associated with reduced risk of prostate cancer recur-
rence/progression, independent of tumor features, treat-
ment, and prediagnostic diet [22]. Also, one case–control 
and two cohort studies have reported a significant positive 
association between saturated fat intake and prostate can-
cer survival or biochemical recurrence after radical pros-
tatectomy, suggesting a possible role of saturated fat in 
the progression of prostate cancer [107–109]. Several 
small intervention studies conducted in different popula-
tions of prostate cancer survivors have examined effects 
of various plant-based, low-fat diets, or tomato-rich diets, 
soy supplements, and lycopene or other antioxidant sup-
plements [110–113]. Most of these have reported possible 
beneficial effects on PSA levels or other intermediary 
biomarkers, providing additional preliminary provocative 
data for a role of diet after diagnosis.

Conclusions

In conclusion, evidence to date suggests that specific 
vegetables (e.g., cruciferous, tomatoes, soy/legumes/
pulses) and nutrients (vitamin E, selenium, lycopene) 
may prove beneficial in reducing the risk of develop-
ing prostate cancer, whereas calcium/dairy and pro-
cessed meats may increase risk. Emerging data also 
suggest that diet after diagnosis may help delay recur-
rence or progression of cancer in men with localized 
disease, and further research is warranted given the 
increasing numbers of men living with this disease.
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Abstract Epidemiological studies have implicated 
chronic infections and inflammation as major risk 
factors for a variety of human cancers. Emerging evi-
dence suggests that chronic inflammation is impor-
tant for the development of prostate cancer and foci 
of inflammation (i.e., lymphocytes and macrophages) 
and is extremely common in the prostate. Multiple 
mechanisms have been investigated in studies exam-
ining the role of inflammation in prostate cancer ini-
tiation and development. In this chapter, we review 
the current state of thinking on the causes of pros-
tatic inflammation, inflammatory genes potentially 
involved in prostatic inflammation and carcinogen-
esis, and the role of inflammation in the development 
of prostate cancer. An understanding of the role of 
chronic inflammation in the development of prostate 
cancer will provide new therapeutic strategies to 
combat the disease.

Keywords Carcinogenesis • Chemoprevention • 
Chemotherapy • Cytokines • Inflammation • 
Oxidative stress • Prostate cancer

It is estimated that 20% of all human malignancies, 
including those of the colon, liver, stomach, bladder, 
cervix, and lung, result from chronic inflammation 
and/or chronic infections [1]. Although not yet 
proven, epidemiologic and histopathologic evidence 
is accumulating to incriminate chronic inflammation 
in the pathogenesis of prostate cancer. As the molec-
ular pathways that orchestrate inflammatory pro-
cesses become better defined, so do their potential 

roles in carcinogenesis. Inflammation due to tissue 
injury by infectious agents or other stimuli serves in 
the eradication of pathogens, clearing of debris, epi-
thelial regeneration, stromal remodeling, and vascu-
larization to heal the wound and restore function of 
the tissue. Once the repair is completed, the inflam-
matory reaction typically subsides. However, when 
inflammation becomes prolonged or unrelenting, 
these same processes may provide the critical ingre-
dients for the development and progression of cancer, 
particularly in situations where epithelial mutagenesis 
has occurred.

Chronic Inflammation of the Prostate

Areas of inflammation are extremely common in the 
prostate, with studies reporting a prevalence of >95% 
in resection specimens particularly involving the 
peripheral zone of the prostate where prostate cancer 
typically occurs [2–4]. Macrophages, T-cells and 
B-cells, characteristically present even in normal pros-
tate [2], are increased in the aged and hyperplastic 
prostate [3–5]. The majority (70–80%) of lymphocytes 
are CD3+ T lymphocytes, >90% of which express ab 
T-cell receptor (TCR) [5–8]. A small percentage (<5%) 
express gd TCR that respond to nonconventional phos-
phoantigens and demonstrate antitumor cytotoxic 
activity, although these cells may be present in higher 
numbers in cancerous tissues [9]. Both type 1 (Th1) 
and type 2 (Th2) immune responses, defined by dif-
ferential cytokine production, have been found in 
hyperplastic tissues [10].

Inflammation is often found to involve areas of 
focal prostatic atrophy [4, 11]. A spectrum of focal 
atrophic lesions that are associated with variable 
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degrees of chronic inflammation have been described 
on a histological basis and grouped under the term 
proliferative inflammatory atrophy (PIA), with the 
recognition that many of these lesions have demon-
strated increased proliferation and therefore may be a 
form of repair [11, 12]. Like prostate cancer, PIA 
occurs predominantly in the peripheral zone of the 
prostate (as opposed to the more centrally-located 
transition zone where benign hyperplasia tends to 
occur) and increases in frequency with advancing age 
[4, 11, 12]. PIA lesions have also been suggested as 
representing early events in prostatic carcinogenesis 
[4, 11, 13].

Possible Causes of Prostatic 
Inflammation

Although chronic inflammation in the prostate is a 
common occurrence, the cause of prostatic inflamma-
tion is unknown. Infectious, hormonal, dietary, and/or 
physico-chemical factors have the potential to produce 
a chronic inflammatory process in the prostate. It is 
also possible that once one or more of these insults 
triggers an initial inflammatory response, it could lead 
to the development of an autoimmune reaction to pro-
static antigens that continues well after the inciting 
agent is cleared.

Infectious Agents

A variety of bacteria (sexually and nonsexually 
transmitted) and viruses have been detected in the 
prostate (reviewed in [4]); some of these agents may 
reach the prostate and elicit an inflammatory response 
[14]. Although generally felt to be acute or self- 
limited in condition, the potential for infections  
to become chronic or unrelenting is not known. 
Certainly, asymptomatic infections can occur. 
Several small scale case–control epidemiologic stud-
ies have observed mildly increased risks for prostate 
cancer in men with histories of sexually-transmitted 
infections [15, 16]. Meta-analyses calculated odds 
ratio of 1.4–1.5 for men with a history of any sexu-
ally-transmitted infection, 1.4 for a history of gonor-

rhea, and 1.6–2.3 for a history of syphilis [15, 16], 
although in these studies recall bias cannot be 
excluded. A higher risk of prostate cancer was also 
identified in a prospective study in men who carried 
antibodies against the protozoan Trichomonas vagi-
nalis [17]. A number of viruses including herpes 
viruses, cytomegalovirus, and human papilloma 
virus may also infect the prostate; however, little evi-
dence exists to support a causal role in prostate can-
cer (reviewed in [18]). Whereas these studies have 
focused on classical pathogens, it is also possible 
that an as yet unidentified microbe or virus may be 
involved in the pathogenesis of prostate cancer. 
Recently, a new g retrovirus, xenotropic murine leu-
kemia-related virus (XMRV) was detected in pros-
tate cancer specimens using a DNA microarray-based 
analysis [19]. The virus was detected primarily in 
men with a specific germline mutation of RNASEL 
(see below), the gene that encodes for the antiviral 
enzyme RNaseL, suggesting that prolonged infec-
tion in the prostate may be a result of genetic predis-
position. While intriguing, it is yet unknown whether 
this virus might also be found in the prostates of men 
without a diagnosis of prostate cancer. Although all 
of these results suggest that an infectious cause may 
be potentially responsible for a certain proportion of 
prostate cancer, this may not be necessarily due to 
direct oncogenic actions of an infectious agent. 
Prolonged infection could trigger an inflammatory 
reaction that persists despite clearance of the  organism 
by the unmasking of self antigens in an autoimmune 
manner. In support of this, T-cell responses against 
histone peptides and prostate-specific antigen (PSA) 
have been detected in the  prostate [20, 21].

Hormones

It has long been recognized that androgens are involved 
in prostatic carcinogenesis [22], forming the basis for 
androgen ablation therapy for advanced prostate can-
cer. In rodent models, estrogens can potentiate pros-
tatic carcinogenesis when combined with androgen 
[23]. Estrogens in the presence of androgen causes 
increased prostatic inflammation in animal models 
[24]. Although the mechanism by which this occurs is 
unclear, it may involve upregulation of nuclear factor 
kappa B (NF-kB) [24].
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Dietary Factors

The potential for cell and DNA damage by reactive 
oxygen and/or nitrogen species elaborated during an 
immune response to infectious agents or other elicitors 
may be countered by antioxidants. In some studies, 
higher exposure to lycopene (a free-radical scavenger), 
selenium (an element required for activity of an anti-
oxidant enzyme), and vitamin E, at least in smokers, 
have each been observed to be inversely associated 
with prostate cancer risk [25–27].

Epidemiological studies also suggest an association 
between consumption of animal fat and red and pro-
cessed meat and prostate cancer incidence and mortality 
[28]. It is hypothesized that certain dietary compounds 
are selectively taken up in the prostate, thereby acting as 
either direct carcinogens (initiators and/or promoters) or 
indirectly by stimulating a localized inflammatory reac-
tion. For example, the heterocyclic amine, 2-amino-1-
methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), is a 
carcinogen formed during the cooking of meats at high 
temperature [28]. Administration of PhIP to laboratory 
rats produces carcinomas of the ventral prostate [29]. 
Interestingly, despite observed increases in mutation 
frequency in all four lobes of the rat prostate upon PhIP 
administration (initiating activity), carcinomas only 
developed in the ventral prostate where there was also a 
ventral lobe-specific increase in inflammatory cells, par-
ticularly macrophages and mast cells associated with 
epithelial injury and atrophy analogous to PIA (promot-
ing activity) [29].

Prostatic and Urinary Factors

The prostatic epithelium produces a variety of factors 
that can stimulate or inhibit inflammatory reactions. 
For example, PSA, a major serine protease produced 
by prostatic epithelial cells, has been shown to stimu-
late a T-cell immune reaction in patients with prostati-
tis/pelvic pain syndrome [21]. Inspissated prostatic 
secretions, or corpora amylacea, may erode into the 
stroma where they often produce a profound chronic 
inflammatory reaction [4]. Increased ejaculation fre-
quency has been associated with a lower risk for pros-
tate cancer [30]. Functional purging or “flushing” of 
the prostate may reduce epithelial contact with 

 carcinogens that are concentrated in urine or prostatic 
secretions, reduce the likelihood of corpora amylacea 
forming, reduce risk of infection, and stimulate healthy 
epithelial turnover. Obstruction or urine reflux may 
lead to increased prostatic inflammation through 
chemical irritation, increased exposure to infectious 
agents, or pressure-induced epithelial injury with sub-
sequent production of inflammatory cytokines.

Functional mature prostatic epithelium also pro-
duces potential inhibitors of inflammation including 
transforming growth factor-beta (TGF-b) and prostate-
derived factor (PDF) (aka macrophage inhibitory 
cytokine, MIC-1). It is therefore plausible that in nor-
mal prostate, there is a balance between pro-inflamma-
tory and anti-inflammatory processes. When this 
balance is perturbed either by an increase in pro-inflam-
matory or a decrease in anti-inflammatory factors or 
both by one or more dietary, infectious, hormonal or 
physicochemical insults, a chronic inflammatory con-
dition occurs. Progressive damage to the prostatic tis-
sues may then “fuel the fire” to produce an autoimmune 
reaction forming the “primordial soup” of eventual 
carcinogenesis.

Inflammatory Genes in Prostate Cancer

Heredity plays an important role in prostatic carcino-
genesis with an estimated one-quarter of all prostate 
cancer occurring in family clusters [31–33]. Several 
of the genes associated with prostate cancer risk 
encode products that play critical roles in inflamma-
tory pathways. Pedigree analysis has identified three 
genes, RNASEL, PDF, and MSR1, which are linked 
to prostate cancer [34–36]. Variants in genes encoding 
other components of the immune response, including 
interleukins (IL-6, IL-8, IL-10) and toll-like receptors 
(TLRs) have also been evaluated for their associations 
with prostate cancer in case–control studies [37].

RNASEL

The hereditary prostate cancer 1 (HPC1) region on 
chromosome 1 was the first susceptibility region iden-
tified in familial prostate cancer [34]. Subsequent stud-
ies demonstrated that the HPC1 locus harbors the gene 
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encoding ribonuclease L (RNASEL). RNaseL func-
tions in the innate immune system by degrading sin-
gle-stranded viral RNAs. Sustained activation of 
RNaseL leads to a mitochondrial-mediated pathway of 
apoptosis that eliminates virally infected cells [38]. 
Mutations in RNASEL lead to production of RNaseL 
with impaired ability to promote apoptosis of virally 
infected cells. Several studies examining the role of 
RNASEL as a prostate cancer susceptibility gene have 
been reported. While some studies demonstrate confir-
matory evidence, others do not [39], suggesting either 
population differences or environmental factors may 
modulate the role of RNASEL in prostatic carcino-
genesis.

A common genetic variant in RNASEL resulting in 
reduced enzymatic activity of RNaseL (R462Q) has 
been implicated in up to 13% of prostate cancers. The 
XMRV virus was primarily detected in individuals 
homozygous for this mutation [19]. Activation of 
RNaseL in DU145 human prostate cancer cells induced 
the putative pro-apoptotic suppressor of prostate can-
cer, PDF.

Prostate-Derived Factor

PDF is a secretory protein with homology to members 
of the TGF-b superfamily and has previously been 
identified as nonsteroidal anti-inflammatory drug 
(NSAID)-activated gene (NAG-1) and MIC-1 [40, 41]. 
PDF was first identified as a gene involved in mac-
rophage activation, and its expression is induced by 
NSAIDs in human colorectal carcinoma cells [40, 41]. 
Together, these findings support a role for PDF in 
inflammatory processes and may provide insight into 
the proposed tumor-suppressive activities of PDF.

