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Foreword

The minute I walked in the door, I knew something was wrong. My wife
waited until I took off my coat and sat down at the kitchen table. “I had some
bad news today,” Lori began. “Mom has cancer.” We talked for hours about
what it meant and what we could do to help. It was 1972, only a year after
President Nixon had declared “war on cancer,” and many of us thought that a
concerted national effort could lead to a cure in the same way that President
Roosevelt’s targeting of polio and President Kennedy’s quest to put men on
the moon had succeeded.

Over the next 20 years, I acquired an extensive layman’s knowledge of
cancer in the process of supporting research and seeking effective treatments for
my mother-in-law’s breast cancer and, later, my father’s malignant melanoma,
and the cancers of several other close relatives. By 1982, my brother and
I had assembled a professional staff to formalize our philanthropy through
our family charity, the Milken Family Foundation. Working closely with the
foundation’s medical and scientific advisors, we became very familiar with the
leading-edge work of our grant recipients. We were inspired by the progress
of pioneers such as Dennis Slamon in breast cancer, Bert Vogelstein in cancer
genetics, Owen Witte in leukemia, Lawrence Einhorn in testicular cancer, and
many other recipients of the foundation’s cancer research awards.

By the time I was diagnosed with advanced prostate cancer in 1993, I thought
I knew a lot about cancer. So the shock of my diagnosis was compounded by
the realization that I knew almost nothing about prostate cancer. How could I
have spent two decades working with cancer researchers and possess so little
knowledge of this disease that had already spread from my prostate to my
abdominal lymph nodes? How could I not know that this disease affects one
in six American men or that a man is more likely to develop prostate cancer
than a woman is to develop breast cancer?

It turned out that I was not alone. The public knew next to nothing about
prostate cancer. Articles in the popular press, which so often chronicled
the importance of pap smears, mammograms, and smoking cessation, rarely
mentioned that little walnut-sized organ surrounding men’s urethras. As far
as most men were concerned, this disease was something they didn’t want to
think about. Men seem to be more fatalistic than women and believe they’re
either living or dying so there’s no point in getting tested.
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vi Foreword

Even more surprising was the lack of interest in the medical community. The
National Cancer Institute didn’t fund much research on prostate cancer because
they received few grant applications. Physician–scientists weren’t submitting
the applications because there appeared to be little funding available. It was a
vicious circle. The field was so moribund that one young investigator was told
by his mentor to avoid the “career suicide” of prostate cancer research.

Meanwhile, the pharmaceutical and biotechnology industries weren’t
allocating enough research funds to cancer drug development because they
didn’t think the return on the investment would justify the risk. And as I
traveled around the country to major academic research centers, I felt a growing
sense of frustration, and even anger, when I realized that each of these elite
institutions considered the others to be competitors rather than collaborators in
cancer research.

After extensive discussions with the heads of these centers and other
advisors, I concluded that a new organization was needed to bring focus and
a sense of urgency to the field of prostate cancer research. This organization,
which would become the Prostate Cancer Foundation (PCF), would need to:

• Identify promising research not being funded by the National Cancer Institute;
• Recruit the best and brightest investigators to energize the field;
• Reduce paperwork requirements and fund projects quickly;
• Require awardees to share the results of their work;
• Help build centers of excellence in prostate cancer and link them digitally;
• Encourage public–private partnerships;
• Pursue a venture-funding model;
• Act with urgency;
• Build public awareness.

The Milken Family Foundation jump-started the process with early funding,
but since then, the majority of funds for more than 1400 competitive research
awards have been contributed by the public. Awardees gather each year at the
PCF’s Scientific Retreat to present their findings. Many of them are affiliated
with member institutions of the PCF Therapy Consortium comprising eight
leading cancer centers that now collaborate on prostate cancer programs.

Over the past 15 years, we’ve reached several important milestones. The
Department of Defense Prostate Cancer Research Program exceeds three-
quarters of a billion dollars in cumulative spending. Hundreds of bright young
investigators are launching careers in prostate cancer research. Prostate cancer
SPORE grants have increased fivefold. Articles about prostate cancer in popular
periodicals increased from 2500 in 1993 to nearly 36,000 in 2006. Federal
and state government funding of prostate cancer research is 20 times the 1993
level. Major states like New York and California allow taxpayers to check
off a donation to prostate cancer research on their tax returns. Institutions
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in dozens of countries around the world now participate in PCF collabora-
tions. The latest treatment options are described in a patient guide, and in a
separate professional guide, published by the PCF. Millions more men now
know about prostate-specific antigen (PSA) tests and DREs. Far more drugs
targeting prostate cancer are available or in development than even a few
years ago.

None of these achievements would mean much, however, if we weren’t
keeping more men alive and if they weren’t able to enjoy a good quality of life.
Fortunately, there’s progress here, too. Close to 40,000 prostate cancer patients
were dying each year in the early 1990s. With the aging of the baby-boom
cohort, that number was expected to increase to as many as 60,000 deaths
today. Instead, the number has fallen to below 28,000. The reasons are complex
and no one initiative should receive the credit, nor can we be complacent,
because without major breakthroughs, death totals could rise again as the first
baby boomers move through their seventh and eighth decades.

The work described in Prostate Cancer: Signaling Networks, Genetics,
and New Treatment Strategies, however, is cause for optimism. The authors
of the chapters included here—16 of whom are PCF awardees—are moving
quickly on the frontiers of science. They’re providing hope that the two million
Americans currently living with prostate cancer and the three million projected
to join them in the next decade will live long, fulfilling lives.

Building on the lessons of the PCF, we’ve established a separate organization
dedicated to removing the barriers to progress that so often frustrate the efforts
of the best researchers in all fields of medicine. This new group, known as
FasterCures and headquartered in Washington, D.C., does not fund medical
research. Rather, it figures out how we can improve the process of research
by creating more effective incentives, eliminating unnecessary bureaucracy,
improving professional training, linking biobanks, and other steps that shorten
the time from idea to bench to bedside. All readers of this book are invited
to join us in our effort to make cancer something that our grandchildren will
know only by reading history books.

Michael Milken, MBA

Michael Milken, called “The Man Who Changed Medicine” in a 2004
Fortune magazine cover story, is the founder and chairman of the Prostate
Cancer Foundation and of FasterCures/The Center for Accelerating Medical
Solutions. He has supported medical research for 35 years.



Preface

Prostate cancer remains a major healthcare challenge in the United States.
Currently, prostate cancer is the most commonly diagnosed malignancy and
the second leading cause of cancer-related deaths in men in the United States.
Alternate therapy approaches based on a deeper understanding of prostate
cancer are of vital importance. At this time, more than 218,000 new cases
of prostate cancer will be diagnosed per year in the United States, and more
than 27,000 men will die annually from this disease. We now know that the
economic, physical, and psychological burden will be significantly greater for
certain groups, including African American men. At this time, an African
American man is approximately 2.5 or more times likely to die from prostate
cancer than a Caucasian American man. Prostate Cancer: Signaling Networks,
Genetics, and New Treatment Strategies describes the most current under-
standing of the molecular mechanisms underlying the onset and progression
of prostate cancer. In an attempt to identify new molecular targets for therapy
development of prostate cancer, current concepts of steroid receptor and
protein kinase signaling pathways are reviewed. In addition, new perspec-
tives in radiation therapy, prediction of therapeutic response, new directions in
hormonal treatment, surgical intervention, and targeted therapies are described.

In the opening chapter, new information of histological changes in the
prostate associated with cellular atrophy and inflammation provides insight into
the pathogenesis of prostate cancer. Chapters 2 through 5 are focused on the
key genetic changes involved in prostate carcinogenesis and progression and
specific epigenetic abnormalities that accompany prostate cancer progression
to advanced disease. The molecular mutations, both low and high penetrant
variants, which predispose to and/or modify the response to treatment of
prostate cancer, are described. In Chapter 4, Dr. Gelmann focuses on the role
of cell cycle control, DNA repair, and oncogenic and tumor suppressor drivers
in prostate cancer. In Chapter 5, Drs. Helenius, Waltering, and Visakorpi
introduce the role of the somatic genetic changes and the important role of the
androgen receptor. Chapters 6 through 9 articulate the role of nuclear hormone
receptors in the onset and progression of prostate cancer. We find that the
androgen receptor is post-translationally modified not only by phosphorylation
but also by acetylation, and these specific post-translational modifications
provide new avenues for intervention. In Chapters 8 (Drs. Imamov, Lopatkin,
and Gustafsson) and 9 (Drs. Prins and Korach), the authors present an important
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and balanced view on the role of both estrogen receptors � and � in prostate
tumorigenesis.

Chapters 10 through 13 summarize recent advances in intracellular signaling
pathways, including the importance of hypoxia-inducible factor 1, the Ras–
MAP kinase pathway, the transcription factors STAT5 and STAT3, and the role
of Akt and PI3K kinase signaling in prostate cancer progression. Transcription
factor Stat5 as a therapeutic target and prognostic factor of poor clinical
outcome is described.

With the goal of identifying key molecular targets for therapeutic strati-
fication and prognostication, Chapters 14 through 20 focus on predictors of
clinical outcome and the values of specific molecular targets in the management
of prostate cancer. Advances in radiation therapy, hormonal therapy, and
surgical intervention are highlighted in Chapters 16 and 17. In Chapter 17,
Drs. Basillote, Ahlering, and Skarecky highlight recent data using the Da Vinci
Surgical System. In Chapter 18, Drs. Heath and Carducci outline key oppor-
tunities given by more than 200 novel agents currently under evaluation in
the treatment of prostate cancer. Chapter 19 describes new perspectives in
chemotherapy of prostate cancer. In closing, opportunities for early detection
and treatment of prostate cancer are outlined by Dr. Gomella and Dr. Valicenti.

As a collective medical community, our responsibility lies with engaging all
individuals participating in early detection and valuable preventative measures.
We are most grateful for the participation of our colleagues in creating this
book for the improvement of the treatment of patients with prostate cancer. We
acknowledge and share our gratitude to our patients and families who inspire
and guide us on a daily basis.

Richard G. Pestell, MD, PhD
Marja T. Nevalainen, MD, PhD
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1 Histopathology and Molecular
Biology of Prostate Atrophy
A Lesion Associated with Inflammation,
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1. INTRODUCTION

Prostate atrophy has been considered a possible precursor of prostate cancer
since the 1920s (1–3). Prostate inflammation has come into focus over the
last several years as a potential stimulus for the development of prostate
cancer. Because many prostate atrophy lesions are associated with inflam-
mation, and most inflammatory lesions are associated with atrophic epithelium,

From: Current Clinical Oncology: Prostate Cancer:
Signaling Networks, Genetics, and New Treatment Strategies
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2 Valdman et al.

it is plausible that prostate atrophy represents a critical link between inflam-
mation and prostate cancer. There have been recent reviews focused on
inflammation and prostate cancer (4–9) and the histomorphology of prostate
atrophy (10). Because there are no systematic reviews of studies that have
examined histopathological mapping of prostate atrophy lesions in relation to
prostate cancer, or of somatic genomic alterations in prostate atrophy, these
topics will be the subject of this chapter.

2. CLASSIFICATION OF FOCAL ATROPHY IN THE PROSTATE

The early systematic description and classification of epithelial atrophy of the
prostate can be attributed to Franks (11). He divided morphological variants
of prostate atrophy into five patterns:

1. Simple atrophy
2. Sclerotic atrophy
3. Post-atrophic hyperplasia (PAH), of which there were two subtypes:

a. Lobular hyperplasia
b. Sclerotic atrophy with hyperplasia

4. Secondary hyperplasia

Although it was not explicitly stated, secondary hyperplasia would appear to
best correspond to what we would refer to today as high-grade prostatic intraep-
ithelial neoplasia (HGPIN). In order to standardize terminology regarding focal
atrophy of the prostate, De Marzo et al. (12) developed a working group
classification of focal atrophy of the prostate, and the outcome of this is
a new classification system for the various morphological patterns of focal
atrophy lesions. According to the working group, focal prostate atrophy can
be classified into one of four subtypes as indicated in Table 1. In addition to
the classification above, it was proposed to refer to most simple atrophy and
PAH lesions as “proliferative inflammatory atrophy” (PIA) (13). This grouping
term emphasizes the fact that many atrophy lesions are in fact associated
with inflammation (14). In those atrophic lesions that are not associated with
inflammation, the term proliferative atrophy (PA) may be used (see Table 1
for usage details).

3. HISTOLOGICAL MAPPING STUDIES

Several studies addressed the frequency and topographical relationship of
focal atrophy and prostate cancer. In the classic article by Franks (15), a case–
control study was performed in autopsy material. He reported the incidence
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Table 2
Data Summarized from Franks (15)

Cancer Post-sclerotic hyperplasia

No Yes Total

No 68 (58.6%) 48 (41.3%) 116 (62.7%)
Yes 29 (42%) 40 (58%) 69 (37.3%)
Total 97 (52.3%) 88 (47.7%) 185 (100%)

of sclerotic atrophy and post-sclerotic hyperplasia1 (Table 2). Of 69 cases in
which prostate cancer was found, which he regarded as “latent carcinoma,”
21% contained sclerotic atrophy and 56% contained post-sclerotic hyperplasia.
In comparison, in 116 cases from men over 50 years of age without prostate
carcinoma, sclerotic atrophy alone was found in 17% cases and post-sclerotic
hyperplasia in 41.5% cases. Although he did not report statistical analysis,
a Pearson �2 test of his results indicates that there was a statically signif-
icant increase in the fraction of cancer cases with post-sclerotic hyperplasia
(�2 = 4.7754, p = 0.029) than in cases without carcinoma.

In the group of 32 men under 50 years of age, sclerotic atrophy alone
was found in 15.75% of cases and post-sclerotic hyperplasia in 9.25%. These
latter results show a clear positive correlation of the extent of some types of
focal atrophy and age. Franks also reported direct merging of post-sclerotic
hyperplasia atrophy lesions at times with small invasive carcinoma lesions (15).

Liavåg (16) reported the incidence of atrophy in 324 autopsies of males at
the age of 40 and above in which 872 (26.8%) were found to have incidental
cancer. In this study, which is the only reported one that attempted to measure
the extent of prostate atrophy, atrophy was categorized as slight, moderate,
or marked. Both atrophy and carcinoma increased with age. Atrophy was
found in 100% of the prostates with carcinoma and in 90.3% of the prostates
without carcinoma, and this difference was significant (p < 0.01). There was a
highly significant difference in the extent of atrophy in cases versus controls
(p < 0.00001), such that atrophy was more “severe” in prostate specimens with
cancer (85% severe atrophy in cancer cases and 49% in non-cancer patients;
the difference was indicated to be statistically significant, but the p value was
not given). In the same study, Liavåg also reported direct merging of atrophy
lesions with small invasive carcinoma lesions.

