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Preface

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 I 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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Chapter 1

Cell Biology of Prostate Cancer and Molecular Targets

Martin E. Gleave, Michael E. Cox, and Yuzhuo Wang

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

M.E. Gleave (B<)

UBC Department of Urologic Sciences,

The Vancouver Prostate Center, Vancouver General Hospital,
University of British Columbia, Vancouver, BC, Canada,

and

The Vancouver Prostate Center, Vancouver General Hospital,
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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 Sa-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

DOI 10.1007/978-1-60327-829-4_1, © Springer Science+Business Media, LLC 2010
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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 pg/L after
6 months of ADT are associated with a median survival
of 18 months compared with 40 months when nadirs
below 4 ug/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 “Al” tumor growth [14, 36],
and many enzymes and gene networks implicated in
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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, Ackl) that
enhance AR activity. (2) Activation of proliferative growth

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

factor and signaling pathways, notably insulin-like growth
factor-1 (IGF-1) and interleukin-6 (IL-6). (3) Upregulation 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)

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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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 Ackl, 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
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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 ['“C]J-acetic acid to
DHT and [*H]-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
thesynthesisoftestosterone[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-naive men with
CRPC, declines in PSA>30%, >50%, and >90% 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 I1I 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 ¢), 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) [§1-85].

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 ¢ 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

Survival

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]. Bel-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-
pl2, 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-xB 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-xB
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-«B 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
[-xB 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



1 Cell Biology of Prostate Cancer and Molecular Targets

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-naive 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 ¢ [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 IxBa [152], IKKf
[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
MKS5 [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,aselective, 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

IGF-1R
homodimer

/ 0GX-225

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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Fig. 1.4 Rational Therapeutic Targeting of Insulin-like
Growth Factor Axis. Insulin-like growth factors I and II (IGF-I
& II) are sequestered in circulation by IGF-binding protein
(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 (thIGFBP-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-AEWS541 [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 Al progression
of LNCaP tumors [ 18], while inhibiting IGFBP-5 expres-
sion decreased Al 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 (rthIGFBP-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-
alphaligand 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 Al
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], GSK3p, and Forkhead
transcription factors [238, 239] and activates c-FLIP,
MDM?2, mTOR, and the antiapoptotic transcription
factor, NFxB [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,/S
transition [247, 248]. Monitoring the activation state of
terminal kinase targets such as S6 and 4EBPI 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
factorinmen withmetastatic 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 VEGE, 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), TGF}p,
cyclooxygenase 2 (COX-2), NFxB, 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.,
SDEF-1) or growth factors [e.g., TGFp, IGF] that selec-
tively retain/promote circulating CaP cells. As well,
the cancer cells secrete many factors (e.g., uPA, TGFj,
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
7ZD4054 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
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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], MEKS5 [298], CDKS5 [299], ASAP1 [300], and
ID1 [301] have also been proposed as potential thera-
peutic targets for metastatic CRPC.
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Chapter 2

Luteinizing Hormone-Releasing Hormone and
Its Agonistic, Antagonistic, and Targeted Cytotoxic

Analogs in Prostate Cancer

Andrew V. Schally and Norman L. Block

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
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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
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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

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

Fig. 2.1. The amino acid sequence of LHRH-I
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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 [0, 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-Lys®)]
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-Trp*]LHRH (Decapeptyl,
triptorelin), [D-Leu®,Pro’-NHET]LHRH (Leuprolide,
Lupron), [D-Ser(But)®,Pro’-NHET]LHRH (Buserelin),
and [D-Ser(But®),Aza-Gly'°]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 Gly® 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-Trp®] 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 ug) 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-Phe?,D-Trp®,D-Phe®]
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-ureidoalkyl 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)!,
D-Phe(4CI)?, D-Pal(3)’>, D-Cit°, D-Ala'’]-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)!, D-Phe(4CI)%, D-Pal(3)?, Lys(Nic)?,
D-Lys(Nic)®, Lys(iPr)®, D-Ala']-LHRH (103) and
Nal-Glu antagonist [Ac-D-Nal(2)!, D-Phe(4C1)?,
D-Pal(3)’, Arg®, D-Glu(AA), D-Ala']-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)!, D-Phe(4C1)?,
D-Pal(3)I’, Aph’(Atz), Aph®(Atz), Ilys®, D-Ala']-LHRH,
Ganirelix [N-Ac-D-Nal(2)!, D-p-C1-Phe?, D-Pal(3)?
D-hArg(Et,)°, L-hArg(Et,)*, D-Ala"’]-LHRH [33], and
Abarelix [N-Ac-D-Nal(2)-D-(p-C1-Phe)-D-Pal(3)-
Ser-NMeTyr-Asn-Leu-Ilys-Pro-Gly-NH,] [34]. These
compounds inhibited ovulation in rats at low doses
(1-5 pg), 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-yI)
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,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 aloading 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 | 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 111
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-Lys®] LHRH. Another
targeted cytotoxic LHRH analog, AN-207, contained
(2-pyrrolino)-doxorubicin (AN-201) coupled to the
same [D-Lys®] LHRH carrier. Both cytotoxic analogs
preserved high binding affinity of the [D-Lys®] 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 [0, 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-Trp?]
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 cancerinclude 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 ug/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-Trp®]JLHRH [72]. We also treated
male nude mice bearing xenografts of human andro-
gen-dependent prostate adenocarcinoma PC-82 with
microcapsules of the agonist [D-Trp®]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 pg 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 ug 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 ug 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 [0, 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 [0, 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/m?. 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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Chapter 3