PDF mRNA is highly expressed in human prostate 
epithelium suggesting a role in prostate homeostasis, 
and several studies have shown that PDF inhibits pros-
tate cancer cell growth and induces apoptosis [42–44]. 
PDF resides on chromosome 19 in a region identified 
as a susceptibility locus in genome-wide studies on 
prostate cancer incidence [35]. Additionally, a genetic 
polymorphism in PDF has been described that changes 
the basic amino acid histidine (H) to aspartic acid (D) 
at position 6 of the mature PDF protein [45]. This 
change has been associated with a lower risk of spo-
radic and familial prostate cancer [35]. However,  

a similar study found the H6D polymorphism to be 
only marginally associated with a lower risk of pros-
tate cancer development, but it was associated with 
increased risk of progression once the tumor had been 
established [46]. Thus, the role of PDF in prostate can-
cer initiation and progression is not clear.

Macrophage Scavenger Receptor (MSR1)

Macrophage scavenger receptor (MSR1) is a candi-
date prostate cancer susceptibility gene identified 
through linkage analysis of HPC [36]. The MSR1 
gene encodes a homotrimeric class A receptor that is 
primarily expressed in macrophages. It is termed a 
“scavenger receptor” due to the diverse array of 
ligands it binds including gram-positive and gram-
negative bacteria and lipoproteins. MSR1 action has 
been linked to a variety of normal and pathologic pro-
cesses including inflammation and immunity. Mice 
defective for MSR1 function are more susceptible to 
bacterial infection suggesting an anti-inflammatory 
role for MSR1 [47, 48].

Although a number of studies have demonstrated 
an increased frequency of MSR1 mutations in men 
with prostate cancer, studies on the role of these vari-
ants and prostate cancer risk have yielded inconsis-
tent results. Interestingly, MSR1 mutations have been 
identified to have a more reproducible effect on pros-
tate cancer risk in African-American men [49]. 
Although studies to date have not defined MSR1 as a 
major prostate cancer gene per se, they do suggest 
that MSR1 may, in combination with environmental 
cues such as pathogen infection, modify prostate can-
cer risk.

Interleukins

Case–control studies have evaluated sequence variants 
in the genes encoding IL-8 and IL-10 among others and 
prostate cancer risk with mixed results. IL-8 is a pro-
inflammatory cytokine often found at elevated levels in 
the semen of men with chronic prostatitis [50] and is 
also associated with prostatic angiogenesis [51]. IL-10 
is considered an anti-inflammatory cytokine with 
immunoregulatory functions including downregulation 
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of Th1. Further work is necessary to evaluate the 
hypothesis that sequence variants in IL-8 and/or IL-10 
are involved in prostatic inflammation and development 
of prostate cancer.

Toll-Like Receptors

TLRs are transmembrane proteins expressed by cells 
of the innate immune system. TLRs recognize invad-
ing pathogens and activate signaling pathways leading 
to inflammatory immune responses that clear the infec-
tion. In humans, the TLR family includes eleven pro-
teins (TLR1–TLR11). Different TLRs serve as 
receptors for a wide variety of ligands including bacte-
rial cell-wall components, viral RNA or immunomod-
ulatory compounds.

Several studies have explored the possible connec-
tion between TLR signaling and prostate cancer. 
Sequence variants in several TLR genes including 
TLR-4 and the TLR-1–6–10 cluster have been linked 
to prostate cancer risk [52, 53]. Further investigations 
are required to understand the biological consequences 
of TLR signaling and prostate cancer risk. However, 
because TLR signaling is so critically related to innate 
immunity, it is intriguing to speculate a central role for 
TLR-signaling in prostatic inflammation and prostate 
cancer development.

Chronic Inflammation  
in the Development of Prostate Cancer

The “immune surveillance” theory has long held that 
inflammation is a consequence of the host response 
against a cancer rather than a cause [54]. However, 
recent evidence suggests that the cytokine environment 
of tumor-associated inflammatory cells actually sup-
presses cell-mediated antitumor immune surveillance 
activities [55, 56]. Indeed, studies now suggest that 
longstanding inflammation through a number of inter-
related mechanisms acting in a concerted fashion may 
serve to favor tumor growth and spread. These include 
the elaboration of cytokines and growth factors that 
favor tumor cell growth, generation of mutagenic reac-
tive oxygen and nitrogen species (ROS and RNS), and 

induction of cyclooxygenase-2 and prostaglandin (PG) 
synthesis.

Cytokines and Growth Factors

Chronic inflammation produces an environment rich in 
cytokines and growth factors that govern cell-to-cell 
communication and may contribute to malignant pro-
gression [57]. Tumor necrosis factor-a (TNF-a), a 
pro-inflammatory cytokine produced predominantly 
by macrophages/monocytes upon exposure to a wide 
range of stimuli, has an important role in orchestrating 
inflammatory events, host responses to pathogens, and 
wound healing by inducing a cascade of other cytok-
ines and growth factors such as COX-2, angiogenic 
factors, and matrix metalloproteins (MMPs) [58]. 
Production of TNF-a in cultured prostate cancer cells 
suppresses androgen receptor expression and may con-
tribute to loss of androgen responsiveness [59]. TNF-a 
may also directly stimulate tumor cell proliferation 
through activation of NF-kB [60]. The NF-kB family 
of transcription factors includes key regulators of 
genes involved in cell growth and differentiation such 
as c-myc, cyclin-D1, and IL-6 and inhibitors of apop-
tosis such as Bcl-2 (Fig. 33.1) [61]. NF-kB may also 
regulate angiogenesis through modulation of vascular 
endothelial growth factor (VEGF) [61, 62].

VEGF stimulates endothelial proliferation, induces 
angiogenesis, regulates vascular permeability and is a 
key target for antiangiogenic chemotherapeutic agents 
[63, 64]. Although VEGF expression is limited to basal 
cells in the normal prostate, it is also expressed in pros-
tate cancer and prostatic intraepithelial neoplasia (PIN) 
[65]. In addition to NF-kB, VEGF production is 
induced by prostaglandin E2 (PGE2) and TNF-a.

A variety of interleukins and chemokines produced 
by inflammatory cells during the inflammatory 
response may have the potential to stimulate tumor cell 
proliferation, survival, and metastasis. Interleukins 
such as IL-1 and IL-8 have been shown to stimulate 
growth of cancer cells in vitro [66, 67]. IL-1 modulates 
the expression of MMPs that facilitate cell migration 
[68]. IL-8 is a potent inducer of angiogenesis [69]. 
Finally, CXC group chemokines, such as gro-a and 
CXC-12, may contribute to carcinogenesis by direct 
stimulation of tumor cell growth, regulation of angio-
genesis, or aid in tumor cell chemotaxis [68, 70, 71].
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Oxidative Stress

Condemning evidence implicating inflammation in 
prostate carcinogenesis comes from molecular changes 
that occur in inflamed benign prostatic tissues such as 
PIA. Epithelial cells in PIA overexpress the glutathi-
one S-transferases (GST) GSTP1 and GSTA1, sug-
gesting that PIA lesions are under oxidative stress, 
possibly in part due to reactive species generated dur-
ing the inflammatory response [11, 72]. Reactive oxy-
gen species (ROS), such as superoxide and hydrogen 
peroxide, are highly reactive intermediate by-products 
of oxidative metabolism. ROS are produced in rela-
tively high quantities by activated macrophages in 
response to a variety of stimuli as part of the “respira-
tory burst.” ROS may also be produced in many cell 
types in response to inflammatory cytokines and dur-
ing the metabolism of many known carcinogens [73]. 
Reactive nitrogen species (RNS) include nitric oxide 
(NO) and its reactive intermediates. NO is a gas with 
free-radical properties that has a number of diverse 
actions including neurotransmission, vasodilatation, 
induction of apoptosis, p53 regulation, and modulation 
of epithelial proliferation [74]. RNS are produced in 
relatively high quantities by inflammatory cells and 
most other cell types by the inducible form of the 

enzyme NO synthase (iNOS, NOS2) in response to 
stimulation with inflammatory cytokines, such as 
TNF-a and IL-1 [75].

ROS and RNS may contribute to carcinogenesis by 
damaging cellular lipids, proteins, and DNA (see 
Fig. 33.1). For instance, ROS and RNS together form 
peroxynitrite that directly damages cellular lipids and 
proteins [74]. ROS are also directly mutagenic to DNA 
causing the formation of 8-hydroxyguanine (8-OHG) 
[76]. As a defense against such insults, ROS can be 
neutralized by intracellular antioxidants (e.g., vitamin 
E, carotenoids) and cellular enzymes (e.g., glutathione 
peroxidase, which requires selenium for activity and 
glutathione-S-transferases) [77]. Oxidative and nitro-
sative stress refers to an imbalance between the pro-
duction of reactive intermediates and these antioxidant 
defenses. GSTP1 is the primary GST present in pros-
tatic epithelial cells. It is responsible for inactivating 
oxidant carcinogens via conjugation to reduced gluta-
thione [77]. Inactivation of the GSTP1 gene by CpG 
island methylation occurs in a very high proportion of 
prostate cancer and PIN specimens [78]. Other major 
antioxidant enzymes including copper-zinc superoxide 
dismutase, manganese superoxide dismutase, and cat-
alase were also shown to have lower expression in PIN 
and prostate cancer compared to benign epithelium 

Fig. 33.1 Complex interaction between reactive oxygen species 
(ROS), reactive nitrogen species (RNS), nuclear factor kappa B 
(NF-kB), cyclooxygenase-2 (COX-2), vascular endothelial growth 

factor (VEGF), and cellular processes promoting tumorigenesis. 
PGE2 prostaglandin E2
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[79]. The transition of PIA lesions to prostate cancer 
may be supported by the observation that in tissues 
taken from men with prostate cancer, the proportion of 
methylated GSTP1 promoter region CpG sites is 0% in 
normal epithelium and BPH, approximately 6% in 
PIA, 70% in HGPIN, and over 90% in adenocar-
cinoma [13].

Measures of oxidative stress can be increased by 
androgens in human prostate cancer cell lines [80]. In 
situations of increased oxidative and/or nitrosative 
stress, progressive damage to epithelial cells leads to 
cell death triggering replacement by proliferation of 
resident progenitor cells. DNA synthesis in the pres-
ence of mutagenic reactive intermediates is thus at 
increased risk of mutagenesis. Damage to DNA repair 
enzymes via hydroxylation (ROS) or nitrosylation 
(RNS) may alter their activity, thereby exacerbating 
mutagenesis [81]. The cumulative result is an imbal-
ance between the rate of mutagenesis and the ability to 
repair mutations (without error), allowing for their 
progressive accumulation [82].

Cyclooxygenase-2

Cyclooxygenase (COX) is a key enzyme in the syn-
thesis of PGs and other eicosanoids from arachi-
donic acid (AA) and exists in two isoforms. COX-1 
is constitutively expressed in many tissues, whereas 
COX-2 is not usually expressed or expressed at very 

low levels in epithelial tissues but is predominantly 
expressed by inflammatory cells such as mac-
rophages. Oxidative stress can rapidly induce COX-2 
in epithelial cells, either directly through lipid per-
oxidation [83] or indirectly through induction of 
NF-kB (see Fig. 33.1) [84]. COX-2 may also be 
induced by TNF-a and interleukin-1 produced by 
inflammatory cells [85]. Overexpression of COX-2 
is associated with increased tumorigenesis in animal 
models and alterations in cellular adhesion and 
apoptosis in epithelial cells [86]. COX-2 stimulates 
angiogenesis in tumors by induction of PGE2 and 
VEGF [87]. Conversely, suppression of COX-2 
inhibits angiogenesis and tumor growth [87]. While 
studies have shown that COX-2 may or may not be 
elevated in prostate cancers per se, benign tissues 
that are inflamed such as PIA show elevated COX-2 
expression [88]. In vitro studies showed that COX-2 
inhibitors decreased growth and increased apoptosis 
in prostate cancer cell lines [89]. Apoptosis due to 
inhibition of COX-2 is a result of shunting of AA 
metabolism to stimulate the production of ceramide, 
a mediator of apoptosis [90]. Thus, nonsteroidal 
anti-inflammatory agents (NSAIDs) or specific 
COX-2 inhibitors to inhibit COX-2 and PG synthe-
sis may have therapeutic or chemopreventive poten-
tial (Fig. 33.2). Studies using animal models of 
prostate carcinogenesis and metastasis demonstrated 
suppression of tumor growth and metastasis with 
nonsteroidal anti-inflammatory agents (NSAIDs) or 
selective COX-2 inhibitors [91, 92].

Fig. 33.2 Schematic diagram highlighting prostaglandin E2 
(PGE2) synthesis from arachidonic acid (AA). PGE2, interacting 
with G-protein coupled receptors, leads to increased angiogenesis 
through upregulation of VEGF. Inhibition of cyclooxygenase-2 

(COX-2) by nonsteroidal anti-inflammatory drugs (NSAIDS) 
and/or selective COX-2 inhibitors inhibits angiogenesis and pro-
motes apoptosis through channeling of AA through ceramide. 
PGG2 prostaglandin G2; PGH2 prostaglandin H2
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Inflammation in Metastasis

The role of inflammation in metastasis is not very well 
defined. The observation that matrix metalloprotiens 
(MMPs) are produced by leukocytes present within 
tumors suggests that matrix remodeling in areas of 
chronic inflammation may promote cell motility and 
intravasation of tumor cells [93]. Induction of angio-
genesis in regions of chronic inflammation may also 
promote tumor metastasis. Perhaps most damning in 
the implication of chronic inflammation and metastatic 
dissemination of cancer cells comes from a study on 
the regulation of the metastasis suppressor Maspin by 
IkB kinasea (IKKa). IKKa is activated by receptor 
activator of NF-kB ligand (RANKL), a cytokine pro-
duced by inflammatory cells. An inverse correlation 
was observed, both in a mouse model and human tis-
sue, between IKKa activation and Maspin production, 
suggesting that RANKL produced by inflammatory 
cells associated with prostate tumors activates IKKa 
leading to downregulation of Maspin and enhancement 
of metastasis [62].