1We assume this corresponds to the Franks description of the pattern of PAH
referred to as sclerotic atrophy with hyperplasia.

2Note that in this study, only three sections of the prostate were examined.
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Billis (17) assessed the presence of prostate atrophy in the peripheral zone
of prostates from 100 consecutively autopsied men older than 40 years of
age. He found focal atrophy in 85 prostates and subtyped it into simple,
hyperplastic (PAH), and sclerotic. In 65 (76.47%) of 85 cases, the histologic
subtypes were combined. In 33 (50.76%) of these 65 cases, the three subtypes
were seen concomitantly. Cancer was found in 29 of 100 cases. Atrophy was
reported in 24 of 29 cases with carcinoma (83%) and in 61 of 71 cases without
carcinoma (86%). The author concluded that there was no relation of atrophy
to “latent carcinoma.” In a more recent study by the same authors (18), neither
a topographic relation nor a morphologic transition was seen between prostatic
atrophy and carcinoma or HGPIN. One potential limitation of these studies,
however, was that the authors only reported on whether atrophy was present or
absent, and not on the extent of atrophy. Given that almost all cases harbored
some atrophy, it follows that without examining large numbers of specimens
(i.e., >300 cases as in Liavåg (16)) in order to uncover a potential link between
prostate atrophy and carcinoma in these types of studies, it is likely that merely
indicating its presence is not adequate; rather the quantitative extent of atrophy
should be measured and correlated with cancer.

Putzi and De Marzo (19) examined the two-dimensional topographic
relationship between simple atrophy and PAH to HGPIN lesions and prostate
carcinoma lesions in 14 radical prostatectomy (RP) specimens. The prostate-
ctomy specimens chosen were those in which only minimal carcinoma was
present (<0.5 cc total tumor volume) in order to reduce the possibility that
HGPIN lesions represented intraprostatic dissemination of carcinoma and to
examine the topology of carcinoma lesions that were very likely to be close to
their point of inception. In these 14 specimens, the total number of spatially
separate HGPIN lesions was 629. The topographic relation was described as
“merging” when HGPIN or carcinoma merged directly with focal atrophy
within a given acinus or duct. Lesions were considered “adjacent” when the
neoplastic-appearing epithelium was in very close proximity (<100 μm), but did
not merge with atrophy. Lesions were described as “near” when the individual
duct/acinus of HGPIN or carcinoma was separated from a distinct acinus/duct
containing PIA by less than 1 mm but were further away than “adjacent.”
Finally, lesions were described as distant when the HGPIN or carcinoma lesion
was more than 1 mm from any atrophic area. The results showed that HGPIN
merged with atrophy in 267 (42.5%) of 629 lesions. It was adjacent in 57
lesions (9%), was near in 233 lesions (37%), and was distant from atrophy in 72
lesions (11.5%). Thus, focal atrophy was within 1 mm of HGPIN in 88.5% of
such PIN lesions. In the same study, carcinoma was not found to merge directly
with focal atrophy; it was adjacent in 24 (30.4%) of 79 lesions, was near in 46
lesions (58.2%), and was distant from focal atrophy in nine lesions (11.4%).
Thus, for all of these “microcarcinoma” lesions, focal atrophy was within 1
mm 88.6% of the time. This was higher than the fraction of carcinoma lesions
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that were within 1 mm of HGPIN (70%). In many cases, there were regions in
which atrophic areas appeared to demonstrate gradations of increasing nuclear
atypia from no atypia in the purely atrophic cells to significant atypia in the
HGPIN regions (Fig. 1). In summary, the study revealed frequent morpho-
logic transitions between HGPIN and focal atrophy. In subsequent studies, we
have noted direct merging at times between focal atrophy and small carcinoma
lesions occurs (20), as did Montironi et al. (21). The primary limitation of this
study was the relatively small number of patients, albeit very high-resolution
mapping was performed such that every PIN lesion and every cancer lesion
was examined in detail. Other limitations of the study were that the pattern of
prostate atrophy was not noted, just that it was either PAH or simple atrophy,
and that no morphometric measurements were used to quantify the gradations
in nuclear atypia between atrophy and PIN lesions.

Fig. 1. High-grade prostatic intraepithelial neoplasia (HGPIN) merging with focal atrophy
lesion. (A) Medium power view of a focus of proliferative inflammatory atrophy (PIA)
showing a single prostatic acinus (center) illustrating merging of atrophic epithelium
with epithelium containing HGPIN (original magnification ×100, hematoxylin and eosin).
(B) High-power view of area outlined in (A). Arrows indicate atrophic acini and atrophic
acini with atypia. Note the progression from atrophic acini with atypia to PIN. The charac-
teristics of atypical atrophic cells are slightly enlarged nuclei and occasional nucleoli,
whereas cell with HGPIN show enlarged nuclei, numerous prominent nucleoli, and
chromatin clumping (original magnification ×600, hematoxylin and eosin). Reprinted with
permission (19).
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Anton (22) assessed whole mount sections from 272 randomly selected RP
and 44 cystoprostatectomy specimens for the presence, location, and number
of foci of PAH, and then correlated these with the presence and location of
carcinoma foci. PAH was identified in 86 (32%) prostatectomy and in 12
(27%) cystoprostatectomy specimens. The distribution of PAH foci was the
following: peripheral zone (91%), transition zone (8%), central zone (1%),
and apex (49%), mid (39%), and base (12%). For prostatectomy specimens,
183 foci of PAH showed no atrophy in a mirror image area of the prostate
opposite the focus of PAH. Of the foci, 33% showed carcinoma either within
or within 2 mm of the focus of PAH. For the mirror image area without PAH,
carcinoma was identified either within or within 2 mm of the area in 40%
(p = 0.19). The frequency of PAH in cystoprostatectomy specimens and its
relationship to incidental carcinoma were not significantly different from those
of RP specimens (p = 0.60, �2). Therefore, PAH was found to be a relatively
common lesion, most often seen in the peripheral zone of the apical third of the
gland. PAH did not, however, appear to have any association with carcinoma.
A limitation of this study is that the authors did not consider other patterns of
prostate atrophy, which are more common than PAH.

Tsujimoto et al. (23) examined 28 RP specimens containing carcinoma and
reported on PAH lesions. They found that 7 of 28 (25%) of cases harbored
PAH and these lesions were multifocal in 85.7% of cases. They also reported
on details of histological findings including the presence and size of nucleoli
and presented a review table of the literature up until that point. They found
that PAH lesions were “near” HGPIN and carcinoma lesions in 43% of cases.

In a recent study by Tomas et al. (24), the authors evaluated the extent and
type of atrophy lesions in 50 patients with prostate carcinoma and 31 patients
with benign prostatic hyperplasia (BPH). Atrophy lesions were classified
according to the working group (12). The study revealed that atrophy foci were
present in 100% cases with and without carcinoma. However, in cases with
carcinoma, atrophy associated with inflammation (PIA) was a significantly
more frequent finding than atrophy without inflammation (PA) (1.63 and 0.76
foci per slide, respectively; p < 0.001). In BPH patients, the opposite was seen;
PA was more frequent than PIA (2.28 and 1.27, respectively; p < 0.001).

If prostate atrophy is a precursor to prostate cancer, then it is plausible that
having focal atrophy on prostate needle biopsy that does not contain carcinoma
may be associated with an increased risk of prostate cancer on follow-up
biopsies. In a study by Postma et al. (25) in the group of 202 randomly selected
benign sextant biopsies with a follow-up time of at least 8 years and total
incidence of atrophy of 94%, there was no association between atrophy and
incidence of prostate cancer or HGPIN. As in the other studies indicated above,
none of these studies examining the association between prostate atrophy on
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needle biopsy specimens and subsequent cancer found on needle biopsy used
quantitative methods to assess the degree of atrophy.

Nevertheless, because our work supports the concept that some forms of
prostate atrophy may be risk factor lesions and at times precursors to HGPIN
and/or microcarcinomas, it is not expected that the mere presence or absence
of focal atrophy on a prostate biopsy would be predictive of cancer on a repeat
biopsy. We expect that many years, likely a decade or more, would need to
elapse before atrophy lesions might progress to a carcinoma that would be
large enough to sample on random sextant or even 10–12 core biopsies.

4. MOLECULAR BIOLOGY OF PROSTATE ATROPHY

A number of molecular changes have been reported in prostate atrophy.
Chromosome 8 abnormalities represent a frequent molecular change in prostate
cancer. Several studies have been reported in which fluorescent in situ
hybridization (FISH) was used to examine focal atrophy lesions. In the study
by Macoska et al., (26) FISH was performed simultaneously with two probes,
one for a locus on chromosome 8p [cosmid containing the lipoprotein lipase
(LPL)] and another with sequences that recognize the centromeric region from
chromosome 8 (8c). Disomy was defined in individual cells when the FISH
signals for the 8p and 8c probes were each 2 (2,2). Chromosomal alterations
were defined in individual cells as 8p loss when the number of FISH signals
for 8p,8c in an individual cell was 0,2 or 1,2; concomitant 8p loss and 8c gain
was determined by 8p,8c counts of 0,3, 1,3, or 2,3. Then, after counting 200
individual cells for each of these chromosome-alteration categories for each
tissue type in each patient examined, the percentage of nuclei in each category
was obtained. Then for each lesion or tissue type (atrophy, benign, cancer,
and hyperplastic), the means of each of these percentages were computed and
compared between groups. Although atrophy tended to have a mean percentage
of nuclei with 8p loss that was greater than normal (8p loss nuclei = 34.7%
in atrophy and 28.6% in benign and 35.7% in hyperplastic tissues), and 8c
signals that were greater than normal (data not shown), these differences were
not statistically significant, albeit only seven cases of atrophy were examined.
However, the percentage of nuclei with concomitant 8p loss and 8c gain was
statistically significantly higher in atrophy (1.57%) compared with “benign”
(0.88%) and hyperplasic tissues (0.6%) (p < 0.05). Although this analysis
provides some information regarding the population of cells within lesions as a
whole, it does not attempt to determine whether an individual case of prostate
atrophy contains true clonal alterations. Therefore, Macoska et al. developed
a cut point approach in which a given tissue type in a given case was judged
to show loss or gain (26). Because they found that in all benign tissues the
mean percentage of disomic nuclei was 41.4% and the range was 35.2–47.6%,
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they considered that an individual case was disomic if it fell within that range.
For 8p loss, they determined that mean percentage of nuclei with 8p loss in all
benign tissues was 33.1% with an SD of 11.2 Therefore, 8p loss was defined
when the percentage of nuclei with 0,2 or 1,2 8p,8c signal counts was at least
44.3% (mean + 1 SD). When defined in this manner, none of the benign tissues
(normal, atrophy, and hyperplastic) showed 8p loss, yet 84% of cancer lesions
showed 8p loss (10/25 with 8p loss only, and 11/25 with concomitant 8p loss
and 8c gain).

Shah et al. (27) also examined prostate atrophy lesions (simple atrophy
and PAH) compared with normal, HGPIN, and carcinoma lesions, using FISH
in which the number of cells with three or more signals for chromosome 8
centromere was counted. They found that the fraction of cells with three signals
increased going from normal to all other histological lesions, although this
was not statistically significant. They did find, however, when examining the
percentage of cells with three or more chromosome 8 centromere signals, that
there was a significant increase in the percentage of cells in atrophy—the mean
percentage was 1.3% in benign, 2.1% in simple atrophy, 2.8% in HGPIN, 4%
in PAH, and 6% in carcinoma, respectively (27). In this study, the authors did
not attempt to categorize individual cases of atrophy as having gain of 8c, just
the overall mean and SD for the percentage of cells with 3 or more 8c signals
was enumerated. Note that Macoska et al. (26) did not comment on 8c gain
only.

In our recent study (28), we examined prostate tissues using tissue
microarrays (TMAs) with FISH simultaneously using a cocktail of three
different probes, which included 8p22 (LPL), 8 centromere, and 8q24. For
each tissue type in each patient (normal-appearing epithelium, atrophy, PIN,
and carcinoma) from RP specimens, we recorded the percentage of cells with
1, 2, 3, or more signals for each of the three differently labeled probes. At
least 30 cells were counted in each Tissue microarray (TMA) spot. In order to
determine whether clonal genetic alterations were present, we used a stringent
cut point based method. For example, to categorize a lesion as having 8p loss,
60% or more cells should have 0 or 1 8p22 signal and the overall 8p22/8c
signal is less than 0.8. The gain category for any of the three probes was
determined if 30% or more epithelial nuclei contained three or more signals for
the probe. Although there was a significant increase in the percentage of cells
in atrophy that harbored three or more signals for 8c compared with normal
(2.4% for atrophy vs. 1.2% for normal; p = 0.024), no TMA cores containing
prostate atrophy were considered to have gained chromosome 8 centromere in
a clonal fashion. Using these strict cut points, we also found that (i) no cases
of normal lesions contained 8p22 loss or 8q24 gain; (ii) 12% of HGPIN lesions
contained 8p22 loss; (iii) 0% of HGPIN contained 8q24 gain; and (iv) 52%
of carcinoma lesions contained 8p22 loss, and this correlated with Gleason
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grade (74% 8p22 loss for Gleason patterns 4–5 and 33% 8p22 loss for Gleason
pattern 3). It was noted that the fraction of cases of HGPIN with 8p22 loss and
8q24 gain was lower than in any other previously published study, although
certainly (for 8p22 loss) higher than in atrophy lesions.

Yildiz-Sezer et al. (29) also examined prostate atrophy using FISH with
the same 8p22 (LPL), 8 centromere, and 8q24 probes used by Bethel et al.
using prostate TMAs from RP specimens. For each case, they also counted
the number of signals for each probe in each nucleus and determined the
average number of signals of each per case. Like Macoska et al., they placed
their nuclei into the following categories of disomy, monosomy 8, 8p22
loss, 8q24 gain, and concomitant 8p22 loss and 8q24 gain. About 3.6% of
normal nuclei from non-cancer patients had 8p22 loss, and 10.26% of normal-
appearing epithelial nuclei from cancer patients, 14.17% of atrophy nuclei,
17.08% of PIN nuclei, and 21.2% of cancer nuclei were considered to harbor
8p22 loss. It is not clear, however, how many cases of each tissue type
harbored what would be considered clonal changes, yet we presume it was
quite low, and perhaps even zero in atrophy, given the overall means that were
reported.