Nuclear Receptor Coregulators: Promising Therapeutic
Targets for the Treatment of Prostate Cancer

Hannelore V. Heemers and Donald J. Tindall

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.
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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 Sa-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
ARE:s [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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adrenal
androgens

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 Sa-reductase (Sa-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

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

—
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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

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



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 o-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-naive 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
Heyl 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]
ARASS 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]
-catenin COA int/transd + (N,C) yes [64, 65]
CARMI1/PRMTS5 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 cOoA cytoskel - [76]
Heyl coR int/transd —C [36]
HIP1 coA Endocytosis + yes [77]
Hsp90 COA (co)chap + [78]
JARIDIB 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 CcOA 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, SENPI, 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 p300and FHL2 [39, 4 1]. 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 theirrole 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 MAGEAI11 [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 MEDI, which in
turn stimulates the intrinsic coactivation properties of
MEDI1 [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 MEKKI1 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 PKCJ 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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Chapter 4
Androgens and Prostate Cancer

Douglas K. Price and Ann W. Hsing

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.
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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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Fig. 4.1 Androgen metabolism pathways in the endocrine system. Androgen biosynthesis and metabolism within and outside the

prostate gland

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 Sa-reductase or from circulating inactive andro-
gens, such as androstenedione, dehydroepiandrosterone
(DHEA), and DHEA sulfate (DHEAS). In humans,
two steroid So-reductase isoenzymes have been identi-
fied. The type 1 enzyme (encoded by the SRD5AI
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 33-
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
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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 ARAS54, ARAS55, 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
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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
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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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Chapter 5

Androgen Receptor Biology in Prostate Cancer

Edward P. Gelmann

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.
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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-
monereceptors. 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 Xql1-
12 [21, 22]. Tt 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].



5 Androgen Receptor Biology in Prostate Cancer

63

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 [S1].
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 °SQPIF®"' 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 22Rvl 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
pl60 coactivator, TIF-2, when overexpressed in
prostate cancers is associated with early recurrence
and a more aggressive clinical behavior [108]. High
levels of AIBI/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



66

E.P. Gelmann

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]. ARASS enhances
AR transactivation by binding to the C-terminal LIM
domain [115]. PYK2 kinase targets ARASS and
thereby decreases interaction with AR. PYK2 expres-
sion levels decrease during prostate cancer progression
thereby allowing a sustained interaction of ARAS5
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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Chapter 6

Androgen Receptor Antagonists

Howard C. Shen, Mary-Ellen Taplin, and Steven P. Balk

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.
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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 notinteract 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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Fig. 6.1 Structures of DHT and AR antagonists

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) thatmediates transcriptional activity,aC-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
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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 W74 1L 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
ERoa. 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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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

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,

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

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].
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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 RNAIi 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% PS A 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
CYPI7A 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 MEKKI1 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, Cdkl,
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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Chapter 7

5-Alpha Reductase Inhibitors in Prostate Cancer

Zoran Culig

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 Kkinetics,
and expression in benign and malignant prostate
tissue. In prostate cancer tissues, there is an increased
expression of the isoenzyme type 1. The possibilities
for pharmacological intervention include drug(s) that
inhibit both isoforms such as dutasteride or extract
from Serenoa repens or type Il 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.
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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
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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
isexpressed in the liver and skin, and type Il (SRD5A?2),
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-alphareductase . 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 S5-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

S-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 Illa 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 Number of  End of Effect on cancer  Higher gleason
S-alpha reductase inhibitors in prostate  gyydy subjects the study  incidence score
diseases 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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Chapter 8

Adrenal Androgen Synthesis Inhibitor Therapies
in Castration-Resistant Prostate Cancer