Targeting Inflammation  
in the Management of Prostate Cancer

When designing clinical trials targeting inflammation 
in prostate cancer, both the protumorigenic and antitu-
morigenic roles of inflammatory cells and processes 
must be considered. Strategies aimed at interfering 
with the above protumorigenic processes while bol-
stering antitumorigenic cell-mediated immunity would 
be ideal. For the latter, emerging evidence suggests 
that stimulating antitumor T-cell responses using 
aminobisphosphonates (activation of gd T cells) or 
stimulating hsp70 activity holds promise for treatment 
of advanced prostate cancer [94, 95].

Coupling increased cell proliferation with muta-
genesis forms the key recipe for carcinogenesis. 
Formation of new vasculature (angiogenesis) and 
stimulation of cell motility then sets the stage for 
tumor progression. As reviewed herein, factors pro-
duced by inflammatory cells may participate during 
all stages of carcinogenesis including early events of 
tumor initiation and promotion (Fig. 33.3). Thus, key 

Fig. 33.3 The interplay between pro-inflammatory factors 
produced by prostatic epithelium during progression of pros-
tatic carcinogenesis and reciprocal products of chronic inflam-
mation. Following stimulation by one or more stimuli (white 
cloud), pro-inflammatory factors (blue box and arrow) stimu-
late production of protumorigenic cytokines and growth 

 factors (orange box and arrows) and reactive oxygen/nitrogen 
species (ROS/RNS, yellow box and arrows) promoting pro-
gression of tumorigenesis through increased cell proliferation 
coupled with progressive DNA damage and angiogenesis. PIA 
proliferative inflammatory atrophy; PIN prostatic intraepithe-
lial neoplasia
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regulatory elements in the inflammatory response, 
such as NF-kB and COX-2, represent legitimate tar-
gets for chemoprevention and therapeutic strategies. 
In support of this, a case–control study reported a 55% 
risk reduction for prostate cancer with selective 
COX-2 inhibitors after adjusting for age and potential 
confounders [96]. A meta-analysis of 91 epidemio-
logic studies showed significant risk reductions for a 
number of human malignancies, including a 39% risk 
reduction for prostate cancer in patients daily taking 
NSAIDS [97]. There was an inverse association 
between NSAID intake and prostate cancer risk. 
COX-2 inhibitors have also been used in clinical trials 
in men with rising PSA after radical prostatectomy 
and/or radiation therapy for prostate cancer. Although 
outcomes data have not been reported, use of COX-2 
inhibitors slowed PSA doubling times, suggesting an 
effect on tumor progression [98, 99]. Non-COX-2-
dependent mechanisms may be responsible for some 
of the anticancer effects of these drugs [100]. To date, 
use of COX-2 inhibitors for chemoprevention is lim-
ited due to the potential for adverse cardiovascular 
effects; future refinement of these agents to minimize 
cardiovascular toxicity is warranted.

Combating oxidative stress through the use of anti-
oxidants is particularly attractive for chemoprevention 
since these agents are usually well tolerated, and intake 
can be increased through the diet by taking supple-
ments. Antioxidants such as lycopene (tomato prod-
ucts), resveratrol (grape products, peanuts), selenium, 
and vitamin E are being evaluated clinically. The effect 
of these agents may involve other anticancer actions 
(e.g., cell cycle inhibition) in addition to antioxidant 
properties.

Conclusion

As more is learned about the multiple pathways 
involved in carcinogenesis, newer targets for interven-
tion will emerge. Eventually, we could envision com-
bination strategies targeting many pathways 
simultaneously using pharmacological and dietary 
approaches. While rationale for control of inflamma-
tion is sound for chemoprevention, it may also be 
strong for adjuvant therapy. Since more conservative 
approaches toward the management of prostate cancer, 
including expectant management and targeted focal 

therapies, are being introduced, the role of anti-inflam-
matory/antioxidant agents for prostate cancer therapy 
must also be pursued.
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Abstract Development of novel therapeutic agents 
in advanced prostate cancer presents particular chal-
lenges due to multiple factors including advanced 
age at diagnosis with competing causes of death and 
difficulties in assessing responses in bone (the pre-
dominant site of metastatic disease). Over the last 2 
decades, few non hormonal drugs have met the regu-
latory requirements for approval in advanced prostate 
cancer. These include mitoxantrone (1996), zoledronic 
acid (2002) and docetaxel (2004). Sipuleucel-T, an 
autologous cell based vaccine and cabazitaxel were 
approved in 2010. Despite these breakthroughs, the 
general landscape for new and effective treatments 
in prostate cancer remains challenging. The aim of 
this review is to discuss the specific obstacles in the 
development of novel agents in prostate cancer and 
potential strategies to overcome them.

Keywords Prostate cancer • Novel targeted agents  
• Challenges • End-points • Drug development

Introduction

Prostate cancer is a major public health problem. 
Despite the reported reduction in prostate cancer 
mortality, in 2008, over 28,000 men are destined to die 
from their disease [1]. The primary cause of mortality is 

metastatic castration-resistant prostate cancer (CRPC). 
Historically, few treatment options were available 
to this group of patients. However, a  paradigm shift 
occurred when palliation was demonstrated with mitox-
antrone therapy in the mid 1990s [1, 2] followed by a 
modest but unequivocal survival benefit with docetaxel-
based chemotherapy in two pivotal phase III trials in 
2004 [3, 4], a major advance in a disease once thought 
to be chemoresistant.

Over the last several years, a great deal of progress 
has been made in understanding prostate cancer biology 
leading to a plethora of new agents being investigated in 
first, second, and even third-line settings. Trial designs 
and modestly active agents in the context of a complex 
disease make approval of new agents difficult.

The difficulties in conducting clinical trials in pros-
tate cancer are not new. Historically, several attempts 
were made to address the issue of screening for antitu-
mor activity by enrolling only patients with  measurable 
disease or looking at alternative endpoints [2–4]. 
However, based on disappointing trial results, several 
reviews, decades ago, concluded that chemotherapy 
had no real role in treatment of prostate cancer [5–7]. 
Several features of the disease and the patient popula-
tion continue to present challenges in the development 
of new agents for this disease. Prostate cancer is a 
complex disease with marked inter and intrapatient 
heterogeneity, both at a clinical and molecular level 
[8]. Prostate cancer patients are generally older, with 
confounding comorbidities, and the disease manifests 
mostly in bone which is a difficult organ to assess. 
Second- and third-line hormone therapies are widely 
prevalent and their ease of use coupled with the desire 
to minimize toxicities owing to older age and patient 
comorbidities may play a role in delaying enrollment 
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in clinical trials. Despite all these issues, the results of 
several recent trials clearly indicate that when an active 
agent is combined with adequate trial design, it is pos-
sible to obtain positive clinically meaningful results as 
reflected by phase III trials that led to FDA approval of 
mitoxantrone, zoledronic acid, and docetaxel [9–14].

Defining Appropriate Clinical Endpoints 
Based on Stage of Development

Screening for Antitumor Effect:  
“The Phase II Setting”

Objective Response: How Defined?

For agents to make it to a phase III trial, it must be 
established with reasonable certainty that an agent has 
antitumor activity. With few exceptions, the latter, his-
torically, has been based on measurable disease 
response in the vast majority of solid tumors. This 
poses a problem in prostate cancer in that even in the 
contemporary era, only 30–40% of patients have mea-
surable soft tissue disease [9, 10]. Therefore, limiting 
accrual to patients with measurable disease is neither 
practical nor reflective of the disease population at 
large. It is instructive, however, to note that with the 
taxanes, particularly docetaxel, evidence of significant 
objective antitumor activity was evident early in its 
development as reflected by measurable disease 
response in 28–55% of patients with an impressive 
median survival of up to 23 months [15–18]. This data 
was compelling and led to phase III testing [9, 10]. 
Similarly, more recently measurable disease responses 
were also noted with ixabepilone [19, 20].

Objective measurable disease response is clearly 
useful if present, however, for the vast majority of 
patients with metastatic prostate cancer; alternatives 
including better assessment of response in bone are 
needed. With better assessments lacking, one useful 
measure for screening for antitumor activity in CRPC, 
at least with use of cytotoxic therapy, has been PSA 
response. The role of PSA as an indicator of response 
was first reported in 1989 [21]. Following that report, 
several phase II trials utilized PSA as a marker of 
response [22–24]. Retrospective analyses of phase II 
trials suggested a correlation between a 50% or greater 

decline in PSA and survival [23, 25, 26] leading to a 
consensus  recommendation by the Prostate-Specific 
Antigen Working Group [27] for use of PSA as an out-
come measure in clinical trials. However, controversy 
remains regarding the optimum posttreatment PSA per-
centage decline, time for PSA evaluation in relation-
ship to initiation of treatment, duration of posttreatment 
PSA decline, and definition of PSA progression. 
Retrospective analysis of several large clinical trials 
with known primary outcomes and PSA data available 
have helped to provide information related to PSA 
changes and prognosis (discussed below).

Time-to-Event End Points

One key objective of therapy is better control of the dis-
ease activity (to delay disease progression) with the aim 
of reducing disease-related morbidities and maximizing 
quality of life. Clinically, this is meaningful to patients. 
Recognizing that response is one element of the control 
process and driven by the development of agents that 
may not exert an overt cytotoxic effect or have mecha-
nisms of action that are cytostatic, efforts have focused 
on using time to progression (TTP) or progression-free 
survival (PFS) as the primary endpoints to capture anti-
tumor effect. These endpoints have been successfully 
utilized in a variety of cancers where it also led to FDA 
approvals. An example in the genitourinary arena is 
sorafenib’s FDA approval based on improvement in 
PFS in renal cell carcinoma [28, 29]. Of note is that if 
response rate was the driving factor, this drug would not 
have made it this far as it is associated with an objective 
response rate of less than 5% [28, 29].

Challenges in Using Time-to-Event Endpoints  
in CRPC

TTP does not incorporate death, while PFS includes 
progression and death from any cause. Both are appeal-
ing, but challenging. The challenges in evaluating PFS 
and TTP are similar. Ideally, trials should be controlled 
and blinded, progression must be prospectively defined, 
and plans to handle missing data must be prospectively 
determined. Timing of tumor assessments must be 
symmetrical in all study arms. If progression is to be 
determined radiographically, independent radiology 
review may be ideal for the analysis and interpretation 
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of trial results, though may not be practical and is 
costly for phase II settings.

Because bone is the predominant site of disease and 
often the only site of disease in patients with meta-
static prostate cancer, ability to assess response in bone 
plays a major role in time-to-event endpoints. Response 
of bone lesions in clinical trials has been based on radi-
onuclide bone scans. Although considered to be the 
standard screening technique for assessing the entire 
skeleton for metastases, it is well recognized that bone 
scanning lacks the specificity needed to accurately 
assess response vs. flare. These limitations stem from 
the fact that bone scans measure only osteoblastic met-
abolic activity and do not evaluate structural integrity 
of bone nor actual growth nor apoptosis of the cancer 
cells themselves.

The problem of assessing response in bone has been 
well illustrated in development of atrasentan, an 
endothelin antagonist, hypothesized to interfere with 
the development and progression of osteoblastic bone 
metastases [30–33] in prostate cancer. Results of a 
double-blind, randomized, placebo-controlled, multi-
national phase II trial [34] investigating two dose lev-
els of atrasentan showed a nonsignificant trend towards 
an increase in TTP with a significant increase in time 
to PSA progression in patients treated with atrasentan. 
In this trial, bone scans were only done at baseline and 
at progression. Interim bone scan assessments were 
not mandated per protocol. Based on the phase II trial 
results, a phase III trial compared TTP between atra-
sentan and placebo. Bone scans were performed as 
part of the efficacy analysis every 12 weeks. The study 
was closed early by an Independent Data Safety 
Monitoring Committee after reviewing an unexpect-
edly high number of early progressions. Of note, >50% 
of patients reached the progression endpoint within 
100 days of trial entry, mostly due to bone scan pro-
gressions. Intention to treat analysis of the 809 patients 
accrued prior to trial closure showed a nonsignificant 
trend towards an increase in TTP favoring the atrasen-
tan arm [35, 36]. When the analysis was limited to 
patients with bone metastases, a significant increase in 
TTP was observed [35, 36]. In review, the study that 
mandated bone scans showed early radiologic progres-
sion in the absence of clinical symptoms in most 
patients raising concern whether response was appro-
priately assessed given the limitations of bone scans.

As a result of this trial and others, a recent update to 
consensus recommendations for clinical trial conduct 

in advanced prostate cancer (Prostate Cancer Working 
Group 2) was published [37]. The key change in these 
recommendations is to focus on time-to-event mea-
sures rather than response and to ensure adequate drug 
exposure before declaring futility.

The Phase III Setting

The gold standard in assessing clinical benefit of anti-
cancer therapies in prostate cancer as well as other malig-
nancies has been survival outcomes assessed in 
prospective randomized phase III trials. Although neces-
sary, these trials are costly, requiring large numbers of 
patients often followed over many years. Survival has 
proven to be an achievable endpoint in metastatic CRPC 
[9, 10]. However, whenever survival is the measure in a 
trial where a large number of trial participants have a 
disease with a relatively long natural history, the observed 
results maybe confounded by competing causes of mor-
tality, and subsequent treatment. This has not been a 
critical issue in this stage of the disease, though it is very 
relevant in earlier stages of prostate cancer.