In another recent study, Yildiz-Sezer et al. (30) examined focal prostate
atrophy lesions for genomic abnormalities on the X chromosome. Strikingly,
using comparative genomic hybridization (CGH) analysis, they reported that
90% of prostate cancer lesions and 70% of focal atrophy lesions contained
gains of the entire X chromosome. The results were further verified using FISH
with an X chromosome-specific centromeric probe. Although these results are
certainly novel and intriguing, as in the other studies reported above, it seems
that clonal alterations were not found. For example, if an entire chromosome
X was gained in the majority of cells in the population of interest, than the
ratio of signals in the lesional tissue compared with the normal tissue would
be approximately 2. However, in this study the authors used a cut point for
gain of 1.2. Again, although statistically significantly different than the normal
tissues in this study, the results suggest that only a subset of cells harbor this
change. Similarly, by FISH analysis, the mean number of cells with gain of
X chromosome centromeric signals was 4.28% in normal epithelium, 18.4%
in atrophy, and 23.9% in carcinoma. Using a cutoff of 10% of cells showing
gain in which to consider a given lesion to harbor gain, 13/20 (65%) of
atrophy lesions showed gain and 18/20 (90%) of carcinoma lesions showed
gain. Consistent with the idea that these changes do not represent true clonal
alterations that were selected for, there have been no previous reports of gain
of the entire X chromosome in prostate cancer (see Sun et al. (31), for recent
meta-analysis).

In summary, chromosomal abnormalities similar to those found in PIN and
carcinoma occur in a subset of atrophic lesions. In these studies, however, it
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appears that there were no cases in which clonal alterations were identified
in atrophy. Assuming that these changes are due to biological differences
and not some non-biologically based systematic experimental artifact, such as
difficulties with overlapping nuclei and counting FISH signals, these changes
are likely indicative of genomic damage and/or the emergence of genomic
instability in PIA/PA. Because some of the changes reported (8c gain, 8p loss,
and 8q gain) are similar to changes that are found as clonal alterations in the
truly neoplastic appearing cells in invasive carcinoma, and at times in PIN, the
findings are consistent with a hypothesis in which non-clonal DNA alterations
begin to arise in atrophy lesions at an increased frequency as compared with
normal-appearing epithelium from the same patients, and that these could
later be selected for during the process of neoplastic transformation. This is
consistent with the findings that atrophy lesions tend to show an apparent stress
response suggestive of oxidative DNA damage that could lead to chromosomal
alterations.

4.1. Mutational Analysis in Prostate Atrophy Lesions
There have been very few studies in which specific genes have undergone

sequence analysis using DNA isolated from focal atrophy lesions of the
prostate. Tsujimoto et al. (23) used laser capture microdissection of PAH
(N = 7 patients with 89 lesions) (a form of focal atrophy), BPH, HGPIN,
and adenocarcinoma lesions to isolate genomic DNA and perform mutational
analysis for exons 5–8 of p53. p53 mutations were found in 2 of 38 PAH
lesions (5.3%), 4 of 16 carcinoma lesions (25%), and 1 of 24 PIN lesions
(4.2%), yet benign glands never showed mutations. In this study, cases were
first screened by single-stranded conformation polymorphism (SSCP) analysis
in order to uncover potential mutations. Interestingly, in the figure shown, the
SSCP band appeared to be a minor component of the total, suggesting that the
mutations detected were likely not clonal.

Tsujimoto et al. (32) also examined normal, PAH, PIN, and carcinoma
lesions by microdissection for somatic mutations in the AR gene (encoding the
androgen receptor), in which they used nested PCR to determine the repeat
length in the CAG repeat in exon 1, the GGC repeat in exon 1, and the BAT-25
and the BAT-26 repeats in AR alleles. They reported that although there were
no somatic alterations in the GGC, BAT-25, or BAT-26 repeats in any of the
lesions, there were somatic decreases in the CAG repeat length in 3 of 89
(3.4%) cancer lesions, 6 of 75 (8%) PIN lesions, 4 of 24 (16.7%) PAH lesions,
and 0 of 56 (0%) benign areas. In the cases shown, there was a prominent band
at the shorter repeat location along with a weak but present band at the wild-
type location. It is not clear whether this represents contamination with normal
cells or a heterogeneous population in the lesional tissues. It was of interest
here too that the presumed precursor lesions harbored a higher frequency of
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changes than the cancer lesions. Thus, it appears that there is some evidence
of genetic instability in PAH lesions, but that AR mutations do not appear to
have been selected for in most cases of localized carcinoma lesions.

4.2. Epigenetic Somatic Genome Alterations
GSTP1 CpG island hypermethylation is a very common somatic genome

alteration described for human prostate cancer (33). GSTP1 CpG island hyper-
methylation is associated with acquired defects in defense mechanisms against
oxidant and electrophilic DNA damage (33). As a consequence, cells lacking
GSTP1 activity are more sensitive to oxidative stress caused by inflammation.
In a study from our group, we compared CpG island methylation status in
normal epithelium (n = 48), BPH (n = 22), and PIA lesions (n = 64). We
found hypermethylation of the GSTP1 promoter region in a small subset of
atrophy cases. GSTP1 promoter methylation was found in 0 of 48 regions form
normal-appearing epithelium (0%), 0 of 22 regions of BPH (0%), 4 of 64 PIA
lesions (6.3%), 22 of 32 HGPIN lesions (68.8%), and 30 of 33 of carcinoma
lesions (90.9%) (20). The results regarding PIN and carcinoma were similar
to result obtained previously by Nelson et al. (34,35).

5. SUMMARY AND CONCLUSIONS

In summary, focal prostate atrophy is known to be associated with chronic
inflammation in the majority of cases, and we have put forth the terms prolifer-
ative inflammatory atrophy and proliferative atrophy for most of these lesions.
We reviewed studies in which morphological and molecular evidence have
been explored to relate these lesions to prostate cancer. From the data we
have so far, it seems that these extremely common lesions may at times
represent precursors to PIN and or adenocarcinoma. Because they are so
common and often extensive, most are not going to directly evolve into
carcinoma. Rather, the molecular genetic data so far accumulated appear
to indicate that a fraction of cells in some atrophy lesions have developed
somatic DNA alterations consistent with those found as clonal changes in
carcinoma lesions, and less frequently in PIN lesions. Thus, the term “risk
factor lesion” may be somewhat more appropriate than “precursor lesion” for
focal atrophy. Although PIN lesions have morphological features of neoplastic
cells, whereas atrophy lesions do not, the likelihood of individual PIN lesions
progressing to cancer is also presumably quite low. Much work needs to be
done before focal atrophy is considered a true risk factor for prostate cancer.
Nevertheless, because it is so tightly linked to inflammation, strategies to
prevent prostate cancer may eventually involve the suppression of prostate
inflammation.
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1. INTRODUCTION

Alterations in gene expression are caused by a number of epigenetic
processes including DNA methylation and chromatin remodeling. Aberrations
in these processes, leading to abnormal gene expression patterns, are nearly
ubiquitous in human cancers and can carry the same importance as mutations
in the initiation and progression of human cancers, including prostate cancer.
In this chapter, we will first provide an overview of these epigenetic processes
in normal physiology and in carcinogenesis. Then we will describe some of the
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specific epigenetic abnormalities that accompany prostate cancer progression.
Finally, we will discuss how these epigenetic abnormalities can be targeted to
enhance prostate cancer detection, risk stratification, prevention, and therapy.

2. EPIGENETIC PROCESSES IN PHYSIOLOGY AND CANCER
PATHOPHYSIOLOGY

Virtually all somatic cells within any individual contain identical primary
genomic DNA sequence information. Yet cells of different lineages, organs,
and even different microenvironments within the same organs have vastly
differing phenotypes and gene expression profiles. The heritable processes by
which cells establish unique gene expression patterns without changing their
primary gene sequence are referred to as epigenetic processes. These processes
constitute an entire level of coding beyond the primary gene sequence and
are likely responsible for establishing the vast spectrum of gene expression
changes observed during development and differentiation. Dysregulation of
these processes appears to be one of the earliest and most frequent somatic
changes in human cancers, contributing to the initiation of malignant transfor-
mation and progression to advanced disease.

2.1. DNA Methylation
Among the most widely studied of these epigenetic processes is DNA

methylation. In vertebrate genomes, DNA methylation occurs predominantly
at the 5-position of cytosine (C) in self-complementary CpG dinucleotides
by the action of DNA methyltransferase (DNMT) enzymes. This process is
known to be central to several physiological processes including development,
imprinting (1–3), X chromosome inactivation (4), suppression of parasitic and
repetitive DNA elements (5–8), and transcriptional regulation (9–11).

One of the most striking illustrations of the importance of DNA methylation
occurs early in development, just after fertilization. In certain mammals, after
fertilization, the male pronucleus, even before any DNA replication and before
fusing with the egg pronucleus, undergoes a rapid process of active DNA
demethylation, reaching peak demethylation within a few hours (12). The egg
genome also undergoes widespread demethylation, but in a slower process
dependent on DNA replication (12). Although the cause and consequence of
these DNA demethylation events are largely unknown, it has been conjectured
that demethylation of the parental genomes is essential in order to begin repro-
gramming of epigenetic processes in the developing embryo by erasing the
epigenetic programming that marked the parental genomes. These demethy-
lation steps may be a necessary component for establishing undifferentiated,
toti- and pluri-potent stem cells. Likewise, it is possible that such demethy-
lation events occurring abnormally in somatic cells might lead to formation of
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cancer stem cells and carcinogenesis. These possibilities are currently under
intense investigation.

Another important aspect of this epigenetic reprogramming during devel-
opment is the establishment of imprinting. Imprinting is the process by which
a given gene’s expression is limited to either the maternal or paternal copy,
but not both. CpG methylation modifications are often found to mark either
the active or inactive allele in distinct regions called differentially methylated
domains in imprinted genes. Loss of imprinting (LOI) often occurs in cancer
cells, including prostate cancer cells, leading to inappropriate expression or
repression from both the maternal and paternal alleles of a normally imprinted
gene (13,14). This LOI is often associated with changes in the DNA methy-
lation patterns at these genes (15,16). Whether these DNA methylation changes
are a cause or effect of the LOI process is still debated.

The process of X chromosome inactivation is presumably used for gene
dosage limitation in female cells and is mediated by the expression and binding
of the Xist RNA to the target X chromosome, widespread CpG methylation
throughout the target X chromosome, and recruitment of chromatin remodeling
complexes that tightly package the target X chromosome into transcriptionally
inactive heterochromatin [reviewed in (17)]. These inactive X chromosomes
are referred to morphologically as Barr bodies, appearing as highly condensed
heterochromatin-like regions (18–20). The precise role of DNA methylation
changes in silencing the inactive X chromosome, and whether this process is
dysregulated in cancer cells, are still largely unknown.

CpG methylation also appears to be involved in the transcriptional repression
of parasitic transposable elements and repetitive elements by maintaining them
in a closed chromatin state that suppresses transcription and genomic rearrange-
ments (5–8). Indeed, the majority of CpG dinucleotides contained in repetitive
elements such as LINE1 retrotransposon sequences are normally methylated
in adult somatic cells [reviewed in (21)]. Cancer cells have a tendency to
develop undermethylation at these repetitive elements (22), and therefore may
be more prone to genomic rearrangements (23,24), possibly by homologous
recombination or by expression of intact retrotransposons.

The role of DNA methylation in transcriptional regulation has been the
subject of much recent research. The self-complementary CpG dinucleotide
is usually methylated in the normal somatic cell genome and is highly
under-represented compared with all other dinucleotides (25). This under-
representation presumably occurs because spontaneous hydrolytic deami-
nation of 5-methyl-cytosine (5mC) to thymine in germ cell genomes has
led to depletion of CpG dinucleotides during evolution (25). Despite this
overall under-representation of CpG dinucleotides, dense clusters of CpG
dinucleotides, termed CpG islands (CGIs), which are usually unmethylated
in normal somatic cell genomes, are found at the transcriptional regulatory
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regions of ∼60% of mammalian genes (26). In the unmethylated state, these
CGIs can be housed in chromatin structures that take on active conformations.

DNA methylation at these CGIs is associated with recruitment of chromatin-
remodeling complexes that condense the local chromatin in a manner that
resembles the facultative heterochromatin seen in the inactive X chromosome
in female somatic cells (25). This condensed local chromatin structure is highly
resistant to loading of RNA polymerase II at the transcriptional start site
of the associated gene and therefore leads to its transcriptional inactivation
(25). Such DNA methylation-induced gene-silencing events have long been
supposed to mediate tissue- and developmental/differentiation stage-specific
gene expression profiles. However, only recently, with the use of unbiased
genome methylation detection technologies, have such tissue differentially
methylated and expressed genes been identified in a systematic fashion in a
mammalian genome (27).

Much work has focused on the derangement of these physiological DNA
methylation processes in the initiation and propagation of human malignancies.
Early studies examining aberrations in DNA methylation in human cancers
showed that cancer genomes have decreased genomic 5mC content compared
with normal genomes and also become undermethylated at CpG dinucleotides
within the coding sequences of known genes (28–33). Although the exact
consequences of these changes were unknown, subsequent work has suggested
that this undermethylation of DNA sequences may result in genomic instability
due to increased rearrangements (23,24,34,35).

Cancer genomes have also been identified to often harbor abnormal DNA
hypermethylation at CGI sequences resulting in an inappropriate silencing of
the associated gene (36,37). Like gene deletions and mutational silencing, DNA
hypermethylation and the resulting epigenetic transcriptional repression have
been postulated to be an important means by which cancer cells acquire and
maintain their malignant phenotype (38). These findings underline a funda-
mental enigma in the generation of abnormal DNA methylation patterns in
cancer cells, in which there may be a decrease in overall genomic 5mC content
with a paradoxical increase in CpG methylation at certain CGIs (39).

Independent of the mechanism(s) by which abnormal epigenetic gene
silencing arises during cancer initiation, abnormal DNA methylation changes,
resulting in phenotypic gene expression changes, appear subject to selection for
cell growth and/or survival. In one experiment, using Luria Delbruck fluctu-
ation analysis, Holst et al. showed that a small minority of normal human
mammary epithelial cells (HMECs) develop hypermethylation and silencing
of the p16/INK4a gene, which encodes a cell cycle regulatory protein, and
that these cells are highly selected for during the passaging of HMECs in
culture (40). Indeed, almost all of the HMECs that escaped senescence harbored
hypermethylated and silenced p16/INK4a alleles (40). This somatic epigenetic
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alteration therefore permits the cells to continue proliferating while unaffected
HMECs undergo cell senescence (40). The equivalence of epigenetic and
genetic alterations during cancer development is further demonstrated by exper-
iments with human colorectal carcinoma 116 (HCT-116) colorectal cancer
cells, which, like some of the HMEC cells described above, lack p16/INK4a
function. HCT-116 cells contain one mutant gene encoding p16/INK4a, with a
frameshift mutation in the coding sequence, and one wild-type gene, showing
marked hypermethylation at the CGI region and repression of expression from
this normal allele (41). Remarkably, p16/INK4a CGI hypermethylation changes
are only present at the wild-type and not the mutant gene (41), presumably
because hypermethylation of the CGI at the mutant allele would not have
provided a growth advantage. CGI hypomethylation changes may also be
subject to selection. For example, by long-term exposure to doxorubicin and
other antineoplastic drugs that are substrates for P-glycoprotein-mediated efflux
pumping, it is possible to select for rare variants of MCF7 breast cancer cells
that stably express high levels of the P-glycoprotein and GSTP1 due primarily
to loss of hypermethylation at the corresponding regulatory CGIs (42,43).
Nonetheless, the detailed mechanisms by which cancer cells first acquire de
novo methylation changes and then maintain them through the subsequent
growth expansion and progression of the transformed cells remain largely
unknown.