Terence W. Friedlander and Charles J. Ryan

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.
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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 CYP11A1l
(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
I 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

Major toxological Minor toxological targets
target and inhibition and selected inhibition

Agent coeffictent (nM) coeffictents (nM) Clinical effect Side effects
Ketaconazole CYP51 (430), CYPI11A1, CYPA4 (72), Decrease in androgen, Nausea, vomiting, diarrhea,
CYPI11B1 (127), CYP19 (2,000), corticosteroid, & hepatitis, adrenal insuffi-
CYP11B2 (67) CYP17 (2,380) mineralocorticoid ciency, rash pruritis,
synthesis impotence, photosensitivity,
breast tenderness or
enlargement, headache
Abiraterone acetate CYP17 (72) CYPI11A1 (1,608), Decrease in androgen  Hypertension, fatigue, hepatitis,
CYPI11BI1 (1751), & corticosteroid anorexia, edema, adrenal
CYPI11B2 (2,704) synthesis insufficiency, hypokalemia
Aminoglutethimide CYP11A1 CYPI11B1, CYP19 (600) Decrease in androgen, Lethargy, drowsiness, rash,
(~20,000) corticosteroid, & anorexia, nausea, vomiting,
mineralocorticoid dizziness, adrenal insuffi-
synthesis 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 CYPS1A
(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,
CYPI11B1, 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-naive 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 CYPI17 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
2300 mg and for 23 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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Chapter 9
Androgen Deprivation Therapy

Nima Sharifi

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
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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].

Drug Class Drugs Site of Action Mechanism of Action Comments/Risks
Gondatropin-Releasing  Leuprolide Anterior Piluitary Decreases Release of LH Testosterone Surge
Hormone (GnRH) Goserelin Gland Through Down-regulation
Agonist of GnRH Receptors
GnRH Antagonists Abarelix* Anterior Pituitary Directly Inhibits Anaphylaxis
Gland GnRH Receptors
Adrenal Ablating Drugs  Ketoconazole = Adrenal Gland Decreases Androgen Synthesis Administration
From Steroid Precursors Requires Steroid
Through Inhibition of Supplementation
Cytochrome P450 Enzymes to Prevent Adrenal
Insufficiency
Androgen Receptor Flutamide Prostate Gland Inhibits Androgen Receptor Gynecomastia,
Antagonists Bicalutamide Ligand-Binding Domain Increased Liver
4 2 Through Competitive Binding  Transaminases,
Nilutamide and Mastodynia
Su-Reductase Inhibitors  Finasteride Pi Gland D Conversion of No Defined Role
Testosterone to DHT in Standard Care
Through Inhibition of of Prostate Cancer
5u-Reductase
&l ynm

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



9 Androgen Deprivation Therapy

103

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



104

N. Sharifi

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?

Are AR antagonists as effective as orchiec-
tomy or GnRH agonist?

Is combined androgen blockade better than
androgen deprivation therapy alone?

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

Is there a role for intermittent androgen
deprivation therapy?

Bilateral orchiectomy or GnRH agonist

Nonsteroidal antiandrogen monotherapy, but not steroidal antiandrogen
monotherapy may be discussed as an alternative

Combined androgen blockage should be considered as an alternative

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

There are insufficient data to recommend use of intermittent androgen
deprivation outside clinical trials

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
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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 CYPI9A1, 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 SLCOIB3 gene encodes for the
OATPI1B3 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 appropriate 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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Chapter 10

Pharmacogenetics of the Androgen Metabolic Pathway

Francine Zanchetta Coelho Marques and Juergen K.V. Reichardt

Abstract Androgensaresteroidhormonesresponsible
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 Sa-reductase (SRD5A), 3B-hydroxysteroid
dehydrogenase (HSD3B), and 17f3-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

J.K.V. Reichardt (<)

Plunkett Chair of Molecular Biology (Medicine),
The University of Sydney, Sydney, NSW, Australia
e-mail: jreichardt@med.usyd.edu.au

W.D. Figg et al. (eds.), Drug Management of Prostate Cancer,

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 Sa-reductase (SRD5A) or 17B3-hydroxys-
teroid dehydrogenase (HSD17B) can lead to male
pseudohermaphroditism (for review, see [3]).
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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

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.
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hydroxysteroid dehydrogenase, MES methylseleninic acid,
SARM selective AR modulators, SLCOIB3 solute carrier
organic anion transporter family member 1B3, SRD5A steroid
Sa-reductase (type I, II, or III), VES a-tocopheryl succinate
(vitamin E)