Patient-Reported Outcomes

Patient-reported outcomes such as symptom benefit are 
clinically important and have served as an endpoint for 
drug approval. Several problems confound the assess-
ment of symptoms of advanced prostate cancer, includ-
ing the fact that the symptoms of this disease often 
overlap with intercurrent conditions and older age and 
side effects of therapy. Therefore, any efficacy with 
respect to patient reported outcome can only be estab-
lished by conducting randomized, controlled, double-
blinded trials with a prospectively defined primary 
endpoint using validated measuring instruments, analy-
sis methodology, and a clinically meaningful effect size.

Patient-reported outcomes led to approval of mitox-
antrone, in combination with prednisone for the treat-
ment of metastatic CRPC patients with pain related to 
disease. Its efficacy was demonstrated in an open-
label phase III trial of 161 symptomatic patients 
that used prospectively defined endpoint of palliative 
response. Twenty-nine percent of the patients in the 
 mitoxantrone + prednisone arm, compared to 12% in 
the prednisone alone arm, demonstrated a two-point 
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improvement on a six-point pain intensity scale that 
was at least 6 weeks in duration, and was accompa-
nied by a stable analgesic score [11].

Although this endpoint provides direct evidence of 
clinical benefit to patients, it has not been correlated 
with improvement in survival; optimal tools have not 
yet been defined, and many methodological problems 
remain unresolved, therefore is rarely used as a primary 
endpoint for assessing drug efficacy today. Patient-
related outcomes have also become of more limited 
value because patients with metastatic CRPC enrolling 
in clinical trials today are often asymptomatic or have 
few symptoms attributable to disease. This is in stark 
contrast to the 80s and 90s when most patients presented 
with advanced clinically morbid disease.

Composite Endpoints

No single ideal endpoint has been described yet in this 
disease that is suitable for all disease stages and drugs. 
A composite endpoint can be appropriate when the 
benefit of a drug is multifaceted. In metastatic prostate 
cancer, zoledronic acid was approved for treatment of 
patients with progressive bone metastases using a 
composite endpoint [13, 14]. In this phase III trial, 643 
men with asymptomatic or minimally symptomatic 
CRPC and evidence of bone metastases were random-
ized to zoledronic acid or placebo. The endpoint was 
occurrence of any skeletal-related event at 15 months 
as defined by pathological fracture, spinal cord com-
pression, surgery, or radiation therapy to bone or change 
in antineoplastic treatment for bone pain. At 15 months, 
patients treated with zoledronic acid experienced fewer 
skeletal-related events as compared to patients treated 
with placebo (33 vs. 44%, P = 0.02). Results of this 
study led to FDA approval of zoledronic acid in patients 
with CRPC with bone metastases.

More recently, a composite endpoint was utilized to 
investigate satraplatin, a novel orally bioavailable plati-
num compound, in the second line setting for men with 
CRPC. In a large multinational randomized phase III 
trial comparing satraplatin plus prednisone to placebo 
plus prednisone, the Satraplatin and Prednisone Against 
Refractory Cancer (SPARC) trial, a coprimary endpoint 
of overall survival and PFS (defined as a composite 
endpoint based on first occurrence of tumor progres-
sion, skeletal event, symptomatic progression, or death) 
was utilized. Secondary and exploratory endpoints 

included time to pain progression, pain response, tumor 
response, and PSA response. Final results of this 950 
patient trial have been presented [38, 39]. A 33% 
improvement in PFS in favor of satraplatin was reported 
(11.1 vs. 9.7 weeks and HR 0.67 95% CI 0.57–0.77; 
P < 0.0001), but no benefit in overall survival was dem-
onstrated (61.3 vs. 61.4 week andHR = 0.97; 95% CI 
0.83–1.13). All other prespecified endpoints were sta-
tistically significant in favor of satraplatin. Of interest, 
a significant number of patients went on to receive 
third-line chemotherapy. It is doubtful that further treat-
ment can explain the lack of a survival benefit consider-
ing there is no effective third-line therapy.

Use of Alternative Clinical Endpoints

Development of surrogate endpoints that can be objec-
tively measured and lead to a quicker determination of 
whether an agent is of benefit or not to patients is an 
area of active investigation and significant interest in 
prostate cancer research.

Biomarkers

A biomarker is a characteristic that is objectively mea-
sured and evaluated as an indicator of normal biologic 
processes, pathogenic processes, or pharmacologic 
responses to a therapeutic intervention [40]. There has 
been significant interest in use of biomarkers as surro-
gates in clinical trials. In order for a biomarker to qual-
ify as a valid surrogate endpoint, (1) the biomarker 
must be a prognostic marker of the true clinical end-
point, (2) treatment-mediated changes in the potential 
surrogate must be prognostic, and (3) effects of treat-
ments on the marker must be associated with effects of 
treatments on the true clinical endpoint [41].

PSA

PSA has served as a biomarker for diagnosis, progno-
sis and monitoring for disease activity, and response to 
therapy in different settings of prostate cancer. The 
observation that systemic and local therapies impact 
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the PSA level has led to the use of PSA in the daily 
clinical practice to guide therapeutic decisions. This 
clearly impacts on the integrity of clinical trials that 
have harder clinical endpoints, not to mention, causing 
difficulties when reconciling PSA changes with objec-
tive disease measures when they are in opposite direc-
tions. To date, there are no data from prospective 
randomized clinical trials that have validated these 
practices to produce level one supporting evidence. 
Despite this, given the limitations of studies with overt 
clinical endpoints, with the reproducible and quantita-
tive nature of PSA, enormous interest has been focused 
on developing and evaluating PSA-based endpoints.

PSA Response

The role of PSA decline as an indicator of response in 
CRPC was first reported in 1989 [21]. Following this 
report, several phase II trials utilized PSA as a marker 
of antitumor response with retrospective analyses sug-
gesting a correlation between a 50% or greater decline 
in PSA and survival [23, 25, 26]. In 1999, recommen-
dations by the Prostate-Specific Antigen Working 
Group [27] were published. These aimed at streamlin-
ing design and outcome reporting for phase II clinical 
trials in prostate cancer. PSA decline was suggested as 
one outcome measure. However, controversy remains 
regarding the optimum posttreatment PSA percentage 
decline in relation to baseline PSA, time for PSA eval-
uation in relation to initiation of treatment, duration of 
posttreatment PSA decline, and definition of PSA pro-
gression. Retrospective analysis of several large clini-
cal trials with known primary outcomes and PSA data 
available have helped to provide information related to 
PSA changes and prognosis such that specific PSA 
endpoints can be validated in prospective trials.

In newly metastatic disease treated with androgen 
deprivation therapy (ADT), the PSA level after 7 months 
of ADT strongly correlated with risk of death in a 
secondary analysis of the first 1.345 patients registered 
to SWOG 9346 (INT-0162) [42]. In this phase III trial, 
hormone naïve patients with metastatic disease were 
treated 7 months of induction ADT. Patients who 
achieved a PSA of 4.0 ng/mL or less on months 6 and 
7 were randomized to continuous vs. intermitted ADT. 
After controlling for prognostic factors, patients with a 
PSA of 4 or less to more than 0.2 ng/mL had less than 

one-third the risk of death as those with a PSA of more 
than 4 ng/mL (P < 0.001). Patients with PSA of 0.2 ng/mL 
or less had less than one-fifth the risk of death as 
patients with a PSA of more than 4 ng/mL (P < 0.001) 
and had significantly better survival than those with 
PSA of more than 0.2–4 ng/mL or less (P < 0.001). 
Median survival was 13 months for patients with a 
PSA of more than 4 ng/mL at the end of induction 
(95% CI, 11–16 months), 44 months for patients with 
PSA of more than 0.2–4 ng/mL or less (95% CI 39–55 
months), and 75 months for patients with PSA of 
0.2 ng/mL or less (95% CI 62–91 months) suggesting 
that PSA level at 7 months may be a useful endpoint in 
this patient population.

Secondary analysis of SWOG 9916, a randomized 
phase III trial comparing docetaxel and estramustine to 
mitoxantrone and prednisone in patients with meta-
static CRPC evaluated PSA changes as potential sur-
rogate markers for survival [43]. Three-month PSA 
level declines of 20–40%, a 2-month PSA decline of 
30%, and PSA velocity at 2 and 3 months met the 
Prentice’s surrogacy criteria. The optimal biochemical 
surrogate was a 30% PSA decline 3 months after 
 treatment initiation. A PSA decline of ³30% within  
3 months of chemotherapy initiation also had the 
 highest degree of surrogacy in analysis of data from 
the TAX327 trial, a multinational phase III trial com-
paring different schedules of docetaxel and prednisone 
to mitoxantrone and prednisone in the same patient 
population, although surrogacy was more modest in 
this trial [44]. If validated, PSA decline as a surrogate 
endpoint in future trials has the potential to substan-
tially alter the design and duration of future phase III 
studies. These findings are being prospectively con-
firmed in two randomized cooperative group trials 
(SWOG-0421 and CALGB 90401).

PSA Progression

In hormone-sensitive and CRPC, PSA progression 
heralds clinical progression [45] and has been an 
accepted indicator of worsening disease, though no 
data exist regarding what constitutes an appropriate 
definition for PSA progression. So far criteria have 
been consensus-based [27, 37]. Several definitions 
including definitions proposed by the Prostate-Specific 
Antigen Working Group [27] and the Prostate Cancer 
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Working Group [37] were recently explored using PSA 
data from two SWOG trials with hormone sensitive 
(S9346) and CRPC (S9916) [46]. The Prostate-Specific 
Antigen Working Group 1999 and the Prostate Cancer 
Working Group 2008 were both strongly predictive of 
overall survival indicating that both consensus defini-
tions are useful. However, whether PSA progression or 
PSA response is a more useful endpoint to consider 
remains unanswered.

Limitations of PSA Based End-Points

Although PSA endpoints have been are attractive to 
overcome some of the difficulties encountered in 
assessing outcome by means of other endpoints, e.g., 
bone scans or pain relief, it is not established how 
well the posttherapy PSA changes capture the bio-
logic effect of therapy on the tumor. As described 
above, different PSA-based endpoints may correlate 
with disease prognosis, can thus support their use for 
patient selection and stratification in clinical trials, 
and may also provide evidence of activity of a drug in 
a Phase 2 trial. The data described above suggest a 
potential PSA role, however, routine application 
await prospective validation of PSA as a surrogate for 
clinical benefit. Because PSA changes can be drug 
class-specific and disease state-specific, its validation 
as a surrogate or intermediate marker needs to be 
established for each drug class and disease state com-
bination. Pending  prospective validation, however, 
several strong leads in different disease settings, dis-
cussed above, suggest that PSA may be a useful inter-
mediate biomarker in some settings.

Biochemical Markers of Bone Turnover

Biochemical markers of bone turnover can be classi-
fied as markers of bone resorption and bone forma-
tion reflecting osteoclastic and osteoblastic activity 
respectively. Originally used to evaluate treatment of 
metabolic bone disease, over the last several years, 
the potential utility of bone turnover to measure effi-
cacy of bone targeted therapy in cancer has been 
realized [13, 47, 48]. Given that bone is the predomi-
nant site and often only site of disease in 85–90% of 

men with metastatic prostate cancer [9, 10], the use 
of bone  turnover markers to monitor therapy has 
been of  particular interest in this disease. Although 
in prostate cancer, bone metastases are mostly osteo-
blastic in nature, it is well recognized that prostate 
cancer metastases result from a heterogeneous mix-
ture of osetoblastic and osteolytic lesions [49–52]. It 
has been shown that osteoblastic metastases form on 
trabecular bone at sites of previous osteoclast resorp-
tion and that such resorption is required for subse-
quent osteoblastic bone formation [53, 54]. These 
findings suggest that prostate cancer induces bone 
production through an overall increase in bone 
remodeling [55–57]; thus, investigation of markers 
of osteoblastic and osteoclastic activity are relevant 
in evaluating baseline disease activity and monitor-
ing therapeutic response.

In prostate cancer, investigation of bone turnover 
markers has largely been limited to studies of bis-
phosphonate use. In this setting, elevated markers of 
osteolytic activity (N-telopeptide) and osteoblastic 
activity (bone-specific alkaline phosphatase) have 
been associated with adverse clinical outcomes 
including shorter time to skeletal events, disease 
 progression, and death [13, 47, 48]. Additionally, a 
correlation between baseline values of N-telopeptide, 
bone-specific alkaline phosphatase, PSA, and  number 
of bone lesions have also been shown [48, 58], sug-
gesting baseline markers of osteolytic and osteo-
blastic activity correlate with tumor burden. There is 
little data published on the effect of chemotherapy 
on bone makers. This is in large part secondary to the 
ability of PSA to serve as a surrogate of response in 
traditional cytoxic therapies. However, as the poten-
tial treatment armamentarium available has increased 
to include targeted therapeutics that may not be cyto-
toxic, standard clinical endpoints of efficacy such as 
tumor response rates may not be as applicable as 
they are. Therefore, the role of bone turnover mark-
ers is again being investigated to aid in assessing 
treatment response, especially in bone targeted ther-
apy [34, 59–61]. Results from phase II and III stud-
ies of atrasentan, an investigational agent that inhibits 
the endothelin-A receptor resulting in decreased 
osteoblast activity, has shown no significant responses 
as assessed by classical measures, yet it appeared to 
result in an increase in TTP in patients with bone 
metastatses [5, 6, 40]. Investigation of bone markers 
in these studies has also demonstrated suppression of 
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biochemical  markers of bone turnover supporting the 
potential role of bone turnover markers in investigat-
ing efficacy of novel agents. Clearly for bone  turnover 
markers to be of use as a response measure, their role 
must be first validated. To do so, changes in bone 
turnover marker have been included as a secondary 
endpoint in S0241, a phase III trial investigating the 
addition of atrasentan to docetaxel + prednisone.