2.2. DNA Methyltransferase Enzymes
The mammalian DNMTs, which include DNMT1, DNMT3a, and DNMT3b,

are central to the establishment and maintenance of methylation changes during
physiological processes as well as during carcinogenesis. These enzymes
catalyze the transfer of a methyl group from S-adenosyl-methionine to the
5-position of cytosine bases in CpG dinucleotides. On the basis of their
propensity to modify C to 5mC in unmethylated versus hemimethylated double-
stranded DNA oligonucleotides in vitro, the mammalian DNMTs have been
classified as primarily “de novo” (DNMT3a and DNMT3b) or “maintenance”
(DNMT1) methyltransferases (44–47). Under this classification, the de novo
methyltransferases would initiate new CpG methylation patterns, whereas the
maintenance methyltransferase would maintain established CpG methylation
patterns during replication and mitosis. The idea that DNMT3a and DNMT3b
are de novo methyltransferases was further supported by data showing that
targeted disruption of these genes in mice results in a blockage of de novo
methylation in embryonic stem cells and early embryos without abrogating
maintenance of pre-existing imprinted methylation patterns (48). While it is
likely that DNMT1, which is targeted to the advancing replication fork, is
most responsible for maintaining methylation patterns during genome dupli-
cation, it is clear that the DNMTs may cooperate and/or complement each
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other to establish and maintain methylation patterns. For example, HCT-116
human colon cancer cells carrying targeted homozygous disruptions of the
DNMT1 or DNMT3b genes lose only 20 and 3% of their genomic methylation
levels, respectively (49,50). However, HCT-116 colon cancer cells carrying
targeted homozygous disruptions of both DNMT1 and DNMT3b lose approxi-
mately 95% of their genomic methylation levels, suggesting that DNMT3b may
cooperate with and/or complement DNMT1 in maintaining genomic methy-
lation patterns during genome duplication and mitosis (50).

Although it is clear that the fidelity of CpG methylation pattern mainte-
nance must be somehow corrupted in cancer cells, the means by which de
novo increases and decreases in CpG dinucleotide methylation appear during
carcinogenesis have not been fully established. Aberrant DNMT expression and
function may contribute both to DNA hypermethylation and DNA hypomethy-
lation during cancer development. In this regard, of all the DNMTs, DNMT1
appears most likely to play a major role in cancer development. Both too
much and too little DNMT1 function has been implicated in the generation of
the abnormal DNA methylation patterns typical of cancer cells. Forced over-
expression of DNMT1 in normal cells directly causes increased DNA methy-
lation and epigenetic gene silencing (51–53). Additionally, DNMT1 is required
for c-fos transformation of rodent fibroblasts in vitro, for intestinal polyp
development in ApcMin/+ mice, and for tobacco carcinogen-induced murine
lung cancer development in vivo (54–57). By contrast, under-production of the
enzyme also results in carcinogenesis; mice carrying one disrupted Dnmt1 allele
and one hypomorphic Dnmt1 allele and exhibiting only 10% of normal DNMT
activity develop genomic instability and T-cell lymphomas (58,59). Whether
such manipulations to increase and decrease DNMT1 activity are appropriate
models for true endogenous DNMT1 function is still unknown, but is an
area of active investigation. Some evidence for increased DNMT1 function
in cancer cells has recently emerged, however. For instance, increases in the
endogenous expression of DNMT1 with accompanying abnormalities in DNA
methylation have been reported for mouse prostate cells carrying disrupted Rb
genes, linking the pRb–E2F pathway to regulation of DNA methylation (60).
However, levels of mRNA encoding DNMT1, when normalized to prolifer-
ation, does not appear to be commonly over- or under-expressed in cancer
cells compared with normal cells (61). Nonetheless, DNMT1 protein levels
appear to be extensively regulated via targeted ubiquitin-mediated proteasome
degradation pathways, and many cancer cells display marked defects in this
DNMT1 degradation pathway. As a result, DNMT1 protein over-expression
appears to occur even in the absence of increases in DNMT1 mRNA levels (62).
The degree to which increased DNMT1 protein levels contribute to aberrant
DNA methylation patterns, epigenetic gene silencing, and carcinogenesis is
still unknown.
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2.3. Selective Methylated-DNA-Binding Proteins, Chromatin
Structure, and Histone Modifications

The mechanisms by which DNA methylation changes are translated to epige-
netic gene silencing are under intense investigation. In one model, CpG methy-
lation occurring in transcription-factor-binding sites directly prevents binding
of the transcription factor and thereby prevents gene expression. In a second
model, chromatin-remodeling complexes that include selective methylated-
DNA-binding (mDB) proteins, histone deacetylases (HDACs), and histone
methyltransferases (HMTs) are recruited to sites of DNA methylation and
condense the local chromatin into a transcriptionally non-permissive confor-
mation. It is likely that both of these models occur, each in different genomic
contexts [reviewed in (63,64)].

Currently, two major classes of mDB proteins have been recognized
based on the structural domains that allow these proteins to selectively
bind methylated, but not unmethylated, DNA (Fig. 1). The first of these
to be identified were the so-called methylated-DNA-binding domain (MBD)
containing proteins [reviewed in (64)]. There are five well-characterized
members of this family (MBD1, MBD2, MBD3, MBD4, and MECP2), though
a recent bioinformatics search of genome and protein databases suggested that
there may be up to 11 of these proteins (65). However, of the five well-
characterized members, only MBD1, MBD2, and MECP2 are known to bind
with high affinity and specificity to methylated DNA. Members of the more
recently identified second class of mDB proteins, called ZBTB proteins, contain
kruppel-like C2H2 zinc fingers, rather than MBD, to facilitate selective binding
to methylated DNA (66,67). These members include Kaiso, ZBTB4, and
ZBTB38, of which Kaiso is the best characterized (66,67). Kaiso is a bimodal
DNA-binding protein capable of binding a specific unmethylated consensus
sequence as well as methylated DNA containing two consecutive methylated
CpG dinucleotides (66,68). Nonetheless, Kaiso, ZBTB4, and ZBTB38 have all
been shown to bind methylated DNA and facilitate transcriptional repression
(66,67).

In addition to their characteristic methylated-DNA-binding domains, the
mDB proteins contain transcriptional repression domains (TRDs) that recruit
other components of the repressive chromatin-remodeling complex, which
ultimately allow transcriptional silencing [Fig. 1; reviewed in (64)]. When
we speak of chromatin structure, we refer to the structural conformation
of local genomic DNA and all bound proteins. Typically, genomic DNA
is not free-floating but rather intricately wrapped around histone octamers,
forming nucleosomes, and bound by numerous protein complexes to form
complex quaternary structures. Modifications on histone octamer subunits
lead to structural changes that affect the spacing of these nucleosomes as
well as the accessibility of the surrounding DNA to other proteins, including
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RNA polymerases [reviewed in (69)]. Among the best characterized of these
modifications are methylation and acetylation of histone subunits. Acety-
lation of H3 subunits, catalyzed by histone acetyltransferases (HATs), leads
to open chromatin structures, whereas deacetylation of H3 subunits, catalyzed
by HDACs, leads to condensed, transcriptionally repressed, chromatin struc-
tures [reviewed in (69)]. Methylation and demethylation at histone subunits
are catalyzed by the actions of HMTs and histone demethylases (HDMs),
respectively (70–73) [reviewed in (74)]. These histone methylation modifi-
cations make up a complex code that directs the local chromatin to be
either permissive or non-permissive for transcription. The precise nature
of this code is only now being unraveled. Nonetheless, the mDB proteins
provide a clear link between DNA methylation changes, which they bind
through their methylated-DNA-binding domains, and these chromatin struc-
tural changes, through the action of their TRDs. For instance, MECP2’s TRD
allows recruitment of Sin3 and Sin3-bound HDACs that facilitate conden-
sation of the local chromatin structure and transcriptional repression (75).
The MBD2 protein, a member of the large 1 Mega-Dalton MeCP1 transcrip-
tional repression complex, contains a TRD that recruits other members of
this complex, including Mi-2/NuRD chromatin-remodeling complex compo-
nents such as MBD3, HDAC1, and HDAC2, histone-binding proteins RbAp46
and RbAp48, the SWI/SNF helicase/ATPase domain-containing protein Mi-2,
MTA2, and other proteins (76). MBD1 can recruit the SETDB1 histone H3-K9
methyltransferase, coupling DNA methylation with histone methylation (77).
SETDB1 can in turn recruit DNMT3a to establish de novo methylation patterns,
suggesting that there is a cyclical interplay between chromatin modification
and DNA methylation (78). Kaiso facilitates DNA methylation-dependent
transcriptional repression by recruitment of the HDAC-containing N–CoR co-
repressor complex (79). Therefore, these mDB proteins can transduce DNA
methylation changes to transcriptional repression changes via the recruitment
of chromatin altering co-repressor complexes. This transduction is crucial to
DNA methylation-mediated epigenetic gene silencing. For instance, cells from
MBD2-deficient mice, as well as human cancer cells treated with siRNA-
targeting MBD2 mRNA, are unable to repress transcription from exogenously
hypermethylated promoters in transient transfection assays (80,81).

However, the degree of functional redundancy/complementarity between
the mDB proteins still needs clarification. Although complete disruption of
DNMT1 or DNMT3b in murine models results in severe developmental deficits
and embryonic lethality, Mbd2−/− and Mecp2−/− mice are completely viable
(48,80,82,83). Indeed, their only phenotypes are that the Mbd2−/− mice exhibit
an abnormality in maternal nurturing behavior and the Mecp2−/− mice develop
characteristics highly similar to those of patients with Rett syndrome, which
results from mutations in the MECP2 gene (80,83). The viability of these
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mice is perhaps due to a certain amount of redundancy between the numerous
different mDB proteins. However, it is also evident that many of the mDB
proteins have unique properties both in vitro and in vivo that cannot be comple-
mented by other mDB proteins. Methylated CGIs in cells are often occupied
by either MECP2 or MBD2, but not both (84). Some of this specificity may
be due to their biochemical properties. For instance, whereas MBD2 appears
to bind methylated CpGs in any genomic context, MECP2 seems to prefer
binding to methylated CpG sites that are adjacent to a run of four or more A/T
bases (84), while Kaiso prefers binding of at least two consecutive methylated
CpG dinucleotides (68). Nonetheless, it is likely that mDB proteins may have
some capacity to complement each other, but still maintain non-redundant,
unique functions.

Additionally, chromatin structure and gene expression can be modulated
even in the absence of DNA methylation changes. A multitude of histone
modification enzymes, including HMTs, HDMs, HATs, and HDACs, have
been described that alter chromatin structure and gene expression without
the requirement for recruitment to methylated DNA sites. Among these, the
polycomb group complexes, which contain the EZH2 HMT, are crucial for
establishing selective gene repression during development (85). Several studies
have even suggested that silencing by these enzymes can occur independently
of DNA methylation changes and in some cases can even instruct downstream
DNA methylation changes, in order to set up long-term repression, as evidenced
by the recent observation that EZH2 can recruit DNMTs to genomic sites
targeted for transcriptional repression (85–87).

3. ABNORMALITIES IN EPIGENETIC GENE SILENCING
DURING PROSTATE CANCER INITIATION

AND PROGRESSION

The first gene found to be silenced via somatic CGI hypermethylation
in prostate cancer was GSTP1, which encodes the �-class glutathione S-
transferase (GST) enzyme (36). This genome change remains the most common
somatic genome abnormality of any kind (>90% of cases) reported thus far for
prostate cancer, appearing earlier and more frequently than other gene defects,
including the recently described fusions between TMPRSS2 and ETS family
genes, that arise during prostate cancer development (88,89). The GST enzymes
catalyze the detoxification of carcinogens and reactive chemical species via
conjugation to glutathione. Loss of �-class GST function by CGI hyperme-
thylation and silencing likely sensitizes prostatic epithelial cells to damage
from dietary carcinogens and inflammatory oxidants, perhaps explaining
the well-documented contribution of diet and lifestyle factors to prostatic
carcinogenesis (88,90). In support of this hypothesis, mice carrying disrupted
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Gstp1/2 genes are more susceptible to developing skin cancers after treatment
with the carcinogen 7,12-dimethylbenz[a]anthracene (DMBA) than wild-
type mice (91). Furthermore, �-class GST-deficient human prostate cancer
cells in culture accumulated high levels of genome damage when exposed
to 2-hydroxyamino-1-methyl-6-phenylimidazo[4,5-b]pyridine (N–OH–PhIP),
a dietary agent known to have toxicity in the prostate (92–94).

Provocatively, GSTP1 CGI hypermethylation, which is not present in normal
prostatic cells (or any other normal cells), seems to arise first in a fraction of
proliferative inflammatory atrophy (PIA) lesions, the earliest prostate cancer
precursors. The blunted, dysfunctional luminal epithelia in these PIA lesions,
which are often surrounded by an inflammatory infiltrate, typically express
high levels of stress response genes, including GSTP1, GSTA1, and COX2
(95–97). Induction of these genes is likely a reaction to the electrophilic and
oxidative stress in their inflammatory milieu (95,98). However, a fraction of
PIA lesions exhibit loss of GSTP1 expression (99). Recent reports suggest
that this loss is likely due to GSTP1 promoter CGI hypermethylation in these
PIA lesions, as evidenced by the observation that a similar fraction of PIA
lesions exhibit GSTP1 CGI hypermethylation (99). As the prostate lesions
progress to prostatic intraepithelial neoplasia (PIN) lesions, which are known
prostate cancer precursors, and to prostatic carcinomas, there is a progressive
accumulation of cells with GSTP1 CGI hypermethylation and loss of GSTP1
expression, suggesting that these characteristics are selected for during the
earliest stages of prostate cancer progression (90,99–101). The recognition
that DNA hypermethylation changes characteristic of prostate cancer cells first
appear in PIA lesions suggests that chronic or recurrent inflammation may be
involved in the de novo acquisition of abnormal DNA methylation patterns.
In support of this hypothesis, a recent report suggested that interleukin 1B-
triggered nitric oxide generation led to silencing of the FMR1 and HPRT genes
by hypermethylation of their regulatory CGIs (102). Activated macrophages,
expressing high levels of the inducible form of nitric oxide synthetase (iNOS),
have been detected around PIA lesions in human prostate tissues (Lee B.H.
et al., personal communication, 2006).