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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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 SRD5A?2 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 SRDS5SA 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 Xql1.2-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 48
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), (coding for polyglutamine) and a
(GGN), (coding for glycine) triplet repeats in exon 1
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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), Structurally altered protein with reduced Positive but small association with short repeats in
transcriptional activity [31] meta-analysis [32]

(GGN), 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 None
to glucocorticoids [23]

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

(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 50-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 SRD5AT1 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 SRD5A 1 might be more important in CaP
progression and development than originally thought.
Like the other genes of the family, SRD5SA3 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
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Table10.2 Variants of the steroid So-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®

V3linexon 1 [87,
88]

C5R in exon 1
[44]

P30L in
exon 1 [44]

P48R in exon 1
[44]

A49T in exon 1
[44]

AS5IT in exon 1
[44]

V63M in exon 1
[87, 88]

V89L in
exon 14

F118L in exon 2
[87, 88]
G183D in
exon 4 [87, 88]
T187M in exon 4
[44]
V189L in exon 4
[87, 88]

GI191E in exon 4
[87, 88]

F194L in exon 4
[44]

L221P in exon 4
[87, 88]

L226P in exon 4
[87, 88]

R227Q in exon 4
[44]

F234L in
exon 4 [44]

A248V in exon 5
[87, 88]

(TA) in 5’UTR

Somatic [87, 88]

Constitutional [44]
Constitutional [44]
Constitutional [44]

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

Constitutional [44]

Somatic [87, 88]

Constitutional
[44, 47]

Somatic [87, 88]
Somatic [87, 88]
Constitutional [44]

Somatic [87, 88]

Somatic [87, 88]

Constitutional [44]

Somatic [87, 88]

Somatic [87, 88]

Constitutional [44]

Constitutional [44]

Somatic [87, 88]

Constitutional [48]

Increased enzyme
activity [87, 88]

Almost the same
[44]

Decreased enzyme
activity [44]

Decreased enzyme
activity [44]

Increased enzyme
activity [44, 87,
88]

Slightly decreased in
activity [44]

Slightly decreased in
activity [87, 88]

Decreased enzyme
activity [44, 47]

Increased enzyme
activity [87, 88]
Slightly decreased in
activity [87, 88]
Decreased enzyme
activity [44]
Decreased enzyme
activity [87, 88]

Decreased enzyme
activity [87, 88]

Increased enzyme
activity [44]
Decreased enzyme

activity [87, 88]

Slightly decreased in
activity [87, 88]

Decreased enzyme
activity [44]

Decreased enzyme
activity [44]

Increased enzyme
activity [87, 88]

None

None

None

None

None

Negative meta-analyses
[45, 46] and large

sample [46]
None

None

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

None

None

None

None

None

None

None

None

Negative [97, 98]

None

None

Negative meta-
analysis [45]

Increased sensitivity to finasteride,
decreased sensitivity to dutas-
teride [87, 88]

Almost same sensitivity to finasteride
and dutasteride 1,3

Decreased sensitivity to finasteride
1,3

Increased sensitivity to finasteride
[44, 87]

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

Slightly increased sensitivity to
finasteride, slightly decreased
sensitivity to dutasteride [44, 87]

Increased sensitivity to finasteride,
decreased sensitivity to dutas-
teride [87, 88]

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

Increased sensitivity to finasteride
and dutasteride [87, 88]

Increased sensitivity to finasteride
[87, 88]

Slightly decreased for both finas-
teride and dutasteride [44, 87]

Decreased sensitivity to finasteride,
slightly decreased to dutasteride
[87, 88]

Increased sensitivity to finasteride,
slightly decreased to dutasteride
[87, 88]

Increased sensitivity to finasteride
[44, 87]

Almost same sensitivity to finas-
teride, slightly increased to
dutasteride [87, 88]

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

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

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

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

None

“The 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
V8IL (a valine to leucine substitution), which reduces
SRDS5AZ2 activity in vitro [47] and a (TA), 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 CYPI9AI gene
(15g21.1), 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), 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 (Al 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, Spl, 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 Il 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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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 Inconclusive results for
(A2 allele) the gene expression
in CaP?
CYPI9A1  A/C SNP 5 kb upstream Inconclusive results for
the gene (rs1870050) aromatase expres-
(TTTA), repeat in intron 4 sion in CaP*
R264C in exon 7 (C/T)
HSD3BI1 L338L (C/T) in exon 3 None
N367T (A/C) in exon 4
HSB3B2 (TG), (TA), (CA), repeat Gene is overexpressed
in exon 3 in androgen-
C7519G in the 3'UTR independent
CaP [72]
HSDI7B1 26 Polymorphisms studied ~ None
HSD17B3  G289S (G/A) inexon 11 Gene is overexpressed
in high-grade CaP
[76]
HSD17B4  Intronic SNP (C/G) Gene is overexpressed
(rs7737181) in high-grade CaP
[76]
SLCOIB3  S112A (T/G) in exon 3 Gene is overexpressed