Circulating Tumor Cells

Other biomarkers being evaluated include circulat-
ing tumor cells (CTC). CTCs have been demon-
strated in multiple solid tumors and have been of 
clinical interest for several decades. Recent technol-
ogy advances with improved sensitivity and speci-
ficity have made it feasible to measure and 
characterize CTCs leading to resurgence into their 
investigation. The largest body of knowledge utiliz-
ing CTCs to monitor treatment response comes from 
the breast cancer literature. Cristofanelli et al. have 
shown that number of CTCs before treatment is an 
independent predictor of PFS and overall survival in 
patients with metastatic breast cancer [62] and that 
detection of elevated CTCs during therapy is an 
accurate indication of rapid disease progression and 
mortality [63]. Recent studies in CRPC are evaluat-
ing the ability of CTCs to be used as a surrogate of 
overall survival. Moreno et al. investigated CTCs in 
peripheral blood of CRPC patients pre and postther-
apy [64]. At every time point, including baseline, 
patients with less than 5 CTCs/7.5 mL had a signifi-
cantly improved overall survival compared to those 
with more than 5 CTCs. Patients who had a reduc-
tion in CTCs to less than 5 CTCs/7.5 mL at 2–5 
weeks after treatment had significantly improved 
survival compared to those who had persistently 
high CTCs. Multivariate analyses of the 240 evalu-
able patients in this study revealed CTC number as 
the strongest independent predictor of outcome. The 
Cellsearch TM system used in the above study has 
been granted an expanded clearance by the FDA for 
monitoring therapy in CRPC patients and is now 
commercially available. If validated in larger pro-
spective trials, CTCs could serve as convenient and 
early indicators of treatment efficacy in trials of new 
agents or combination therapy in CRPC.

Conclusions

The gold standard in assessing clinical benefit of anti-
cancer therapies in prostate cancer, as well as other 
malignancies, has been survival outcomes assessed in 
prospective randomized phase III trials. Significant 
progress has been made over the last decade in under-
standing the biology of prostate cancer development 
and progression. As a result, most drugs chosen for 
study today are based on sound rationale, aimed at tar-
geting specific biological changes thought to be crucial 
mediators in disease progression. However, with a 
plethora of targets identified and multiple promising 
agents available for investigation, the challenge now is 
how to prioritize to swiftly eliminate inactive or mar-
ginal agents and to enable promising therapies to be 
taken to definitive phase III clinical trials. To do this 
efficiently, alternative endpoints and tools that are 
applicable to the complex nature of this disease are 
necessary, particularly in the phase II setting so that a 
“go/no-go” decision can be made regarding an agent as 
to its worthiness of more definitive testing.
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Abstract The United States Food and Drug 
Administration has approved more than ten drugs 
for the treatment of prostate cancer, which include 
hormonal, supportive, and cytotoxic agents. Although 
these drugs have remarkably improved the manage-
ment of patients with the disease, new treatments are 
greatly needed for achieving better clinical outcomes. 
Regulatory evaluation of newer agents under devel-
opment is highly challenging, especially for agents 
intended for patients with advanced metastatic disease 
resistant to castration and/or docetaxel. Substantial 
evidence of efficacy and safety must be demonstrated 
for an agent to receive marketing approval. The evi-
dence must be based on adequate, well-designed, and 
well-conducted clinical trials that provide quantitative 
assessments of measured clinical benefits and risks of 
the agent. Although improvements in survival and/or 
patient-reported outcomes continue to be valid end-
points for approving new claims or agents, effective 
surrogates that can reliably measure and predict clini-
cal benefit remain to be established for accelerating 
drug development for the disease. Furthermore, appro-
priate utilization of trial results is very important. 
Subgroup analysis and/or post-hoc analysis results 
are not acceptable for regulatory action in general. 
Productive collaboration between all stakeholders and 
the agency is one of the keys for successful develop-
ment of prostate cancer treatments.

Keywords Drug approval • Drug development  
• Endpoints • FDA • Post-hoc analysis • Prostate cancer 
• Subgroup analysis • Surrogate endpoints • Survival

Introduction

Medical treatment of prostate cancer dates back to the 
well-known landmark findings in the 1940s that andro-
gen deprivation, achieved through either orchiectomy 
or estrogen administration, can retard advanced pros-
tate cancer and alleviate disease-related symptoms. 
From a regulatory perspective, effective modern drug 
management of prostate cancer began with the approval 
of leuprolide for palliative treatment of prostate cancer 
in 1985 [1]. Since then, more than ten drugs have been 
approved by the United States Food and Drug 
Administration (FDA) for the treatment of the disease. 
These drugs can be classified into three groups: hor-
monal agents,  cytotoxic agents, and supportive agents. 
Currently, many agents are under development for the 
disease, especially for metastatic castration-resistant 
prostate cancer (CRPC).1

In this chapter, we will review the general FDA 
approval process for anticancer drugs, summarize the 
approved drugs for the treatment of prostate cancer 
with an emphasis on the drugs approved in the last 
decade, and discuss the current challenges in evaluat-
ing new drugs being developed.

Chapter 35
FDA Approval of Prostate Cancer Treatments

Yang-Min Ning, Ramzi N. Dagher, and Richard Pazdur 

Y.-M. Ning (*) 
Office of Oncology Drug Products, The U.S. Food and Drug 
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1 CRPC denotes the progressive recurrent disease setting of pros-
tate cancer despite the low plasma levels of testosterone (<50 ng/
dL) achieved by medical or surgical castration, a clinical phe-
nomenon that is historically defined as androgen-independent or 
hormone-refractory prostate cancer. CRPC becomes well 
accepted now in that it is more conceptually appropriate than the 
other terms in reflecting the nature of the disease setting. 
Therefore, CRPC will be used in the review wherever a descrip-
tion of the disease setting is needed.
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General FDA Approval Process  
for Anticancer Drugs

In the United States, FDA regulates all commercial 
marketing claims of therapeutic products. Since the 
passage of the Federal Food and Drugs Act in 1906, 
the requirements for approval of a product have evolved 
with the enactment of several legislative initiatives. 
Substantial evidence of safety and efficacy must be 
demonstrated prior to drug approval [2, 3].

Anticancer drugs are reviewed by the Office of 
Oncology Drug Products (OODP) in the Center for 
Drug Evaluation and Research (http://www.fda.gov/
cder/Offices/OODP). The OODP-regulated products 
include traditionally termed “drugs” and biologic 
anticancer products (antibodies and oligonucle-
otides). OODP is engaged in all stages of clinical 
development, from evaluating and advising on pre-
submissions of an investigational new drug (IND) 
application, INDs, the design and conduct of trials 
oriented for a new drug application (NDA), and NDA 
submissions, to approval of anticancer drugs, follow-
ing up on postmarketing commitments, assisting fur-
ther postmarketing development, and monitoring 
safety of marketed drugs.

Experimental drugs must be developed under an 
IND application prior to marketing approval. 
Regulatory evaluation objectives vary with the stages 
of development. In early stages, mainly involving 
Phase 1 IND studies, evaluations focus on the com-
pleteness of preclinical evidence supporting the use of 
anticancer drugs in humans and the safety of the drugs 
for initiation of clinical studies. Clinical protocols are 
evaluated for their appropriateness based on preclini-
cal information, study eligibility criteria, treatment 
plans and modifications, and proposed monitoring 
plans for the safety of study subjects. Major safety 
endpoints of a study include assessment of the study 
agent’s tolerability and acute toxicity, dose-limiting 
toxicity, maximum tolerated dose, and determination 
of dosing schedules for further development.

Phase 2 studies are intended to evaluate antitumor 
activity of an agent in addition to gathering more 
safety information about the agent. In later stages of 
development, evaluations generally concentrate on 
the design and conduct of trials intended to support 
an NDA application. FDA evaluation will be pro-
vided to sponsors if they request end-of-phase 2 dis-
cussions of their development plans and/or special 

protocol assessments for protocols before the con-
duct of Phase 3 trials.

Substantial evidence of efficacy and safety must be 
demonstrated for an anticancer drug to receive FDA 
approval for an intended indication. The evidence must 
be based on adequate and well-controlled clinical trials 
that reliably provide quantitative assessments of mea-
sured clinical benefits and risks of study drugs [4]. To 
evaluate such evidence, the design of a trial will be 
considered in FDA review, which generally relates to 
the proposed study population, randomization and/or 
blinding, comparators, efficacy endpoints, and pre-
specified and/or interim analysis plans. Selection of 
appropriate endpoints and prespecification of analysis 
plan should be discussed with the Agency prior to ini-
tiating the trial.

The accepted regulatory anticancer endpoints can 
be classified into three types: prolongation of life 
(overall survival, OS), symptom relief or quality of life 
improvement (i.e., pain reduction or other patient-
reported outcomes), and established surrogate(s) for a 
longer life or a better life [5–9]. Historically, antican-
cer drugs were approved based on the response rate 
alone until the mid-1980s, when the Oncologic Drugs 
Advisory Committee (ODAC), a group of oncology 
experts that provide independent scientific advice 
based on reasoned application of oncologic science 
[10], recommended the use of an improvement in 
patient’s survival and symptoms for determining clini-
cal benefit. In 1992, use of a surrogate endpoint that 
can reasonably likely predict clinical benefit was intro-
duced under Subpart H for accelerated approval (AA) 
[4] of new drugs for life-threatening diseases such as 
cancer [11, 12]. The drugs approved under AA require 
further studies to demonstrate clinical benefit. 
Moreover, established surrogates can also be used for 
regular approval of new anticancer drugs when they 
are considered to consistently predict clinical benefit 
in selected clinical settings [7].

To accelerate anticancer drug development, end-
points for different cancers have been discussed in the 
OODP-sponsored workshops held in collaboration 
with other stakeholders over the last 5 years. Some of 
the discussions have been subsequently  presented to 
the ODAC meetings for cancer-specific regulatory 
advice. Acceptance of different surrogate endpoints 
varies with the types of cancer and/or the types of reg-
ulatory approval being considered. In prostate cancer, 
surrogates have not been established for their use in 

http://www.fda.gov/cder/Offices/OODP
http://www.fda.gov/cder/Offices/OODP
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regulatory action (ODAC meeting in 2005 [http://
www.fda.gov/oc/advisory]). Persuasive treatment 
effects of study drugs in evaluation for marketing 
approval must be based on prespecified statistical plans 
[13]. Post-hoc analyses and/or subgroup analyses do 
not scientifically support a claim, but rather justify ini-
tiating trials to verify the results of these analyses.

Approved Prostate Cancer Treatments

Hormonal Agents

The approved hormonal agents can be classified by 
their mechanisms of action into three groups: gonado-
tropin-releasing hormone (GnRH) agonists, GnRH 
antagonists, and androgen receptor (AR) antagonists. 
Leuprolide, a GnRH agonist, is the first hormonal 
agent that received FDA approval in 1985 for palliative 
treatment of advanced prostate cancer, presenting an 
effective alternative for orchiectomy or use of estro-
gens [1]. Since then, different GnRH agonists and dif-
ferent formulations or delivery systems for longer drug 
action (up to 12 months) have also been approved. Use 
of these agonists has generally replaced orchiectomy 
or estrogen to achieve castration. However, GnRH 
agonists are associated with an initial testosterone 
surge before suppression. Contemplated by generating 
total androgen blockage, AR antagonists were devel-
oped and approved in the late 1980s and 1990s. Unlike 
a GnRH agonist, a GnRH antagonist does not cause 
the early testosterone flare, but can suppress testoster-
one as effectively as a GnRH agonist. The first GnRH 
antagonist, abarelix, was approved in 2003.

Efficacy endpoints for hormonal products are dif-
ferent for GnRH agents and AR antagonists. For the 
approval of GnRH products, either agonists or antago-
nists, serum testosterone was used as an established 
 surrogate for castration. Survival was also used for the 
initial approval of goserelin in the metastatic disease 
setting. Avoidance of orchiectomy within 4–12 weeks 
of  treatment was used for the approval of abarelix. AR 
antagonists were approved for use in conjunction with 
medical or surgical castration. None were approved as 
monotherapy [1]. The approved hormonal products are 
summarized in Table 35.1. Details about the basis for 
their approvals can be found at drugs@FDA.

Supportive Agents

Zoledronic acid, a bisphosphonate agent that was ini-
tially approved in 2001 for tumor-related hypercalce-
mia, received regular approval in 2002 for use in 
patients with cancer bone metastasis to reduce 
 skeletal-related events (SRE) [14]. Patients with 
 progressive prostate cancer who have received at least 
one hormonal therapy were included in the drug’s 
approval evaluation. In addition, the drug was also 
studied in patients with other malignancies, including 
multiple myeloma and breast cancer. The efficacy end-
point in the trials was SREs, consisting of pathological 
fracture, radiation therapy to bone, surgery to bone, 
cord compression, and change in chemotherapy for 
bone pain (prostate cancer only). The efficacy endpoint 
was analyzed either as the proportion of patients with 
SRE or time to first SRE. In the prostate cancer study, 
efficacy analyses showed statistically significant reduc-
tions in skeletal morbidity in patients treated with the 
drug administered at 4 mg every 3–4 weeks for 12 
months when compared with placebo-treated patients.

Cytotoxic Agents

Cytotoxic drugs that have been approved for treatment 
of advanced prostate cancer are estramustine, mitox-
antrone, and docetaxel. Approval information is 
 summarized in Table 35.2. Although other cytotoxic 
agents, including carboplatin, cyclophosphamide, and 
etoposide, are used by practicing oncologists to treat 
prostate cancer, these drugs are not approved for this 
indication.