Since the recognition by Lee et al. in 1994 that the GSTP1 CGI was
frequently hypermethylated in prostate cancers, more than 40 other genes
have been reported to be targets of CGI hypermethylation-associated epige-
netic gene silencing in prostate cancers [reviewed in (103)]. Synthesizing
evidence from existing reports, we found that CGI hypermethylation changes
occur in at least two waves: first in prostate cancer precursor lesions, possibly
driving the initiation of neoplastic transformation, and second in malignant
prostate carcinoma cells, possibly driving malignant progression to advanced
disease. For example, in one case series, hypermethylation of CGIs at GSTP1,
APC, RASSF1a, COX2, and MDR1 was present in the >90% of localized
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prostate cancer lesions and faithfully maintained in the majority of advanced
metastatic cancers. These changes likely occurred in a highly coordinated
wave very early during prostate carcinogenesis. On the contrary, hyperme-
thylation at the ER�, hMLH1, and p16/INK4a CGIs was rare in primary
cancers, but more common in metastatic cancer deposits (104). Additionally,
in a study of metastatic prostate cancers obtained from rapid autopsies of men
succumbing to their advanced prostate cancer, CGI hypermethylation profiles
appeared to be maintained in a nearly clonal pattern during the process of
metastatic dissemination to multiple anatomically distinct sites. Indeed, almost
all metastatic deposits from the same patient harbored nearly identical patterns
of methylation. This observation provides evidence that abnormal DNA methy-
lation patterns may arise before prostate cancer cell growth and expansion at
metastatic sites (104).

As discussed earlier, paradoxically, cancer genomes are thought to have a
decreased 5mC content despite hypermethylation at certain CGIs. Although
somatic DNA hypomethylation has also been described in prostate cancer,
it has not been studied in as great a detail thus far as somatic hypermethy-
lation. In an early analysis, reduction of total 5mC levels was found to be
rare in primary prostate cancers, but more common in prostate cancer metas-
tases (32). In a more recent study, methylation of LINE-1 sequence promoter
CGIs, which are repeated thousands of times in the human genome, was found
to be decreased in 53% of all the prostate cancer cases analyzed. Interest-
ingly, LINE-1 hypomethylation changes occurred in 67% of cases with lymph
node metastases but only 8% of cases without lymph node metastases (105).
Additionally, CGI hypermethylation changes at GSTP1, RAR�2, RASSF1a,
and APC appeared to precede these LINE-1 hypomethylation changes, which
were generally detected in cancers of higher stage and histologic grade (106).
These hypomethylation changes may be associated with genetic instability, as
evidenced by reports describing a correlation between DNA hypomethylation
and losses or gains of sequences on chromosome 8 (58,107).

Chromatin structural changes, marked by histone modifications, and alter-
ations in the protein complexes binding the regulatory regions of genes and
modulating their expression, have also been described in prostate cancer, but
have not yet been catalogued in a detailed fashion. One change that has been
found in microarray studies is the pronounced over-expression in prostate
cancer metastases of the enhancer of zeste homolog 2 (EZH2), a histone H3-
K27 methyltransferase component of the polycomb group complexes (108).
This over-expression likely contributes to prostate cancer progression by
the dysregulated repression of specific genes through H3-K27 methylation.
Indeed, siRNA-mediated reduction of EZH2 in prostate cancer cells resulted in
inhibition of cell proliferation whereas forced EZH2 over-expression triggered
repression of a specific set of genes (108). This repression was likely because



Chapter 2 / Epigenetic Gene Silencing in Prostate Cancer 29

of histone H3-K27 methylation by EZH2, facilitating assembly of repressive
chromatin structures at these sites (85,108). One candidate target of EZH2-
mediated repression is the DAP2IP gene, encoding a GTPase-activating protein
that can effect Ras signaling and tumor necrosis factor (TNF)-associated
apoptosis (109,110). Forced over-expression of EZH2 in normal prostate cells
led to histone H3-K27 methylation at the DAB2IP promoter and associated
DAB2IP suppression, whereas siRNA depletion of EZH2 in cancer cells
increased DAP2IP expression (110). However, whether EZH2 over-expression,
which is likely regulated by the pRB–E2F pathway and required for cell
replication (111), simply reflects increased proliferation in prostate cancer
metastases or indicates epigenetic gene dysregulation has not been firmly
established.

4. CGI HYPERMETHYLATION AS A MOLECULAR BIOMARKER
FOR PROSTATE CANCER

Molecular screening for prostate cancer by assaying for prostate-specific
antigen (PSA) in serum has had dramatic consequences on the recognized
natural history of prostate cancer, allowing detection of prostate cancer as
localized disease amenable to definitive treatment with radical prostatectomy
and/or radiation therapy (112). This trend may be responsible, in part, for the
recent decline in prostate cancer mortality. However, PSA screening is riddled
with several limitations, including a relatively high false-negative rate. For
instance, in the Prostate Cancer Prevention Trial (PCPT), 24.4% of men on
the placebo treatment arm who entered the study with “normal” serum PSA
values and underwent prostate biopsies at the end of the trial were found to
have prostate cancer (113,114). The current approach to prostate biopsy for
prostate cancer detection and diagnosis, featuring ultrasound-guided random
sampling of ˜0.3% of prostate tissue rather than targeted sampling of a radio-
graphically imaged lesion (as is routine for other cancers), leaves much to be
desired. With the current approach, several controversies remain concerning
the optimal number of sampling tissue cores to be obtained and regarding
which men should undergo repeat biopsies if cancer is not detected (115,116).
Furthermore, autopsy studies suggest that 29% of men between the age of 30
and 40 and 64% of men between the age 60 and 70 harbor small prostate
cancers (117). Clearly, only a minority of these men, approximately 5% of all
men, will develop symptomatic or life-threatening disease. Consequently, the
wisdom of prostate cancer screening and early detection has been questioned
(118). To confront these challenges, researchers have sought new molecular
biomarkers that could be useful for prostate cancer screening and diagnosis
and for directing treatment choices for men with prostate cancer.
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Somatic epigenetic alterations, particularly DNA methylation changes, offer
a great source of potential molecular biomarkers for prostate cancer for several
reasons. First, somatic CGI hypermethylation changes have been nearly univer-
sally identified in all human cancers, including prostate cancer. Second, these
somatic CGI hypermethylation changes appear to be more prevalently associated
with prostate cancer and other cancers than other somatic genetic changes such
as mutations, deletions, and translocations. Finally, a number of sensitive and
specific strategies are being developed to detect CGI methylation from scant
genomic DNA sources such as bodily fluids and biopsy specimens (119–121).

There are currently three major strategies for distinguishing methylated
DNA from unmethylated DNA (Table 1). The first of these takes advantage of
the selectivity of so-called methylation-sensitive restriction enzymes (MSRE)
to digest only unmethylated DNA while leaving methylated DNA intact. The
undigested methylated DNA can then be detected by a variety of techniques
including Southern blot (30,122–124), PCR (125,126), real-time PCR (121),
microarray hybridization (127), and multiplex ligation-dependent amplification
(128). While this strategy can be extremely sensitive when coupled with PCR,
capable of detecting single copies of methylated DNA, it also has a few
important limitations, including a propensity for false-positive results arising
from incomplete digestion of unmethylated DNA, and the inability to inter-
rogate methylation at CpG dinucleotides outside of the recognition sequence of
the MSRE. MSRE-based sequencing and microarray approaches have also been
developed to characterize whole-genome methylation patterns in a relatively
unbiased manner (27,129,130), but are limited to interrogating CpG methy-
lation only within the recognition sequence of the specific restriction enzyme.
Utilization of the McrBC methylation-specific homing endonuclease, which
digests at a very wide variety of sequence contexts, can circumvent this problem
(131) but is still limited by the unpredictability of digestion.

A second strategy uses sodium bisulfite to deaminate cytosine to uracil
while leaving 5mC intact (132), creating DNA sequence differences at C
versus 5mC after PCR amplification. These DNA methylation-based sequence
differences can then be mapped at single-base resolution by a technique called
bisulfite genomic sequencing (133,134). In this technique, PCR primers are
complementary to the bisulfite converted alleles but do not overlap with poten-
tially methylated cytosines (those in CpG dinucleotides). PCR amplification,
cloning of PCR products into plasmids, and subsequent sequencing will reveal
the prevalence of each pattern of CpG methylation in the original sample at
single-base resolution. Although this technique has become the gold standard
for determination of DNA methylation patterns, it is limited by the fact that
it is very labor intensive and not easily amenable to high-throughput analysis,
and is not well-suited to sensitive identification of low-prevalence methylation
patterns.

To circumvent these problems, one can use another bisulfite-based strategy,
called methylation-specific PCR (MSP) (135), which uses PCR primers
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targeting the bisulfite-induced sequence changes to specifically amplify
either methylated or unmethylated alleles, and can be used to detect the
presence of a single pattern of methylation in each reaction. Quantitative
variations of this technique, such as MethyLight (136), HeavyMethyl (137),
RT-MSP (104), and MethylQuant (138), employ methylation-specific oligonu-
cleotide primers in conjunction with Taqman probes or SYBR Green-
based real-time PCR amplification to quantitate alleles with a specific
pattern of methylation. Other bisulfite-based strategies use restriction enzyme
digestion of bisulfite-conversion-generated restriction sites (COBRA) (139),
single-nucleotide primer extension (MS-SNuPE) (140), pyrosequencing (141),
microarray hybridization (142–144), golden gate assay/universal bead arrays
(145), or base-specific cleavage/mass spectrometry (146) to provide quanti-
tative information regarding the levels of methylation at individual or groups
of CpG dinucleotides. A number of bisulfite-based techniques capable of inter-
rogating methylation patterns at multiple sequences in parallel have also been
developed. All of these techniques can be highly sensitive and specific for
detection of DNA methylation. However, the bisulfite-based techniques are in
general somewhat cumbersome, involving time- and labor-intensive chemical
treatments that damage DNA, limiting sensitivity and throughput. Additionally,
PCR primer design becomes difficult because of the reduction in genome
complexity after bisulfite treatment, leading to an inability to interrogate the
methylation pattern at some or all CpG dinucleotides in a genomic locus of
interest.

A third strategy for detection of DNA methylation, first introduced in 1994
by Cross et al., uses column- or bead-immobilized recombinant methylated-
CpG-binding domain (MBD) proteins or anti-5mC antibodies to enrich for
methylated DNA fragments for subsequent detection by Southern blot, PCR,
or microarray hybridization (26,147–151). New assays featuring capture and
enrichment of methylated DNA coupled with PCR appear highly sensitive and
specific and easily adapted to high-throughput platforms. One limitation of
these assays, however, might be a propensity for false-positive results due to
non-specific capture of unmethylated DNA fragments. However, one recent
approach, termed COMPARE-MS, uses MBD-mediated capture in conjunction
with MSRE digestion to further enhance specificity and eliminate false-positive
results while maintaining exquisite sensitivity down to five genomic equiva-
lents of methylated alleles (152). Finally, of all the techniques mentioned, the
methylated DNA capture and enrichment strategies show the most promise for
determination of whole-genome methylation patterns by utilization of whole-
genome tiling microarrays and whole-genome promoter microarrays (Yegna-
subramanian et al., unpublished data, 2006) (150,153–155).

One of the most promising epigenetic gene-silencing-based biomarkers for
prostate cancer is the CGI hypermethylation of the GSTP1 gene regulatory
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region (36,88,90). The CGI in the GSTP1 promoter is devoid of 5mC in
normal cells of the prostate and other tissues, but in almost all prostate cancers
that have been carefully studied, the GSTP1 CGI is densely methylated and
the gene is transcriptionally silenced (90,156,157). In a recent review of 24
published studies, it was found that more than 81% of the 1071 prostate cancer
cases analyzed in these studies harbored GSTP1 CGI hypermethylation (103).
The sensitivity of assays for GSTP1 CGI hypermethylation varied considerably
and depended on the specific assays used and the region of the GSTP1 CGI
targeted by these assays (103). Using one of the new methylated DNA capture
and enrichment strategies, called COMPARE-MS, we found that GSTP1 CGI
hypermethylation exhibited 99.2% sensitivity and 100% specificity for distin-
guishing prostate cancer DNA from normal prostate tissue DNA (152). Because
of this exquisite potential for screening/diagnostic sensitivity and specificity,
several different GSTP1 CGI hypermethylation assays are under clinical devel-
opment for prostate cancer screening and diagnosis. Many of these assays have
already demonstrated efficacy in detecting GSTP1 hypermethylation and thus
the presence of prostate cancer DNA, from multiple tissue sources including
prostate tissue biopsies, prostate secretions, urine, and blood (121,158–160).
CGI hypermethylation changes at other loci, including APC, RASSF1a, PTGS2,
and MDR1, may also serve as useful biomarkers in distinguishing prostate
cancer from non-cancerous tissue with high sensitivity (97.3–100%) and speci-
ficity (92–100%) (104). Undoubtedly, new epigenetically-silenced genes will
be added to this list in the future.

CGI hypermethylation changes may also serve as useful biomarkers for risk
stratification in prostate cancer. A recent study demonstrated that the quantity of
hypermethylated GSTP1 CGIs in the serum of patients with localized prostate
cancer directly correlated with Gleason grade, pathologic stage, and PSA recur-
rence after radical prostatectomy (121). Likewise, hypermethylation at the
EDNRB, RAR�, RASSF1a, ER�, and TIG1 have been correlated with known
prognostic indicators, such as Gleason score and tumor stage (104,161–164).
Additionally, the quantitative CGI hypermethylation levels at the PTGS2 gene
regulatory region predicted prostate cancer recurrence after radical prostate-
ctomy, independently of tumor stage and Gleason grade (104). These genes,
and others yet to be discovered, may be targets for epigenetic silencing during
progression to a more malignant phenotype. Identification of such genes may
lead to a better understanding of the molecular pathophysiology of prostate
cancer progression, help identify new targets for drug therapy of advanced
prostate cancer, and define patient subpopulations that may benefit from
existing therapies. For example, EDNRB encodes the endothelin-B receptor,
a clearance receptor for endothelin-1 (ET1). ET1 is produced at high levels
by metastatic prostate cancers as part of autocrine and paracrine signaling
loops (165,166). Loss of this clearance receptor by CGI hypermethylation
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(167) could lead to unchecked activation of the endothelin-A receptor, which
is thought to be involved in the pathogenesis of osteoblastic bony prostate
cancer metastases (168–170). Therefore, loss of the endothelin-B receptor may
promote the formation of prostate cancer metastases to bone. Atrasentan, an
endothelin-A receptor antagonist, has shown promise for treatment of refractory
prostate cancer in randomized clinical trials (171,172). It is possible that
CGI hypermethylation-induced epigenetic silencing of EDNRB might define
prostate cancer cases for which ET1-signaling loops contribute to disease
progression, and may therefore help identify a subset of patients that might
benefit most from atrasentan therapy.