M2331 (G/A) in exon 6

in CaP and it is

Negative meta-analysis
[65]

None

Inconclusive®

Inconclusive®

Both SNPs associated
with tumor
aggressiveness [59]

Weak association with
CaP risk [74]

Inconclusive®

Effect in association
with L338L of
HSD3BI1 [74]
Negative large
study [75]
Associated with increase
risk in Caucasians [99]

None

Both polymorphisms are
in LD; haplotype of

None

rs1870050 was associated with
TTP during ADT [94]*

Aromatase inhibitors were
unsuccessful used as a CaP
treatment®

None

Associated with TTP during
ADT [94]*

None

None

None

Overexpression in dutasteride-
treated cells [89]*

Overexpression in dutasteride-

treated cells [89]*

Associated with TTP during
ADT [94]*

Presence of T (wild type)
associated with shorter

CaP prostate cancer, LD linkage disequilibrium, 77P time to progression, ADT androgen deprivation therapy

aSee text for more details

of biochemical for and
polymorphisms.

The HSD17 gene family catalyzes the interconver-
sionsbetween 17p-hydroxysteroids and 17-ketosteroids
(see Fig. 10.1). Although polymorphisms in the
HSDI17BI 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

analysis these genes

AR through DHT, by potentially increasing the predis-
position to CaP. The expression of HSDI7B3 and
HSDI17B4 (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-17f3-
glucuronide, DHEA-3-sulfate, estrone-3-sulfate [78],
and testosterone [79], is encoded by the solute carrier
organic anion transporter 1B3 (SLCOIB3) gene [80].
This enzyme is considered to be important for drug
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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
(TMPRSS?2) 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 (KLK?2)
[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 Sa-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 SRD5SA1 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 notas 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, CCNDI)
(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, CWR22Rvl,
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 CYPI9AI (a SNP 5 kb
upstream of the gene), HSD3BI (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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Chapter 11
Mitoxantrone

Patricia Halterman, Nicholas J. Vogelzang, Alireza Farabishahadel, and Oscar B. Goodman Jr.

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/m> 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.
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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 26455 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 o
half-life is 6-12 min, and mean [} half-life is 1.1-3.1 h
[8-10]. The volume of distribution is greater than
1,000 L/m? 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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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

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
describedin 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/mm?. 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 cuamulative dose greater
than 140 mg/m?2. 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/m?. 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



128

P. Halterman et al.

of leukemias linked to treatment with topoisomerase 11
inhibitors are a latency period of approximately 2 years
and balanced chromosomal aberrations [19]. Many of
these leukemias have translocations involving the
11923 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
hyperglycemia; 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/m?
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/mm? [14].

Cumulative Dose Limits

Similar to doxorubicin, mitoxantrone has been associ-
ated with cardiomyopathy when cumulative doses
reach 80-120 mg/m? 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/m?
administered every 3 weeks, docetaxel 30 mg/m? admin-
istered weekly for 5 of 6 weeks, or mitoxantrone 12 mg/m?
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 Number of
year Author patients Setting Study results
2004 Tannock 1,006 Mitoxantrone/prednisone (MP) Median overall survival
(TAX327) vs. weekly (D1P) or Q3 was 19.2 months in the D3P arm
weekly docetaxel (D3P) (95% CI, 17.5-21.3), 17.8 months
with prednisone as first-line in the D1P arm (95% CI, 16.2-19.2)
chemotherapy in CRPC and 16.3 months in the MP arm
(95% CI, 14.3-17.9) respectively.
2004 Petrylak 770 Docetaxel/estramustine vs. Median overall survival was prolonged
(SWOG 99-16) mitoxantrone/prednisone in the docetaxel/estramustine group
as first-line chemotherapy compared to mitoxantrone/prednisone
in CRPC —17.5 months vs. 15.6 months
(P=0.02)
2006 Michels 68 Mitoxantrone vs. docetaxel Front-line docetaxel prolonged median
in either sequence for CRPC 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. TTP 2.1 months (IP and IC) vs.
Irofulven/capecitabine (IC) 1.1 months (MP)
vs. mitoxantrone/prednisone
(MP) as second-line
chemotherapy for CRPC
2007 Rosenberg 82 Ixabepilone vs. mitoxantrone/ Median overall survival 10.4 months for

prednisone in CRPC
progressing through first-line
chemotherapy

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/m? on day 2 or mitox-
antrone 12 mg/m? 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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