Table 35.1 FDA-approved hormonal agents for treatment of 
prostate cancer

Class Product Year of approval

GnRH agonista Leuprolide
Goserelin
Triptorelin
Histrelin

1985
1987
2001
2004

GnRH antagonist Abarelix 2003
AR antagonist Flutamide

Bicalutamide
Nilutamide

1989
1995
1996

a Generic products and products with different formulations not 
included

http://www.fda.gov/oc/advisory
http://www.fda.gov/oc/advisory
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Estramustine

Estramustine is a chemically conjugated antineoplastic 
agent that combines estradiol with nornitrogen mus-
tard. FDA approved this drug for metastatic and/or 
progressive carcinoma of the prostate in 1981 [15]. 
Prior to estramustine, diethylstilbestrol (DES) was the 
primary drug for the treatment of advanced prostate 
cancer. The approval of estramustine was based on the 
results of randomized studies comparing estramustine 
with DES in small-sized populations that included 
both orchiectomized and nonorchiectomized patients. 
The key efficacy evaluation relied on the differences in 
the rate of disease progression or in the rate of no dis-
ease progression between the estramustine and DES 
arms. These efficacy endpoints considered stable dis-
ease as a component of the calculation of response 
rate. Stable disease is not acceptable now as an ade-
quate assessment of a treatment effect. Because of the 
historical differences and the evolution of clinical trial 
practices and regulatory standards in the last 20 years, 
discussing the studies and results that led to the 
approval of estramustine is less meaningful for today’s 
evaluation of prostate cancer drugs. The use of estra-
mustine for prostate cancer appears to have been 
replaced by other agents.

Mitoxantrone

Mitoxantrone was approved in 1996 for palliative 
treatment of metastatic CRPC. This approval was 
based on the results of a randomized trial comparing 
mitoxantrone plus prednisone to prednisone alone in 
patients with symptomatic metastatic CRPC [16]. A 
total of 161 patients with tumor-related pain were ran-
domized equally to each arm.

The primary endpoint was palliative response, 
defined as a two-point decrease in pain as assessed by 
a six-point pain scale completed by patients (or com-

plete loss of pain if initially 1+) without an increase in 
analgesic medication and maintained for two consecu-
tive evaluations at least 3 weeks apart, which was 
assessed based on McGill Pain Questionnaire (MPQ). 
Palliative response rate was 29% in patients who 
received the combination compared with 12% in 
patients receiving prednisone alone (P = 0.01). The 
duration of palliation was longer in patients receiving 
mitoxantrone (median 43 and 18 weeks; P < 0.0001, 
log-rank). Patients who were initially randomized to 
prednisone alone but had no response were allowed to 
receive mitoxantrone, and their response rate was 22%. 
Regarding the secondary endpoints, the key finding 
was that most responding patients had an improvement 
in quality-of-life scales and a decrease in serum pros-
tate-specific antigen level. No difference in overall sur-
vival was found between the two arms. Nevertheless, 
the trial was not designed for detecting a survival dif-
ference. In addition, the drug safety profile was 
acceptable.

The endpoint for the mitoxantrone approval relied 
on the clinical benefit observed, although there was 
only a group (about 1/3) of patients who benefited 
from the combination treatment. More importantly, the 
approval helped change the previous views that pros-
tate cancer was chemotherapy resistant. Furthermore, 
the pain control benefit was corroborated by the results 
of another similar but larger randomized trial of mitox-
antrone in the same disease setting [17]. Despite the 
clinical benefit, the use of mitoxantrone in the patient 
population has diminished after the approval of 
docetaxel.

Docetaxel

In 2004, docetaxel was approved for use in combina-
tion with prednisone for the treatment of metastatic 
CRPC. This was based on the results of TAX327,  

Table 35.2 FDA-approved nonhormonal agents for treatment of prostate cancer

Drug Year of approval Approval type Trial design End point

Zoledronic acid 2001 Regular RCTa SREb

Estramustine 1981 Regular RCT Response rate including stable disease
Mitoxantrone 1996 Regular RCT Response rate in pain reduction
Docetaxel 2004 Regular RCT Survival
aRCT denotes randomized clinical trial
bSkeletal-related events, including pathological fracture, radiation therapy or surgery to bone, cord compression, and change in 
chemotherapy for bone pain
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a randomized, international trial designed to evaluate 
docetaxel for the treatment of metastatic CRPC [18, 
19]. A total of 1,006 patients were randomized to one 
of three treatment arms: mitoxantrone + prednisone, 
weekly docetaxel + prednisone, or docetaxel once 
every 3 weeks (q3w) + prednisone.

The prespecified primary endpoint was overall sur-
vival. The treatment with docetaxel q3w + prednisone 
demonstrated a statistically significant survival advan-
tage over the mitoxantrone control arm, with median 
survival times of 18.9 vs. 16.5 months, respectively, 
P = 0.0094. In contrast, the weekly docetaxel arm did 
not show a statistically significant survival advantage 
over the control arm. Similarly, another randomized 
Phase 3 trial that compared docetaxel plus estramus-
tine with mitoxantrone plus prednisone (SWOG 9916) 
also demonstrated a survival advantage of docetaxel 
over mitoxantrone, according to the published litera-
ture [20].

A recent reanalysis of survival benefit in TAX327, 
preformed 3.5 years after the initial analysis, showed 
that the survival advantage has persisted, with median 
survival times of 19.2 months in the docetaxel q3w 
arm when compared with 16.3 months in the control 
arm, P = 0.004, further substantiating the drug’s effi-
cacy [21].

The secondary endpoints, including pain response 
rate and duration, PSA response rate and duration, 
tumor response, time to-pain progression, time-to-PSA 
progression, and time-to tumor progression, were not 
used in the approval decision-making [19]. They were 
considered as exploratory and not supportive of the 
indication as pursued, since their analysis plans were 
not prespecified for adjustment for multiplicity or their 
ordering. In addition, the data for their analyses were 
partially available at the time of evaluation.

Challenges in Approval of Prostate 
Cancer Treatments

Numerous agents for prostate cancer are currently 
under development. Some of them appear to be prom-
ising based on the evidence reported in recent oncol-
ogy meetings. Like all other drugs, for a prostate cancer 
drug to receive regulatory approval, the results of ade-
quate and well-conducted trials of the drug have to 
provide substantial evidence of efficacy and safety to 

assure effective clinical use in an intended population. 
In general, study drugs that have passed through the 
early phases of clinical development undergo intensive 
investigations for establishing their efficacy or clinical 
benefits. Nevertheless, their safety should always be a 
top concern during all phases of development. This 
could be exemplified by the recent termination of a 
Phase 3 trial of a study drug in combination with doc-
etaxel in patients with CRPC because of a higher rate 
of sudden deaths in patients receiving the combination 
treatment [22].

Therefore, the following discussions will focus on 
both endpoints acceptable for demonstrating efficacy 
for prostate cancer treatments and appropriate utiliza-
tion of exploratory analyses in support of a new claim 
for the disease.

As discussed earlier, the three types of endpoints, 
including prolongation of life, improvement in health-
related quality of life, and established surrogate(s) 
likely for predicting either of them, are also applicable 
for evaluating efficacy of drugs/agents for prostate 
cancer. Clearly, overall survival and reliable patient-
reported outcomes have been used for approving pros-
tate cancer treatments. Several surrogate endpoints 
that are commonly used in early phase studies in pros-
tate cancer, such as PSA response rate, prolongation of 
PSA doubling time, and time-to-tumor progression, 
have not been validated or accepted as evidence of effi-
cacy for approving prostate cancer treatments.

The OODP held a public workshop in June 2004 to 
discuss various trial endpoints for the disease [23]. The 
relative advantages and disadvantages of various sur-
rogate endpoints such as PSA response, bone scan-
based progression, time to disease progression, and 
progression-free-survival were discussed in the differ-
ent disease settings. No consensus was reached about 
these surrogates because of insufficient evidence about 
their prediction of clinical benefit. This was further 
discussed and confirmed in the ODAC meeting in 
March 2005. Overall survival remains the standard 
endpoint in the Phase 3 metastatic setting to confirm 
clinical benefit. Recently, the Prostate Cancer Clinical 
Trials Working Group has published its recommenda-
tions toward standardizing outcome measures, espe-
cially the surrogates, in evaluation of systemic 
treatment trials in patients with progressive CRPC, and 
encouraged incorporation of these recommendations 
into Phase 3 trials that assess overall survival to vali-
date or refine the surrogates [24].
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Recent retrospective analyses of the PSA data from 
studies TAX327 and SWOG9916 showed a good sur-
vival correlation of PSA declines of 30% or more at 
the first 3 months, with a hazard ratio of 0.50 (P < 0.001) 
in TAX327 and a hazard ratio of 0.43 (P < 0.001) in 
SWOG9916, respectively, when compared with those 
without the PSA declines [25, 26]. These analyses sug-
gest that a 30% PSA decline 3 months after treatment 
initiation may serve as a useful surrogate for predict-
ing clinical benefit for cytotoxic agents. The validation 
of this surrogate in prospective studies is required 
before it can be used for future trial design and regula-
tory action. Prospective validation of this surrogate has 
been considered in two randomized trials that use 
overall survival as the primary endpoint for evaluating 
two different targeted agents in combination with doc-
etaxel in patients with metastatic CRPC [26]. If posi-
tive, the results of these studies may help establish the 
first surrogate in this disease setting.

Use of nonvalidated surrogate endpoints for trials 
intended to support an NDA should be avoided. 
Combining various nonvalidated surrogates with vali-
dated endpoints in a composite endpoint (e.g., progres-
sion-free survival that includes the assessment of 
disease progression by PSA, bone scan, soft tissue, 
symptoms, or death) complicates the interpretation of 
the composite endpoint [24, 27].

One common challenge is whether statistically under-
powered analyses of secondary endpoints or results of 
post-hoc or subgroup analyses are acceptable as a basis 
for marketing approval when the primary endpoint of a 
trial is not satisfied as prespecified. These analyses 
should be viewed as exploratory or hypothesis-generat-
ing. These analyses cannot be viewed as definitive evi-
dence of efficacy to support marketing approval of an 
intended indication. Statistically, no prespecified alpha 
level is generally reserved for conducting a formal analy-
sis of the endpoints not prespecified in analysis plans. 
Thus, the “significant results” of such analyses may be 
produced by chance alone and do not necessarily signify 
true treatment differences [28].

Selection of appropriate endpoints that measure the 
clinical benefit of a treatment effect is a cornerstone  
for efficacy evaluation of prostate cancer treatments. 
Selected trial endpoints and general trial designs should 
be discussed with the FDA prior to conduct of trials to 
accelerate drug development. Clinical benefits sug-
gested by exploratory analyses such as subgroup or 

post-hoc analyses do not  necessarily represent  substantial 
evidence of efficacy to support marketing approval, but 
rather to justify initiating prospective controlled trials to 
verify the exploratory findings.

Summary

For the last two decades, the FDA has approved more 
than ten drugs for treatment of prostate cancer, which 
include hormonal, supportive, and cytotoxic agents. 
Although these drugs have remarkably improved the 
management of patients with the disease, evaluation of 
newer agents under development is highly challenging, 
especially for agents intended for patients with advanced 
metastatic disease resistant to castration and/or doc-
etaxel. Although improvements in survival and/or 
patient-reported outcomes continue to be valid end-
points for approving new claims or agents, effective 
surrogates that can reliably predict clinical benefit 
remain to be established for the disease. In addition to 
adequate conduct of well-designed clinical trials, 
appropriate utilization of trial results is also very impor-
tant. Subgroup analysis and/or post-hoc analysis results 
are not acceptable for regulatory action in general. 
Productive collaboration between all stakeholders and 
the agency is one of the keys for accelerating the devel-
opment of prostate cancer treatments.

Footnotes

The views expressed herein are the results of indepen-
dent work and do not necessarily represent the views 
or findings of the US FDA or the US government.

The authors have no financial interests or relation-
ships with the commercial sponsors of any products 
discussed or mentioned in the review.
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Abstract Prostate-specific antigen (PSA) is the most 
commonly used circulating protein biomarker, which 
guides the diagnosis and treatment of prostate cancer. 
However, limitations in sensitivity and specificity limit 
utility of PSA when used as a diagnostic marker in 
screening population or as a prognostic, theragnostic, 
or surrogate biomarker in patients with recurrent or 
advanced prostate cancer. Accordingly, there is a need 
to discover new biomarkers to improve diagnosis, risk 
stratification, and therapeutic monitoring in prostate can-
cer. Proteomics, as an emerging technology, offers great 
promise in providing the cancer research community 
with biomarkers to guide therapeutic decision-making. 
However, caution must be used as new biomarkers are 
discovered and subject to appropriate validation before 
they can be applied to mainstream clinical settings.

Keywords Proteomic • Mass spectrometry • Biomarker 
(diagnostic, prognostic, predictive, pharmacogenomic) •  
Theragnostic • Prostate-specific antigen • Immunohisto-
chemistry

Introduction

Prostate cancer (CaP) results from alterations and 
deregulations in control of growth, motility, and sur-
vival. It is generally believed that a more complete and 
fundamental understanding of the processes, which are 
altered in cancer, can be uncovered at a molecular level 

and that this insight will lead to new, improved, and 
personalized treatment approaches.