So far, assays for detection of epigenetic changes as biomarkers for cancer
detection and prognostication have focused on the identification of CGI hyper-
methylation changes, with little attention to other epigenetic alterations, such
as genomic hypomethylation, LOI, and chromatin structural changes at specific
genes. As more robust assays for these other alterations become available,
the correlations between these epigenetic changes and prostate cancer disease
initiation and progression can be tested, perhaps providing new molecular
biomarkers for the disease.

5. EPIGENETIC GENE SILENCING AS A TARGET
FOR PROSTATE CANCER PREVENTION AND TREATMENT

Unlike mutations, deletions, translocations, and amplifications, somatic
changes in DNA methylation and chromatin structure are potentially reversible,
making epigenetic genome defects one of the most attractive rational thera-
peutic targets in human cancer. Several therapeutic approaches have been
undertaken so far to reactivate expression from epigenetically silenced genes
in cancer cells. The two general strategies under most advanced development
feature interference with the maintenance of abnormally hypermethylated CpG
dinucleotides at the promoters of the silenced genes, and/or interruption of
the action of histone- and chromatin-modifying enzymes responsible for the
construction of repressive chromatin.

Several inhibitors of DNMTs, capable of reducing DNA methylation at
the loci of epigenetically silenced genes, are under development for cancer
treatment, including (i) the nucleoside analogs 5-aza-cytidine (Vidaza®) and
5-aza-deoxycytidine (decitabine or Dacogen®), both of which have been
approved by the US Food and Drug Administration (FDA) for the treatment
of myelodysplasia, (ii) zebularine, an orally bioavailable agent, and (iii) the
non-nucleosides procainamide, procaine, and hydralazine (173–178). Unfor-
tunately, even though 5-aza-cytidine and decitabine clearly provide benefit
when used to treat myelodysplasia, whether this benefit is attributable to the
cytotoxic actions of the drugs against neoplastic cells or to the reactivation
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of silenced gene expression remains to be determined. Nucleoside analogs
inhibit DNMTs only after incorporation into genomic DNA during replication,
as DNMT catalytic attack on the modified cytosine base in DNA results in
trapping of the enzyme in a covalent reaction intermediate, leading both to a
reduction in genome-wide DNA methylation and to cell death (179). Clearly,
cell death, or arrest of cell growth, that is associated with nucleoside analog
DNMT inhibitor treatment might then be either a direct consequence of drug-
associated cytotoxicity or an indirect consequence of reactivation of silenced
cancer genes. Stable reversal of epigenetic gene silencing of course can only
be seen among cells that survive nucleoside analog treatment. Nonetheless,
the drugs do reduce DNA methylation when used clinically, especially when
administered at certain doses: in a study of myeloid leukemias treated with
decitabine, the 5mC content in genomic DNA was found to fall by an average
of 14% (from 4.3% of all cytosine bases to 3.7%), with a near-linear decrease
in methylation when decitabine was used at low doses (between 5 and 20
mg/m2 each day), but not when the drug was used at higher doses (between
100 and 180 mg/m2 each day) (180). Perhaps, at lower doses of nucleoside
analog DNMT inhibitors, a reduction in DNA methylation is the predom-
inant treatment response, whereas at higher doses, cytotoxicity overwhelms
this epigenetic effect. Of note, a phase II clinical trial (n = 14) for men
with androgen-independent metastatic prostate cancer has been conducted with
decitabine, given at a fairly high dose of 75 mg/m2 intravenously every 8 h for
three doses, repeated every 5–8 weeks (181). The treatment resulted in stable
disease for two of the 12 men who could be assessed for response for as long
as 10 weeks (181). There has not been a completed study with 5-aza-cytidine
or decitabine used at lower doses for prostate cancer treatment to truly test
the potential efficacy of epigenetic gene “reactivation.” This quandary even
bedevils preclinical experiments for prostate cancer. As an example, in the
transgenic adenocarcinoma of the mouse prostate (TRAMP) mouse model of
prostatic carcinogenesis, prolonged treatment with decitabine prevented both
the appearance of hypermethylation at the Mgmt promoter and the progression
of PIN to invasive metastatic prostate cancer (182). However, even in this
controlled model system, whether these beneficial effects of decitabine reflect
reversal of gene silencing has not been established. As for safety, nucleoside
analogs are known to cause myelotoxicity as the major dose-limiting side
effect, and the incorporation of an abnormal base into the DNA template clearly
carries risks of mutations (183).

Non-nucleoside DNMT inhibitors offer the possibility of fewer safety
concerns and the prospect of a more direct “proof-of-concept” test of epigenetic
gene reactivation therapy for prostate cancer and other neoplastic diseases.
Procainamide, a drug approved by the FDA for the treatment of cardiac
arrhythmias, procaine, an approved anesthetic agent, and hydralazine, a drug
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approved for the treatment of hypertension, all inhibit DNMTs without myelo-
toxicity or mutations (184–186). Detailed mechanistic studies of procainamide
inhibition of DNA methylation have revealed several features of the drug that
may make it an attractive candidate for further development as epigenetic
therapy in certain clinical settings. The agent has been found to be a highly
selective inhibitor of DNMT1 at concentrations that can be achieved clini-
cally, with little or no activity toward DNMT3a or DNMT3b (186). Also,
the drug only antagonizes the activity of the enzyme on hemimethylated
DNA substrates, but not on unmethylated DNA substrates, suggesting that
maintenance methylation activity during DNA replication may be targeted
selectively over de novo methylation activity (186). Furthermore, even when
inhibiting DNMT1 activity on hemimethylated DNA substrates, procainamide
functions as a partial competitive inhibitor, never fully stopping methylation.
For these reasons, although the drug may have somewhat less activity than
nucleoside DNMT inhibitors in the treatment of some cancers, the agent may
have a more favorable safety profile. Mice carrying one disrupted Dnmt1 allele
and one hypomorphic Dnmt1 allele, with both reduced maintenance and de
novo DNA methylation activity, exhibit genomic instability and develop T-
cell lymphomas, hinting that excessive inhibition of DNMT1 activity might
cause certain cancers (e.g., lymphomas) even while preventing or treating
others [e.g., epithelial tumors; see (58,59)]. It is possible that procainamide,
by partially inhibiting only the maintenance methylation activity of DNMT1,
might maintain efficacy for prostate cancer treatment while avoiding the
risk for lymphomagenesis. In preclinical studies using LNCaP cells propa-
gated as xenograft tumors on immunodeficient mice, procainamide reactivated
silenced GSTP1 expression, with a trend toward greater anti-tumor activity than
decitabine (176). Long-term use of procainamide has not been associated with
genetic instability or with an increased lymphoma risk, although prolonged
procainamide treatment has been correlated with drug-induced lupus, more
commonly arising in women than in men (185,187). Procainamide is clearly
ready for clinical “proof-of-concept” testing in men with prostate cancer.

The other general therapeutic approach to epigenetic gene silencing in cancer
features the targeting of enzymes that contribute to the construction and/or
maintenance of repressed chromatin complexes encompassing the transcrip-
tional regulatory regions of key cancer genes. The most advanced drug
discovery activity has targeted HDACs, the enzymes responsible for antago-
nizing activation of transcription accompanying the activity of HATs, with a
growing portfolio of small molecule HDAC inhibitors reaching early clinical
and/or advanced preclinical development, including sodium phenylbutyrate,
valproic acid, suberoylanilide hydroxamic acid (SAHA), pyroxamide, N-acetyl
dinaline (CI-994), LAQ824, LBH-589, MS-275, depsipeptide (FR901228),
and many others (188–191). These inhibitors have generally displayed very
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promising efficacy in cancer models, including prostate cancer models
(192–200). The agents thus far tested in clinical trials have produced a number
of side effects, such as nausea, vomiting, diarrhea, fatigue, and edema, but have
not commonly caused severe adverse events (188,189,191). With this favorable
safety profile, combinations of HDAC inhibitors and other agents will likely
be feasible. Already, there has emerged strong preclinical evidence that combi-
nations of DNMT inhibitors and HDAC inhibitors more effectively reactivate
silenced gene expression in cancer cells (57,201). The clinical activity of
HDAC inhibitors against prostate cancer is under active clinical study.
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1. INTRODUCTION

Although the vast majority of prostate cancer cases are sporadic in nature,
there is mounting evidence strongly supporting the existence of prostate cancer
genetic risk factors. These genetic risk factors come in two flavors, rare
highly penetrant mutations and common low-penetrant variants. Major research
studies in the area of hereditary prostate cancer (HPC) are underway to help
elucidate the rare highly penetrant alleles, which segregate in families with
multiple affected family members. Likewise, several large cohort studies have
been recently initiated to search for common low-penetrant variants in the

From: Current Clinical Oncology: Prostate Cancer:
Signaling Networks, Genetics, and New Treatment Strategies

Edited by: R. G. Pestell and M. T. Nevalainen © Humana Press, Totowa, NJ

53



54 Carpten and Trent

general population, which are associated with increased risk of prostate cancer.
Unlike other common cancers, such as breast cancer and colorectal cancer,
no clear-cut high-penetrant gene has been discovered, which when mutated
causes prostate cancer. It is more commonly believed that prostate cancer is
a heterogenous disease, with both high- and low-penetrant genes cooperating
toward the prostate cancer phenotype. It is our hope that with continued inves-
tigation, the discovery of key prostate cancer susceptibility genes will lead to
earlier diagnosis of prostate cancer and will help us better comprehend the
underlying etiology of this disease.

2. WHAT EVIDENCE EXISTS FOR FAMILIAL CLUSTERING
OF PROSTATE CANCER?

The heritability of prostate cancer is most strikingly supported by the study
of twins from Sweden, Denmark, and Finland (1). In this study, concordance
of cancer between monozygotic versus dizygotic twins was determined for
various cancer types. As shown in Fig. 1, heritability was highest for prostate
cancer. A positive correlation between familial clustering and risk of prostate
cancer is evident based on a trend of increasing risk of disease with increasing

Fig. 1. Estimates of heritability for cancer types based on twin data reported by Lichtenstein
et al. (1).
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number of affected first- or second-degree relatives. Multiple complex segre-
gation analyses support Mendelian inheritance of prostate cancer. Carter et al.
(2) suggested that familial clustering was best explained by autosomal dominant
inheritance of a rare (q = 0.003) high-risk allele leading to an early onset form of
prostate cancer. Penetrance estimations were 88% by age 85 for carriers versus
5% for non-carriers. This rare, highly penetrant allele was estimated to account
for ∼45% of early onset disease and ∼9% of all prostate cancer cases. Complex
segregation analysis reported by Grönberg et al. (3), using a population-
based sample of 2857 nuclear families ascertained from an affected father
diagnosed with prostate cancer in Sweden, revealed that the observed clustering
was best explained by a high-risk allele inherited in a dominant mode, with
a relatively high population frequency of 1.67% and a moderate lifetime
penetrance of 63%. Schaid et al. (4) performed complex segregation analysis
on 4288 men who underwent radical prostatectomy for clinically localized
prostate cancer. Although no single-gene model of inheritance clearly explained
familial clustering of disease, the best fitting model for familial clustering
was explained by inheritance of a rare autosomal dominant allele (q = 0.006),
with an age-adjusted penetrance of 89% by age 85 for carriers versus 3% for
non-carriers. Results from a segregation analysis of 1476 Australian prostate
cancer families supported evidence for an X-linked or recessive model for
prostate cancer inheritance (5). More recently, complex segregation analysis
showed that familial clustering of prostate cancer was equally well explained
by (i) a dominant Mendelian model with a susceptibility allele frequency of
2.4%, and risk of those affected by age 80 of 75.3% and 8.2% in African-
American carriers and non-carriers, respectively, or (ii) a multifactorial model
with multiple genes, each having low to moderate penetrance being respon-
sible for most inherited prostate cancer susceptibility (6). These reports suggest
that the vast majority of familiar prostate cancer cases are associated with
rare, highly penetrant, susceptibility alleles, but data also exist supporting a
multifactorial model.

3. IS PROSTATE CANCER A HERITABLE DISEASE?

Linkage analysis and positional cloning have been applied successfully to the
discovery of susceptibility genes for breast cancer (BRCA1, BRCA2) (7,8),
colon cancer (HNPCC and mut genes) (9,10), and renal cell carcinoma (VHL,
MET) (11,12). However, of the most common cancers, prostate cancer is the
only malignancy for which a reproducible rare, high-penetrant allele has not yet
been identified. Segregation analyses have prompted the collection of highly
aggregated prostate cancer families for genome-wide genetic analysis in order
to facilitate the identification of rare, highly penetrant HPC genes. The first
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reported genome-wide scan (GWS) to search for HPC genes suggested a major
susceptibility locus on human chromosome 1 (designated HPC1) using 91
families from the USA and Sweden (13). In a GWS, a set of evenly spaced
genetic markers is genotyped in DNA from both prostate cancer cases and their
family members. Statistical analysis is performed to determine a “logarithm
(to the base 10) of the odds score,” or LOD score. The LOD score is a statistical
estimate determined for each genetic marker to determine the probability of
the marker being linked to the disease versus it being totally independent or
non-linked to the disease locus. A maximum multipoint LOD score of 5.43
was achieved for a group of markers mapping to 1q24–q31, meaning that
there was nearly 1,000,000 to 1 odds that this group of markers was linked
to the disease. As prostate cancer and other cancers are heterogeneous, it was
assumed that only a subset of the families studied was linked to the region
on chromosome 1. Therefore, the linkage analysis was performed assuming
heterogeneity, with approximately 34% of the 91 families contributing to the
linkage to chromosome 1. This region or locus on human chromosome 1 was
named hereditary prostate cancer 1 or HPC1. Several HPC1 confirmatory
studies followed, the results of which were mixed (14–19). Other independent
GWS studies of HPC families quickly followed with reports of linkage at
several regions of the genome including Xq, 1p, 1q(q42), 8p, 16q, 17p, and
20q (20–26). Confirmation of linkage to most if not all of these regions
in independent data sets has been limited or controversial. More recently, a
series of GWSs from multiple research groups was reported in a single issue
of the journal Prostate (Prostate. Issue 57, 2003). Markers at 11 different
genomic regions (with only one overlapping with previous studies) had non-
parametric LOD scores (NPL) greater than 2.0 [reviewed in (27)]. The results
of these studies strongly support significant heterogeneity in familial prostate
cancer.

To deal with the issue of heterogeneity, the International Consortium for
Prostate Cancer Genetics (ICPCG) was formed in 1999. This consortium is
currently comprised of 11 independently collected HPC data sets. The details of
the ICPCG data set are shown in Table 1, as recently reported by Xu et al. (28).

Table 1

Mean age at
diagnosis (years)

Number of prostate
cancer cases within
a family

Race Total number
of families

<65 >65 2 3 4 > 5 White Black
606 625 285 424 255 269 1166 48 1233
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The first study reported by the ICPCG was a combined linkage analysis of
772 families, which were genotyped with the same set of markers mapping
within the HPC1 region (19). A positive but marginal LOD score of 1.4
was achieved at the HPC1 locus under the assumption of heterogeneity.
The second study reported by the ICPCG was a combined analysis of
the HPC20 (20q13) linkage region, initially reported by Berry et al. (23).
No evidence of linkage at the HPC20 locus was obtained by the ICPCG
combined analysis (29). More recently, a meta-analysis from 12 independent
GWS scans was reported by the ICPCG (28). This study of more than
1200 HPC families was the largest of its kind, with these data holding the
most promise for identifying key prostate cancer susceptibility loci. Table 2
summarizes the results for all linkage analyses reported by the ICPCG (28).
Five regions of the genome (5q12, 8p21, 15q11, 17q21, and 22q12) showed
LOD scores >1.86, which were suggestive of linkage (Fig. 2). A signif-
icant linkage result was seen at 22q12, where a LOD score of 3.57 was
seen in 269 families with more than five affected family members. These
data tell us two things: (i) prostate cancer does aggregate in families and
linkage can identify putative HPC loci and (ii) there is significant heterogeneity
in HPC.

Table 2
Results of ICPCG Genome-Wide Meta Analysis (28)

Chromosomal region
(nearest marker)

LOD score Families contributing to the
LOD score

5q12 (D5S2858) 2.28 All (N = 1233)
8p21 (D8S1048) 1.97 All (N = 1233)
15q11 (D15S817) 2.10 All (N = 1233)
17q21 (D17S1820) 1.99 All (N = 1233)
22q12 (D22S283) 1.95 All (N = 1233)
1q25 (D1S2818) 2.62 ≥5 cases (n = 269)
8q13 (D8S543) 2.41 ≥5 cases (n = 269)
13q14 (D13S1807) 2.27 ≥5 cases (n = 269)
16p13 (D16S764) 1.88 ≥5 cases (n = 269)
17q21 (D17S1820) 2.04 ≥5 cases (n = 269)
22q12 (D22S283) 3.57 ≥5 cases (n = 269)
3p24 (D3S2432) 2.37 Age at dx ≤65 (n = 606)
5q35 (D5S1456) 2.05 Age at dx ≤65 (n = 606)
11q22 (D11S898 2.20 Age at dx ≤65 (n = 606)
Xq12 (DXS7132) 2.30 Age at dx ≤65 (n = 606)
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Fig. 2. Chromosomal ideograms showing regions of the human genome linked to hereditary
prostate cancer.

4. HAS AN HPC GENE BEEN IDENTIFIED?

Through positional candidate cloning efforts within putative HPC loci, three
genes have been reported that harbor inactivating mutations, which segregate
with prostate cancer in high-risk families; including the HPC2/ELAC2 gene,
the ribonuclease L (RNASEL) gene, and macrophage scavenger receptor 1
(MSR1) gene (25,30,31). Map positions of these genes can be found in Fig. 2.

Positional candidate cloning of an HPC locus at 17p11 (HPC2) revealed
germline mutations (including a frameshift and non-conservative missense
changes) in the HPC2/ELAC2 gene in multiple families, which segregated with
prostate cancer in large Mormon kindreds (25). HPC2/ELAC2 is a member
of an uncharacterized gene family predicted to encode a metal-dependent
hydrolase domain that is conserved among eukaryotes, archaebacteria, and
eubacteria (25).
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Positional candidate cloning within the HPC1 locus (1q24–q31) resulted
in the identification of two inactivating germline mutations in the RNASEL
gene, which were found to segregate with prostate cancer in two HPC1-linked
families (30). This gene encodes an interferon inducible 2–5A oligoadenylate-
dependent ribonuclease, which degrades double-stranded RNA during viral
infection and general cellular apoptosis (32). Biochemical analysis of RNASEL
mutations shows functional consequences on enzymatic activity (30,33).

More recently, germline mutations (including one nonsense mutation)
were identified in the MSR1 gene, which segregate with prostate cancer in
8p22–p23 linked families (31). The MSR1 gene encodes a member of a
family of macrophage-specific trimeric integral membrane glycoproteins impli-
cated in many macrophage-associated physiological and pathological processes
including atherosclerosis, Alzheimer’s disease, and host defense. Importantly,
a replication study in Germany has produced two new deleterious germline
mutations that track with prostate cancer in families (34).

To date, these are the only genes known to harbor deleterious mutations,
which seem to track specifically with prostate cancer in families. However,
because of the small number of families with mutations, these genes are
probably only responsible for a very small percentage of HPC. More research
in this area in larger data sets is needed to discover other important genes
containing deleterious mutations predisposing to prostate cancer.

5. ARE COMMON VARIANTS ASSOCIATED WITH PROSTATE
CANCER RISK?

As mentioned in the previous section of this chapter, common variants in HPC
genes can increase the risk for men with familial disease, as well as men with
sporadic disease. Common variants, the most common of which are known
as single-nucleotide polymorphisms (SNPs), in a number of genes have also
been shown to increase risk of developing prostate cancer. These common
variants have relatively high allele frequencies in the normal population (minor
allele frequencies >5%), as opposed to rare highly penetrant alleles, which are
generally not found at high frequency in the normal population (minor allele
frequency <1%). The approach for discovery of these common variants relies
on the analysis of cases and health controls. Generally, allele frequencies are
calculated for genetic variants in both the case and control set, and minor allele
frequencies are compared between the two groups. The discovery of a variant
with different minor allele frequencies signifies a potential genetic risk factor.
Several other factors weighing heavily on the results of these variants include
the strength of association, the frequencies of the risk alleles, the sample size,
and the selection of SNPs to be used in the study.
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The discovery of these variants has for many years relied on a priori
knowledge of gene function. Those genes found to harbor highly penetrant
mutations have also been analyzed for their role as common risk factors for
prostate cancer. Two common missense variants (Ser217Leu and Ala541Thr)
in the HPC2/ELAC2 gene have been reported, which are associated with
increased risk of developing prostate cancer in unselected cases (25,35–37).
In the largest independent study reported using more than 400 prostate cancer
cases and more than 400 controls from Europe, the authors concluded that the
association with prostate cancer risk for these two variants was weak at best.
A more significant association was seen in a set of more than 200 cases and
more than 200 controls of Japanese decent (38).

Several studies have reported the association of mutations in the RNASEL
gene with risk of prostate cancer in patients with a positive family history of
prostate cancer (33,39–42). Replication has been inconsistent. Several of the
RNASEL associations have been to the R462Q missense variant. Importantly,
biological studies of this particular RNASEL variant show that it causes signif-
icant reduction in RNASEL protein function. Researchers have now identified
the presence of gamma-retroviral sequences in prostate tumors in homozygous
carriers of the R462Q variant. The viral sequences were 25 times more likely to
occur in tumors from patients carrying two copies of the R462Q variant (43).
Although there is currently no link between this virus and tumor initiation,
these findings raise the possibility for a direct relationship between a viral
infection and the development of prostate cancer in genetically susceptible
individuals.

Replication studies using independent data sets to assess risk associated
with common MSR1 variants have produced conflicting results to date
(44–46). Interestingly, one report demonstrated significant differences in allele
frequencies between African-American prostate cancer cases and controls for
common variants in MSR1 (44). A recent meta-analysis of eight published
studies produced positive association for MSR1 common variants and increased
prostate cancer risk (47). Although there is some evidence for these genes
being involved in prostate cancer susceptibility, the limited validation studies
and controversial reports would suggest that a true, highly penetrant gene for
prostate cancer has not as of yet been identified.

A number of other genes have also been studied for their role in prostate
cancer susceptibility. Many of these candidate genes are selected because of
their association with a pathway important in normal prostate growth and
development. One obvious pathway is the steroidogenesis pathway, as it relates
to the metabolism of androgens. A partial diagram of the androgen biosynthesis
pathway is illustrated in Fig. 3. One family of genes intimately involved in this
pathway is the cytochrome p450 family (CYPs). Members of the CYP family
of genes have many roles, including metabolism of drugs and metabolism
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Fig. 3. Diagram of the androgen metabolism pathway.

of steroid hormones. Because of their obvious role in metabolizing steroid
hormones, they have been targeted as a potentially important group of genes,
which might harbor common genetic variants that modulate risk of prostate
cancer.

Common variants in the genes encoding CYP1B1, CYP17, and CYP3A4
have been studied extensively. Moderate risks have been reported for SNPs
within all three of these genes. The most ominous and extensively studied
is the CYP3A4 gene. An original study of variants within this gene also
showed significantly different allele frequencies between African Americans
and Caucasians (48,49). This has also been followed up by reports showing
a similar frequency trend for a specific promoter mutation following trends
in prostate their cancer incidence rates in the USA (50–52). This gene has
been extensively studied in African Americans and some have associated
variation within this gene with prostate cancer risk and aggressive prostate
cancer (53). However, it should be noted that one study did not associate
CYP3A4 variation with prostate cancer in African Americans and reported that
positive associations may be confounded by overall differences in population
allele frequencies (population stratification) (54). Further studies in extremely
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large cohorts are needed to clarify the true risk associated with CYP3A4 variants
and risk of prostate cancer.

Another gene involved in steroid hormone metabolism that has been studied
for its association with prostate cancer risk is the steroid 5-alpha reductase
gene (SRD5A2). An original study of SRD5A2 showed significant differences
in allele frequencies across populations (55). Two interesting missense variants
in the SRD5A2 gene have been shown to modulate enzymatic activity for
metabolism of testosterone and are associated with increased risk of prostate
cancer in several populations including African Americans (56–58). The results
of a recent meta-analysis of nine independent case–control studies looking at
SRD5A2 variants and their association with prostate cancer risk suggest that
the true effects of these variants on prostate cancer risk are modest and likely
to account for only a small percentage of prostate cancer cases (59).

One of the most important genes involved in prostate growth and devel-
opment is the androgen receptor (AR) gene. The AR gene has been extensively
studied for its potential role in prostate cancer predisposition. Two trinu-
cleotide repeat polymorphisms map within exon 1 of the AR gene, and length
differences of these repeats have been shown to modulate androgen receptor
transactivation (60,61). Shorter repeats are strongly associated with higher
AR transactivation. Furthermore, several groups have reported associations
between AR trinucleotide repeat length and prostate cancer risk and pheno-
typic characteristics of disease in African Americans using case–control studies
(62–65). Interestingly, there are significantly different allele frequencies in
trinucleotide repeat lengths, with shorter repeats being in admixture disequi-
librium in African Americans (66,67). These data raise an interesting question
of whether the association between these AR variants and prostate cancer
represents a true effect, or whether these associations are due to population
stratification of these variants across populations.

Among the other genes commonly studied for their association with prostate
cancer risk are those that encode the vitamin D receptor and the glutathione
S-transferases. Results of a meta-analysis of multiple case–control studies of
vitamin D receptor variants and prostate cancer risk suggest that the variants
analyzed in this study are unlikely to be major risk factors for prostate cancer
susceptibility (68). Likewise, the results of a meta-analysis of 11 independent
studies concluded that common variants in glutathione S-transferase are not
likely to play a major role in prostate cancer susceptibility (69).

Finally, in 2006 researchers at deCode Genetics reported significant evidence
for a major prostate cancer risk gene based upon a whole-genome analysis
in the homogeneous Icelandic population (70). This large study relied upon
several thousand prostate cancer cases and age-matched control individuals,
and resulted in the discovery of an important prostate cancer risk locus
on human chromosome 8 near the c-myc proto-oncogene. The results were
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replicated in both European and African-American data sets. The authors
concluded that the population attributable risk (PAR) of the 8q24 locus was
16% in African Americans, considerably higher than the PAR for the European
populations studied (5–11%) (70). The authors speculate that this allele may
partially account for the disparate prostate cancer incidence rates seen among
African-American men. In an independent study, an admixture approach was
used to search for prostate cancer susceptibility loci in a multiethnic cohort of
prostate cancer cases and controls (71). In this study, a set of ∼1500 genome-
wide admixture informative markers (AIMs) were used. These markers show
marked differences in minor allele frequencies between populations. Analysis
of the admixture data from ∼1600 African Americans showed a statisti-
cally significant association between prostate cancer and markers mapping
to 8q24, with the signal primarily associated with a late age at diagnosis
(<72 years of age) (71). These data provided the first independent validation
for a prostate cancer susceptibility locus at 8q24. A second confirmation
report from this same group, using a densely spaced set of markers across
the broad 8q region, suggested at least three independent susceptibility loci
within 8q24 (72). Moreover, results of a large independent GWS using nearly
500,000 SNPs genotyped in ∼1200 prostate cancer cases and ∼1200 matched
controls revealed the strongest evidence for prostate susceptibility to SNPs
within the 8q24 region of the genome (73). Recently, there have been four
independent confirmation reports supporting the association of prostate cancer
with variants mapping within 8q24, making this the first universally replicated
prostate cancer susceptibility locus (74–77). However, the true disease-causing
variant or gene is yet to be identified.

The analysis of candidate genes and pathways for the discovery of common
variants associated with risk will continue to be of extreme importance to the
field. It is believed that these variants are associated with the larger set of
sporadic prostate cancer cases as opposed to true hereditary cases. However,
because of underpowered sample sets, the road to discovery will remain littered
with false-positive and false-negative findings.

6. CAN TUMOR SUPPRESSOR GENES DOUBLE AS PROSTATE
CANCER RISK FACTORS?

Candidate gene selection is based primarily on interesting functional and physi-
ological associations between genes and disease. Another important class of
genes that hold promise as potential modifiers of cancer risk is the tumor
suppressor genes. Several known tumor suppressor genes have been studied
for their potential role in prostate cancer susceptibility through the use of
case–control studies. These include BRCA2, ATM, KLF6, and EPHB2.
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BRCA2 is one of two genes unambiguously involved in inherited predispo-
sition to breast cancer. BRCA2 is known to play a critical role in DNA damage
repair. For many years, it has been known that male carriers of deleterious
BRCA1 or BRCA2 mutations are at higher risk of developing prostate cancer.
Usually, these men belong to families with multiple breast and ovarian cancer
cases as well. So these genes have not been touted as prostate cancer genes,
per se. However, recent case–control studies show increased population risk
of prostate cancer in men carrying BRCA2 mutations. Edwards et al. (78)
reported that BRCA2 germline mutations conferred a twofold increased risk of
developing early onset prostate cancer. Using a set of 250 unselected prostate
cancer cases of Ashkenazi decent and more than 1400 Ashkenazi male controls,
Kirchhoff and colleagues reported a significant association between prostate
cancer and several Ashkenazi BRCA2 founder mutations (79). However, in a
smaller study using Canadian Ashkenazi prostate cancer cases and controls,
founder mutations were not found to be associated with elevated prostate
cancer risk (80). Another key factor in the process of DNA damage repair is
ATM. In a study of more than 600 prostate cancer cases and more than 400
controls, common genetic variants in ATM were shown to be associated with
increased prostate cancer risk (81). These findings implicate the DNA damage
pathway as possibly important in prostate cancer predisposition.