Proteomics denotes the large scale identification 
and monitoring of proteins in biologic systems. A 
fundamental goal of proteomic research is to uncover 
the basic mechanisms and pathways that contribute 
to the process of transformation. Over the last few 
decades, proteomic technologies have been applied 
in an attempt to understand complex biologic pro-
cesses including prostate cancer. In general, these 
approaches have not yet been successful at contribut-
ing fundamental insights into clinical disease. Most 
recently, technological advances have provided new 
and improved tools to allow unprecedented sensitiv-
ity, quantification, and completeness for proteomic 
analysis of complex biologic tissues. Moreover, the 
integration of proteomic with genomic and transcrip-
tion profiling technologies provides an unprece-
dented complete and complex data set to understand 
the fundamental processes, which underlie the devel-
opment and progression of prostate cancer and thera-
peutic response. We focus on the application of these 
technologies, which may fundamentally change the 
care of prostate cancer.

Cancer Biomarkers Overview

Biomarkers are quantifiable measurements, which can 
be used as indicators of an underlying biologic process 
[1]. For cancer biomarkers, in particular, there is a devel-
oping framework, which separates biomarkers accord-
ing to potential utilities in terms of diagnostic, prognostic, 
predictive, and therapeutic monitoring (Table 36.1) 
[2, 3]. The promise of individualized therapy hinges on 
the use of predictive biomarkers to direct therapies in 
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specific patients. Predictive biomarkers represent a 
relatively new and increasingly important paradigm in 
oncology as molecular biomarkers are directly linked 
to cancer biology and molecular therapeutics. However, 
there are only a few examples of predictive biomarkers 
in oncology. Well-studied examples include amplifica-
tion of the human epidermal growth factor-2 (HER2) 
oncogene and the utility of a HER2-directed antibody 
(trastuzumab), expression of the estrogen receptor 
 protein with estrogen-inhibiting therapies in breast 
cancer, and the presence of the BCR-ABL oncogenic 
translocation and the activity of ABL-tyrosine kinase 
inhibitors in chronic myelogenous leukemia [4, 5]. 
More recently, some molecular characteristics have 
been identified, which function as predictive biomark-
ers in other cancers including the presence of epidermal 
growth factor receptor (EGFR) mutations with EGFR 
tyrosine kinase inhibitors in lung cancer and KRAS 
mutations with resistance to EGFR antibody in colon 
cancer [6, 7]. Multi-gene signatures have also been 
developed as predictive markers for patients with breast 
cancer [8]. Development of predictive biomarkers rep-
resents an important unmet need for prostate cancer.

For prostate and other cancers, currently used prog-
nostic biomarkers are relatively coarsely defined clin-
ico-pathologic variables such as clinical stage, histologic 
subtype, and performance status. The focus of much of 
the previous research efforts has been to develop tissue 
or blood-based prognostic biomarkers for prostate can-
cer. In some studies, there is a suggestion that these 
markers may add to standard prognostic biomarkers 
such as prostate-specific antigen (PSA), Gleason grade, 

and tumor stage. However, most of these reports are 
limited to single cohorts and have not been validated in 
multi-institution studies. Further, many of these tissue 
or blood-based markers do not have direct relevance in 
treatment decision making (i.e., they are not predictive). 
Taken together, these considerations have prevented the 
routine application of protein-based biomarkers, other 
than PSA, from entering routine clinical practice.

Current Status of Tissue-Based Protein 
Biomarkers

Tissue-Based Diagnostic Markers

Classical histology (tissue morphology based hema-
toxylin and eosin staining) is the “gold standard” diag-
nostic biomarker used to differentiate cancer from 
normal tissue. Ultimately, histology depends on patterns 
and differential staining of proteins with eosin and 
nucleic acid with hematoxylin. Techniques to examine 
protein expression patterns in tissue based on immuno-
histochemistry (IHC) are well-established in anatomic 
pathology. A common use of IHC in prostate cancer is 
to confirm a diagnosis of CaP in small areas of atypical 
glands submitted in limited tissue samples obtained 
from routine prostate biopsy. Loss of a basal cell marker 
(p63 or high molecular weight cytokeratin) along with 
increased expression of a marker for dysplastic or can-
cerous epithelium (alpha-methylacyl-CoA racemase) is 
helpful to distinguish cancerous from normal acini [9]. 
Occasionally, IHC is used to confirm the tissue of origin 
in locally advanced or metastatic CaP [10]. Generally, 
metastatic prostate cancer expresses androgen receptor 
(AR), prostate acid phosphotase (PAP), and PSA.

Tissue-Based Prognostic Markers

The Gleason grading system provides important 
prognostic information in patients with prostate can-
cer and is commonly used (along with clinical stage 
and serum PSA) to guide initial therapeutic decisions 
for patients with prostate cancer [11–15]. Prognostic 
nomograms incorporating these and other clinical 
factors have been widely reported and used to predict 

Table 36.1 Classification of cancer biomarkers

Diagnostic
Definitively establish the presence of 
cancer

Prognostic Predict the probably outcome of cancer 
regardless of therapy; may be used to 
stratify patients for more aggressive 
therapy

Prediction/
theragnostic

Predict response to a specific therapy

Pharmacodynamic/
therapeutic 
monitoring

Determine whether a therapy is having 
the intended effect on the disease 
based on changes over time; 
“pharmacodynamic marker that 
therapy is affecting its intended target 
to produce the desired result”

Adapted from Table 1.1 [2]



40936 Applications of Proteomics in Prostate Cancer

progression-free interval following primary therapy 
with surgery or radiation [16].

There are a few reports describing the utility of gene 
expression studies as a prognostic biomarker in pros-
tate cancer. Approaches based on gene expression anal-
ysis in fresh frozen tissue have shown preliminary 
evidence of producing prognostic information for 
patients with CaP [17–19]. These studies share a simi-
lar experimental approach in that microarrays are used 
to compare gene expression with pathologic variables 
in primary prostate cancer specimens. Perhaps due to 
small methodological variations and other technical 
limitations, no gene or protein prognostic marker was 
shared by these (and subsequent) studies. However, 
individual studies did contribute specific information 
about tissue-based prognostic markers. Lapointe et al. 
showed that expression of MUC1 and AZGP1 (zinc-a-
2-glycoporotein) was associated with an increased and 
decreased risk of recurrence, respectively [17]. Similarly, 
True et al. identified increased protein expression of 

monoamine oxidase A (MAOA), and defender against 
death (DAD1) in higher grade prostate cancers [18]. 
Perhaps attributed to limitations in the immune reagents, 
quantization, and sample variability, none of these IHC-
based markers are used in clinical practice to guide the 
care of patients with prostate cancer.

Other studies have explored potential utility for tissue-
based prognostic markers with IHC based on putative 
roles and function derived from the preclinical and 
related studies (summarized in Table 36.2) [20]. 
Individually, these studies produce interesting insights 
into processes that contribute to the development and 
progression of prostate cancer. However, many studies 
are based on IHC-techniques, which are difficult to stan-
dardize or have not been validated in subsequent studies 
or with larger cohorts of unselected patients. More impor-
tantly, these prognostic markers have not been directly 
linked to treatment decision making (i.e., they are not 
predictive biomarkers). Therefore, most of these prog-
nostic markers have not entered routine clinical practice.

Table 36.2 Examples of tissue-based prognostic protein biomarkers

Biomarker Source Technique Comment References

p27 Tissue IHC Cyclin-dependent kinase inhibitor involved  
with cell cycle arrest and apoptosis

Low levels of p27 expression associated with 
adverse prognosis in patients undergoing 
prostatectomy

In patients with positive margins, a low p27 is 
associated with a higher risk of recurrence

Levels at the time of prostate biopsy are  
associated with time to PSA failure

[21, 22]

Caveolin-1 Tissue,
Serum

IHC
Sandwich  

immunoassay

Structural protein involved in regulation of 
membrane trafficking, cell adhesion, and 
signaling

High expression correlates with Gleason score, 
positive surgical margins, and lymph node 
involvement

[23]

Androgen receptor (AR) Tissue IHC High levels of AR expression in prostatectomy 
samples correlate with clinical stage,  
lymph node status, extracapsular  
extension, seminal vesicle invasion,  
and Gleason score

High AR expression was predictive of higher 
probability of recurrence

[24–26]

Estrogen receptor-b  
(ERb)

Tissue IHC Expression may be lower in some high grade 
prostate cancer

High expression may be related to shorter 
progression free survival

[27, 28]

Ki-67 Tissue IHC Marker for cellular proliferation
High expression correlates with decreased 

progression free survival in postradiation  
setting

[29–31]
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Current Status of Blood-Based Protein 
Biomarkers

Blood is a particularly attractive tissue to develop 
clinically important biomarkers, especially for patients 
with prostate cancer. The utility of tissue-based markers 
may be limited by the heterogeneity of prostate epithe-
lial cells often mixed with normal glands and stroma. 
Especially for IHC-based techniques, heterogeneous 
expression patterns and difficulties in standardization 
present significant challenges to validating important 
biomarkers using these techniques. Further, direct 
access to cancer tissue is particularly limited in patients 
with prostate cancer as often the only tissue available 
for subsequent analysis are core biopsies obtained 
many years before development of more aggressive, 
metastatic disease. The promise of blood-based bio-
markers addresses many of these limitations. Blood 
may be repeatedly sampled in many stages of the dis-
ease, and large collections of blood exist to perform 
biomarker discovery and validation experiments for 
diagnostic and prognostic studies. Relatively standard-
ized collection and processing techniques applying to 
blood and blood-based markers may not be as liable 
and may be more robust than tissue-based studies.

Aside from PSA, other blood borne protein markers 
have been studied as diagnostic, prognostic, and pre-
dictive biomarkers in prostate cancer [32]. Some stud-
ies report that levels of human glandular kallikrein 
(hK2, a serine-protease related to PSA) or levels of 
antigen derived from prostate cancer nuclear matrix 
(early prostate cancer antigen-2, EPCA-2) may add to 
the diagnostic accuracy of serum PSA [29–31, 33, 34]. 
Other studies have focused on blood borne prognostic 
and predictive markers. Chromogranin A (CGA) and 
neuron-specific enolase (NSE) represent neuroendo-
crine proteins, which are expressed, at variable levels, 
in primary and metastatic prostate cancer deposits. 
Both markers are commonly elevated in the blood in 
recurrent prostate cancer and have shown to add inde-
pendent prognostic information to models, which also 
incorporate PSA [35–38]. As metastatic involvement 
of bone is one of the most common clinical scenarios 
in patients with advanced prostate cancer, bone mark-
ers have been studied as markers that predict the devel-
opment of metastatic disease. In a study that compared 
the accuracy of ten bone metabolism markers as diag-
nostic and predictive marker, osteoprotegerin (OPG) 

had high diagnostic and prognostic validity of all 
markers tested, and remained significant in multivari-
ate models [39]. Total or bone-specific alkaline phos-
phatases are prognostic in advanced prostate cancer 
[40–42]. Other prognostic models for advanced CaP 
have shown that elevations in relatively nonspecific 
immune markers (such as lactate dehydrogenase 
C-reactive protein, or interleukin-6) are associated with 
poor outcomes [40–45].

PSA as an Example of a Widely Used 
Blood-Based Biomarker

PSA is an androgen-regulated secreted protein, which 
is expressed by both normal and malignant prostate 
epithelial cells and is widely used as a serum marker for 
prostate cancer [46]. As a diagnostic marker, PSA ele-
vation (³4 ng/mL) is a relatively sensitive (~80–90%) 
biomarker [47–49]. However, as PSA is also produced 
by noncancerous prostate epithelium and levels can be 
elevated by benign prostate hypertrophy, prostate 
inflammation, and other factors, PSA as a diagnostic 
biomarker lacks specificity [46]. Depending on popula-
tion age and other risk factors, occult prostate cancers 
may be found in approximately 25% of patients with 
normal PSA levels (£4 ng/mL) [50]. Insights into the 
normal biology of PSA have led to studies that try to 
improve on the sensitivity and specificity of PSA as a 
diagnostic biomarker. In prostate cancer cells, disrup-
tion of the basement membrane allows the PSA mole-
cule and its modified forms to be more readily released 
directly into the blood stream. With less exposure to the 
seminal proteases present in the lumen, fewer cleaved 
PSA products are available in the serum. Thus, the ratio 
of free PSA to total PSA (fPSA/tPSA) or “PSA index” 
is lower in patients with prostate cancer and can be used 
to distinguish cases with intermediate PSA levels (i.e., 
4–10 ng/mL) [46]. Various truncated forms of the 
proPSA have also been suggested as potential biomark-
ers for patients with prostate cancer, which could 
increase the specificity of PSA testing [51].

PSA is also widely used as a prognostic biomarker 
for many stages and forms of prostate cancer. At the 
time of diagnosis, many risk prediction models rou-
tinely identify pretherapy PSA level as an independent 
factor, which predicts progression free survival [11, 
13–15]. Most, but not all, patients with recurrent CaP 
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demonstrate elevated levels of PSA. For recurrent 
prostate cancer, PSA levels contribute to multivariable 
models to predict survival for castration-resistant pros-
tate cancer (CRPC) [41, 42]. The most important use 
of PSA in recurrent prostate cancer is to monitor 
therapy response. As PSA is an androgen-regulated 
secreted protein, decreases in PSA levels are expected 
following androgen-deprivation therapy. Further, PSA 
kinetics and the extent of the PSA nadir are useful 
ways to monitor therapy response [52–54]. For most 
patients, a PSA elevation despite androgen-deprivation 
therapy is a harbinger of androgen-independent pro-
gression. For CRPC, changes in PSA levels, such as a 
confirmed PSA decline of 50% compared with base-
line, are commonly incorporated into reports from 
HRPC therapeutic trials, based on standardized report-
ing guidelines [55]. Most recently, a 30% decrease in 
PSA in response to docetaxel-based first-line chemo-
therapy for CRPC has been shown to function as a 
surrogate for overall survival in this population [40].

Although PSA is a widely used diagnostic, prog-
nostic, and activity marker for prostate cancer, a sig-
nificant limitation remains such that changes in PSA 
levels cannot be used to predict therapy. Further, 
decreases of PSA in response to therapy remain as a 
yet not validated surrogate for overall survival in 
response to taxane-based chemotherapy.

Overview of Proteomic Technologies

Proteomics refers to the study of the total set of proteins 
present in a complex biologic tissue at a particular 
point in time. Depending on the experimental question, 
subproteomes can be defined to include the sets of all 
proteins expressed in an organism, tissue (blood or 
prostate), or isolated cells. Subproteomes can also be 
defined based on protein location (cytoplasmic, nuclear, 
secreted), function (tyrosine kinases), and modifica-
tions (phosphorylation, glycosylation). Advancements 
in the technology of mass spectrometry are providing 
a method of high-throughput protein identification and 
quantification to present a complete representation of 
protein expression from many types of samples. As 
with other emerging technologies, attention must be 
paid to method development as small differences in 
technique may produce large differences in results. 
In general, the proteomic methods can be divided 

into four main steps: sample preparation, protein 
separation, protein identification, and quantification.

Sample Preparation

Sample preparation is one of the most important, and 
often most overlooked, part of any proteomic experi-
ment. The choice of tissue to be analyzed is the first 
critical decision point in any such study. Analysis may 
focus on an individual cell type, tumor tissue, or the 
whole organism. Focus on a pure cell population may 
be important for experimental purposes, but complex 
isolation techniques may limit the applicability of the 
results to clinical laboratories. Studies that begin with 
minimally processed tissues, such as tumor samples, 
may have to overcome noninformative levels of nor-
mal proteins to detect small changes in important pro-
teins in a subset of critical cells. Blood may be a 
particularly useful protein-rich tissue to be analyzed as 
it continuously samples all tissues in the body.

Protein stability is also an important consideration. 
Some proteins are inherently stable and may remain 
unchanged at ambient temperatures for long periods of 
time, while other proteins, and in particular posttrans-
lational modifications, are particularly labile [56]. The 
action of proteases and other enzymes present in bio-
logic tissue may also obscure important biologic varia-
tions in protein content. Sample preparation protocols 
most balance a need to maintain and preserve protein 
complexity with an understanding of practical consid-
erations and potential clinical utility. For example, the 
semi-standardized collection and processing of blood 
into plasma may preserve protein content because 
EDTA-mediated inhibition of proteases [57]. However, 
more detailed proteomic investigations are starting to 
show that relatively minor variations in variables such 
as “clot time,” “storage temperature,” and number of 
“freeze thaw cycles” may produce important differ-
ences in protein content [58, 59].

Protein/Peptide Separation

One of the primary challenges in analyzing any pro-
teomic experiment is the vast range of protein concen-
trations found in biologic systems. Proteins comprise 
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both the relatively invariant structural elements in cells 
and tissues as well as highly variable and liable elements, 
which direct major cellular processes. The problem 
presented by the range of protein concentrations found 
in biologic tissue is best demonstrated in blood (plasma). 
Concentrations for blood-resident proteins range from 
~50 g/L for albumin down to ~10−8–10−9 g/L for many 
cytokines and peptide hormones; a concentration 
range that spans about ten orders of magnitude [60]. 
Unfortunately, the resolving power of most mass spec-
trometers only spans about 4–5 orders of magnitude. 
Therefore, in the absence of any fractionation, the 
ability to detect and quantify proteins of mid to lower 
levels of abundance is severely limited by high-abundant 
and relatively noninformative proteins.

A variety of approaches have been developed to 
address the problem of sample fractionation for pro-
teomic analysis. For many years, two-dimensional gel 
chromatography, which separates proteins based on 
electrical charge and size, has commonly been used in 
front of proteomic analysis [61]. More recently, liquid 
chromatography (LC) has become a standard method 
for proteomic separation. LC-based separation proto-
cols are appealing as they effectively subfractionate a 
complex sample into a series of much simpler samples, 
which are sequentially presented to the mass spectrom-
eter. LC is also convenient as it can be used in line with 
many mass spectrometers. A somewhat standardized 
approach includes a proteolysis step, with trypsin, to 
produce protein fragments (peptides) within a relatively 
narrow size range (typically ~10 amino acids or about 
1,000–2,000 Da). Depending on the goals of the experi-
ment, LC-MS protocols may be optimized to focus 
proteomic analysis on the sub-proteomes of specific 
biologic interest. For unbiased proteomics-based bio-
marker discovery (short gun proteomics), the LC-MS 
setup has commonly been used as it can produce the 
most complete representation of clinical tissues to 
date [62, 63].

Another approach to address the problem of 
dynamic range and sensitivity is to use affinity meth-
ods to enrich, or deplete, samples (prior to trypsiniza-
tion) to focus proteomic techniques on the most 
informative proteins. Immuno-affinity columns have 
been developed to deplete high-abundance protein 
from blood including albumin, immunoglobin, and 
transferring [64–66]. Conversely, affinity methods 
may be used to enrich samples for proteins of interest. 
For example, phosphorylated species can be isolated 

based on their differential affinity to immobilized 
metal species and phosphotyrosine-specific antibodies 
[67, 68]. Similar work was recently developed for 
isolating and analyzing glycosylated species in blood 
[69]. Protein glycosylation, and in particular N-linked 
glycosylation, is prevalent in proteins destined for 
extra cellular environments. These include proteins on 
the extracellular side of the plasma membrane, secreted 
proteins, and proteins contained in body fluids (e.g., 
blood serum). Therefore, many commonly used cancer 
biomarkers (including PSA, CA-125, and alpha-
fetoprotein) are glycosylated.

Protein Identification and Protein 
Quantification

Mass spectrometry (MS) characterizes the composi-
tion of a sample mixture based on the mass to charge 
ratio (m/z ratio). MS instruments require an ionizing 
source to produce gas-phase ions. The two common 
forms of ionization are as follows: electrospray ioniza-
tion (ESI), in which peptides in a liquid sample are 
converted to gas-phase ions through high voltage, heat, 
and drying gases; and matrix-assisted laser desorption 
ionization (MALDI), in which ions are produced when 
peptides are mixed with a photoreactive matrix fol-
lowed by laser irradiation [70, 71]. An advantage of 
ESI is that the input may include direct infection of the 
efflux from a liquid chromatographic prefractionation 
step (such as LC) and is amenable to high-throughput 
configurations. Disadvantages of MALDI are that nei-
ther it generally may not be used “in-line” with other 
fractionation techniques nor can the process be easily 
automated for high-throughput applications. Following 
ionization, peptide/proteins are analyzed to determine 
their m/z ratio. Common detection techniques are time-
of-flight (TOF), which measures the time it takes for 
the ion to travel from the ion source to the detector 
plate, (more massive objects take more time) and 
Fourier transform-ion cyclotron resonance (FT-ICR), 
which analyzes the electrical field produced by ions 
orbiting in a strong magnetic field (more massive ions 
circulate more slowly) [72]. MS-based technologic 
advances are such that the most accurate instruments 
commonly used in proteomic experiments (FT-ICR) 
can determine the mass of a typical peptide (~1,000 Da) 
to within 0.001 Da (~10 parts per million) [71]. Many 
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mass spectrometers are capable of “tandem operation” 
(MS/MS). In this configuration, parent ions can be 
selected and concentrated by a magnetic quadropole 
and then fragmented to produce daughter ions; the pat-
tern and weights of these ions can be used to deduce 
the precise amino acid sequence of the parent peptide 
[73]. Together, the accuracy and resolution provided 
by modern MS instruments allows for an increasingly 
complete identification of all proteins present in bio-
logic samples [74].

Protein quantification presents another important 
challenge for MS-based techniques. In most configura-
tions, the size of the m/z peak is qualitatively related to 
the abundance of the underlying peptide. However, 
experimental variability including that produced by 
prefractionation methods, the abundance of other ion 
species, among others precludes a precise measure-
ment of quantization from standard MS data. In many 
experimental situations, one is most interested in 
comparing protein levels between samples, rather than 
deriving an absolute quantity. Isotope and dye-based 
labeling protocols have been developed to allow pair-
wise comparison of biologic samples [75, 76].

Selective reaction monitoring and multiple reaction 
monitoring (SRM/MRM) is a technique for “targeted 
proteomics,” which combines protein identification 
and quantization into a single high-throughput experi-
mental configuration. A fundamental principle of MS 
instruments is that precision improves with the square 
root of the number of ions measured [77]. Triple-
quadrapole MS instruments allow for selective retention 
of ions within a precise mass/charge window for subse-
quent analysis. In this way, the accuracy of measure-
ment is greatly enhanced. In all analytical chemistry, 
simultaneous detection and quantization of an internal 
standard along with the analyte of interest is desirable as 
a way to standardize for systematic measurement errors. 
The mass accuracy of triple-quadrapole MS instruments 
allows for the addition of known amounts of chemi-
cally similar peptides with different mass/charge ration 
via the incorporation of unnatural isotope abundances. 
These isotopically labeled peptides can be used as 
internal standards to provide accurate quantization of 
samples and to account for nonstochastic differentia-
tion in sample preparation and ionization efficiencies. 
Lastly, SRM can unambiguously identify target pep-
tides based on fragmentation signatures. Therefore, 
SRM utilizes the capability of triple-quadropole mass 
spectrometers to select for ions of interest (to improve 

precision) with the addition of isotope-substituted 
monitor peptides (for quantization) and CID (for 
identification). In this way, SRM assays can be designed 
to monitor analyte peptides with high precision 
(CV<10%). SRM assays (ion selection and monitor 
peptides) are often combined to produce multiple reac-
tion monitoring and provide accurate measurements of 
abundances of multiple proteins. Recently, several 
groups have reported the limit of detection for proteins 
(including PSA) spiked into human serum in the 
1–10 ng/mL range by combining prefractionation with 
MRM [78, 79].

Examples of Proteomic Applications  
for Prostate Cancer

A number of groups have reported preliminary results, 
which seek to apply serum proteomic analysis to 
develop an improved screening test for prostate and 
other cancers [80–82]. These studies applied a low-
resolution form of whole protein serum profiling based 
on surface-enhanced laser desorption ionization time-
of-flight (SELDI-TOF) spectrometry. SELDI is a mod-
ification of MALDI, which seeks to streamline protein 
separation with analysis in a high-throughput system. 
Analytes are placed directly onto metal plates (chips) 
coated with substances to mimic the separation proper-
ties of substances such as ion-exchange resins, hydro-
phobic separation (C4, C18), immobilized metal 
surfaces, among others. The chips are then washed (to 
remove unbound material), matrix is added, and bound 
proteins are analyzed by TOF MS. There have been 
some reported successes with this technology in pro-
teomic analysis of blood, including a use in prostate 
cancer diagnostics [82]. Significant efforts have been 
undertaken in an attempt to standardize and validate 
SELDI-TOF for early cancer diagnosis [83]. However, 
the SELDI-TOF techniques utilized are limited by the 
small dynamic range, poor mass range (proteins only 
approximately 5–30 kDa), and poor ability to per-
form protein identification and validation. In addition, 
reanalysis of some of the original SELDI-TOF data 
revealed the presence of significant nonbiologic exper-
imental bias between subjects with cancer and con-
trols, which may have been the result of differences in 
specimen handling before MS data was collected 
[84]. Overall, these and other issues have significantly 
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decreased the enthusiasm for utilizing SELDI-TOF to 
develop prostate cancer biomarkers.

A very active area for the application of proteomics 
for the study of prostate cancer involves target identifi-
cation toward discovering prognostic and predictive 
biomarkers. Proteins secreted or shed by prostate cancer 
cells grown in tissue culture may reflect circulating 
markers, which directly reflect the status of prostate 
cancer cells in patients [85]. Proteomic techniques 
can be used to identify and quantify these proteins in 
the hopes discovering clinically useful biomarkers for 
patient care. In a study utilizing quantitative pro-
teomics based on an isotope-coded affinity tag (ICAT) 
technique, Martin et al. identified over 600 proteins 
present in the conditioned media from the LNCaP 
human prostate cancer cell line [86]. Interestingly, 
most of the proteins identified in the media were 
predicted to be present inside the cells (cytoplasmic or 
nuclear), based on annotated databases, while only about 
a quarter of proteins were predicted to be expressed in 
compartments directly exposed to the extracellular 
space (as cell-bound or secreted proteins). The study 
also identified about 50 novel proteins regulated by 
androgen-stimulation. Recently, we reported the results 
utilizing SELDI-TOF to study androgen-regulated pro-
teins utilizing a similar experimental design. In this 
study, we identified beta-2-microglobulin (b2M) as an 
androgen-regulated secreted protein, which is highly 
expressed in prostate cancer cells and tissues, and is 
elevated in the serum of prostate cancer patients [87]. 
Discovery efforts have applied proteomic technologies 
to study important therapeutic targets include the 
androgen receptor and microtubules [88, 89]. More 
generally, proteomic techniques are well suited to study 
specific cancer phenotypes such as therapy resistance. 
A particularly promising approach is to combine pro-
teomic and genomic analyses to understand entire bio-
logic networks, which may underlie a disease-specific 
phenotype [90, 91].

Summary

Technologic development and maturation of proteomic 
technologies is poised to give clinical sciences impor-
tant analytical tools to study human disease. There is a 
high likelihood that a combination of protein identifi-
cation and quantization tools, including IHC and 

MS-based technologies to provide individualized 
information, reflect the molecular characterization of 
cancer. As these assays are developed, attention must 
be focused on issues such as reproducibility and vali-
dation to ensure the results of these studies will have 
maximal applicability to patient care. The success of 
these approaches may lead to better diagnostic, prog-
nostic, and predictive markers to direct therapy for 
prostate cancer.
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