Another tumor suppressor gene, which has been studied for a potential role
in prostate cancer susceptibility, encodes the KLF6 tumor suppressor. KLF6 is
a krupple-like zinc finger transcription factor of yet unknown function. Somatic
mutations were originally discovered in prostate tumors, and wild-type KLF6
was shown to suppress tumor growth (82). There have now been reports of
KLF6 mutations in multiple somatic tumor types including astrocytic gliomas,
hepatocellular carcinoma, and colorectal cancer (83–85); however, conflicting
reports have also been published. In a large study of more than 1200 sporadic
prostate cancer cases, more than 800 HPC cases, and more than 1200 controls,
moderate associations were seen between prostate cancer risk and a common
intronic polymorphism (86). Data were also presented, which showed that the
intronic polymorphism affects splicing and causes mislocalization of KLF6.
The large sample size and functional data support an important role for KLF6
in prostate cancer susceptibility.

In a study published in 2004, Huusko and colleagues presented results impli-
cating the EPHB2 tyrosine kinase as a prostate cancer tumor suppressor (87).
A deleterious nonsense mutation was discovered in the DU145 prostate cancer
cell line, and somatic mutations were found in clinical prostate tumors at a
rate of ∼9% (87). Furthermore, it was reported that wild-type EPHB2 signif-
icantly decreased tumorigenic growth in DU145 prostate cancer cells, which
lack endogenous EPHB2. To assess a possible role in prostate cancer risk,
Kittles and colleagues screened the EPHB2 gene for germline mutations in
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a set of 72 African-American HPC cases (88). They discovered the presence
of a common nonsense mutation, which was three times more prevalent in
the African-American population as compared with the Caucasian population.
Further analysis of this nonsense variant in 285 African sporadic prostate
cancer cases and 329 healthy controls showed a significant association between
this variant and HPC in African Americans (88).

Tumor suppressors are known to play a vital role in the initiation and
progression of cancer. However, their role in prostate cancer predisposition
remains in question. As is the case for other candidate prostate cancer risk
genes, analyses need to be carried out in large, sufficiently powered sample
sets using robust statistical methodologies. Until then, we may only be able to
speculate about the roles of these tumor suppressor genes in prostate cancer
susceptibility.

7. SUMMARY

Dating back to the mid to late 1980s, we have had evidence for a genetic role
for prostate cancer. Early segregation analyses have supported the existence of
highly-penetrant prostate cancer genes. Genetic linkage analyses in multiplex
prostate cancer families have led to the discovery of candidate regions;
however, many of these regions have not been validated across multiple
independent sample sets, so their validity is in question. To help deal with
this problem, the ICPCG, with its 2000 multiplex families, is sure to make a
major impact in the field of HPC research. This consortium holds the most
promise for discovering the more significant rare highly-penetrant mutations,
which lead to early onset HPC.

The search for common low-penetrant germline variants is also critical
to our overall understanding of prostate cancer susceptibility. A number of
candidate gene studies have implicated various genes and pathways in prostate
cancer predisposition. Aside from candidate gene approaches, which require
us to know something about the genes/pathways role in prostate development,
another approach is to search the entire genome for variants, which show
allele frequency differences between prostate cancer cases and controls. The
discovery en masse of millions of SNPs within the human genome and recent
technological advances now make this type of study possible. One can now
scan more than 80% of known human variation using “whole genome” SNP
microarrays containing hundreds of thousands of SNPs. These studies do not
rely on prior knowledge of gene function and are sure to shed light on new
important pathways associated with prostate cancer development. There will
still remain a great need for sufficiently powered sample sets to perform these
types of studies. One major effort to deal with the issue of sample size is the
National Cancer Institute Breast and Prostate Cancer Consortium. Currently,
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this pooled set of large cohorts contains more than 8000 prostate cancer cases
and more than 9500 male controls (89). With the aid of more elegantly designed
studies and analytical tools to deal with issues such as gene–gene interaction,
this group is poised to make a major impact in the field of prostate cancer
genetic risk research.

We must remain patient and steadfast in our quest to discover important
genetic risk factors for prostate cancer. Once reliable studies are completed
and validated, we will be on our way toward a far better understanding of
the etiology of prostate cancer. More importantly, we might be able to exploit
these findings to develop more sensitive tools for early diagnosis of prostate
cancer and for better treating this dreadful disease.
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1. INTRODUCTION

Cancers arise from individual cells that have acquired one or more mutations
resulting in malignant transformation. Most of these mutations affect genes
involved in signaling for cell proliferation, cell cycle control, cell death,
and DNA repair. Mutations that activate the function of proteins in signal
transduction, advance cell cycle progression, or inhibit apoptosis are found
in dominant oncogenes that affect cell phenotype despite the presence of
the contralateral normal allele. Suppressor proteins are affected by loss or
disruption of genes involved in cell cycle control, apoptosis, or DNA repair.
Genes coding for cell surface molecules involved in adhesion or growth
inhibition may also have a tumor suppressor role. In a few instances, genes
may be haploinsufficient and loss or inactivation of a single allele is sufficient
to influence cancer pathogenesis.
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Carcinogenesis, particularly of epithelial cells that transform to adenocarci-
nomas, requires the stepwise accumulation of mutations that are characteristic
of individual cancer types (1). On the other hand, some hematopoietic malig-
nancies originate after the activation of a single dominant oncogene. In these
latter cases, malignant progression and drug resistance are accompanied by the
accumulation of additional mutant cancer genes. Different molecular programs
can cause a single malignant histologic disorder. For example, acute nonlym-
phocytic leukemias can have very different clinical behaviors that correlate
with different sets of cytogenetic and molecular abnormalities (2–4). In solid
tumors such as breast cancer (5) and gastrointestinal stromal tumors (6), the
presence of specific dominant oncogenes can provide prognostic information
and guide the choice of cytotoxic or targeted therapies.

Prostate cancer at presentation has one of the most diverse potential natural
histories of any solid tumor. Even in a patient with a 1-cm-diameter tumor, the
single best predictor of long-term clinical behavior is histologic grade (7). It
is likely that the broad range of clinical outcomes reflects the accumulation of
different sets of oncogenic mutations in different prostate cancers. The clinical
diversity of prostate cancer predicts for molecular complexity of its patho-
genesis. Elucidation of the molecular programs underlying prostate cancers has
been difficult because in a single prostatectomy specimen multiple transformed
clones may be present, of which only one gave rise to the clinically important
cancer (8). Compared with other cancers, the relative inaccessibility of the
prostate to image-directed biopsy and the paucity of tissue that can be obtained
without organ removal have presented challenges in obtaining adequate pre-
operative tissue samples and in identifying the clinically important lesions
for molecular analysis prior to removal of the entire gland. In about 30% of
cases, histologic grade of the cancer in the prostatectomy specimen is worse
than grade found in the needle biopsy cores, suggesting that sampling error of
biopsy procedures may be too great for reliable molecular studies (9).

Another approach to identifying genes important for prostate cancer has
taken advantage of the marked influence of family history on prostate cancer
risk. Extensive genetic studies have sought to map alleles that segregate with
prostate cancer incidence, particularly among men under 60 years of age among
whom sporadic cases are less likely to confound the analysis. A number of
genes have been identified as conferring risk of hereditary prostate cancer, but
their role as suppressor genes has been difficult to elucidate and each has been
found disrupted in only a few pedigrees.

Other work has identified suppressor genes that are mutated or lost in a
broader group of prostate cancer cases. The genes will be discussed in this
chapter in detail. Also, one family of transcription factor genes is activated by
chromosomal translocation in up to 70% of prostate cancers and may represent
the first instance of a dominant oncogene associated with this malignancy.
The malignant transformation of prostate epithelial cells resulting from loss of
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suppressor function and activation of a dominant transcription factor requires
continuous activation of the androgen receptor (AR). AR activity is essential
for the development of prostate cancer and is a target for gene activation late
in the disease after treatment with androgen ablative therapy. AR is activated
as the final genetic step in the development of androgen-independent prostate
cancer by various mechanisms. The AR gene may be amplified to overexpress
the protein, or it may be mutated to recognize a diverse range of steroids
and antiandrogens as agonists (10). AR may also be activated by interaction
with cellular kinases activated during malignant progression. The identification
of genes targeted for mutations in prostate cancer pathogenesis will provide
insight and guidance for therapeutic strategies. This chapter will summarize
the somatic mutations that have been found in human prostate cancer.

2. CYTOGENETICS OF PROSTATE CANCER

Specific chromosomal lesions that are found in a substantial number of
tumor samples provide important clues to the identity of suppressor genes.
Studies of chromosomal gains and losses in primary prostate cancer predomi-
nantly found losses with few consistent regions demonstrating increases in copy
number (11). By contrast, more regions of DNA gain were found in samples
from advanced prostate cancer (11,12). The most common losses in prostate
cancer occur at 8p and 13q, the two chromosomal loci that are also most
frequently lost in prostatic intraepithelial neoplasia (PIN) implicating these loci
at the earliest phases of prostate epithelial transformation (13). Two distinct
regions are lost from chromosome 8 at 8p12–p21 and 8p22 (14–17). Several
genes in this region are candidate prostate tumor suppressors including MSR1,
NKX3.1, and TUSC3/N33 (18,19). The two former genes will be discussed in
sections 3 and 4.2.1., respectively. The latter is a putative suppressor protein
by virtue of hypermethylation or loss of heterozygosity (LOH) in a number of
tumor types (20–23). N33 is related to the OST3 gene family in yeast and may
function in oligosaccharide transport. Retinoblastoma (RB) is a candidate tumor
suppressor gene at 13q as it is frequently deleted in early prostatic tumori-
genesis (24). Other chromosomes are commonly involved also. Deletions in
up to 45% of prostate tumors were shown to occur on 10q (12,25). Putative
suppressors on 10q are MXI1 (26) and PTEN (27–29). With a comprehensive
array of 1454 single-nucleotide polymorphisms distributed across the genome,
7 regions of significant loss of heterozygosity (LOH) were found by comparing
tumor and normal paired DNA samples from 50 prostate cancer specimens.
The chromosomal regions implicated in prostate cancer were 1p33–34, 3q27,
8p21, 10q23, 15q12 16q23–24, and 17p13 (30).

Several regions of chromosomal gain have been found, most often in
advanced prostate cancer. The region most commonly amplified is the entire
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8q, including the locus of the MYC gene, that is associated with aggressive
disease (12,25). Interestingly, MYC is amplified in the LNCaP prostate cancer
cell line (31). Another region commonly amplified in advanced disease is
Xq11–13, a locus for AR. Fluorescent in situ hybridization (FISH) analysis
indicated an amplification of AR in 30% of hormone refractory prostate cancer
(32,33) (see Section 3).

3. EPIGENETIC CHANGES THAT PREDISPOSE
TO PROSTATE CANCER

Prostate cancer increases in incidence more between the ages of 55 and 80 than
any other malignance (34). In the course of aging, there is a cumulative effect
of oxidative damage in DNA that can contribute to carcinogenesis. Simulta-
neously, there may be a reduced expression of genes that code for proteins
protective against oxidative damage. Oxidative damage has been proposed as a
frequent mechanism to initiate prostate carcinogenesis. Oxidative damage may
be linked to dietary factors or to atrophic changes that accompany the aging
process as discussed elsewhere in this volume (35). Susceptibility to oxidative
damage may be enhanced by methylation of genes that confer protection against
oxidation. For example glutathione-S-transferase P1 (GSTP1), a gene that
codes for GST�, an enzyme involved in catalyzing the transfer of protons from
reduced glutathione, is a target for promoter hypermethylation in the prostate.
Somatic hypermethylation of the GSTP1 promoter is related to decreased
expression of GST� in almost all prostate cancers (36–41). GSTP1 methylation
is emerging as a marker for the transition of normal prostate epithelium to PIN
as it was found in 6% of prostatic intraepithelial atrophy and 69% of PIN (42).

Oxidative damage may also be enhanced through diminished macrophage
activity due to inactivation of the macrophage scavenger receptor 1 (MSR1)
gene. MSR1 is located at 8p22 and codes for a receptor that is active as
a cell surface trimeric protein to bind a broad range of polyanionic ligands
including oxidized low-density lipoprotein (43,44). Thus, compromise of MSR1
function could expose the prostate and other organs to increased oxidative stress
resulting from attenuated macrophage function. Studies have linked germline
mutations and polymorphisms of MSR1 to familial early onset prostate cancer
(14,45,46). Moreover, a truncating mutation in MSR1 that codes for a protein
with dominant negative effects on receptor assembly has been found in African
Americans with prostate cancer (47). Because MSR1 does not affect prostate
epithelial cells directly, but is presumed to predispose to oxidative damage,
the LOD scores even in the positive studies are quite low (48) and there are
studies of selected populations that failed to identify an association between
MSR1 and prostate cancer risk (49,50).
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4. GENETIC CHANGES OF PROSTATE EPITHELIAL
CELL TRANSFORMATION

4.1. Dominant Oncogenes
Identification of dominant oncogenes, particularly those activated early in

prostate cancer pathogenesis, has been slow to evolve. A report in 2005
identified the first chromosomal translocation activating two members of a
transcription factor family. AR has long been a dominant gene for prostate
cancer but is activated by mutation or amplification predominantly in androgen-
independent prostate cancer. The dominant oncogenes are listed in Table 1.

4.1.1. ETS Family Transcription Factors

The application of a novel analytical approach to expression array data
that compared nonmalignant and malignant prostate tissues showed that two
ETS family transcription factors, ERG and ETV1, were disproportionately
overexpressed in prostate cancer (51). The overexpression of these genes was
mutually exclusive and caused by two separate translocation events that fused a
3´-segment of either gene, including the DNA-binding domain of each, with the
5´-end of TMPRSS2. TMPRSS2 codes for a membrane-bound serine protease
that is expressed in a wide range of tissues and is androgen-regulated in the
prostate (52–54). Moreover, TMPRSS2 is overexpressed in prostate cancer cells
compared with adjacent normal cells (54). The 5´-end of TMPRSS2 fused to
the ETS family genes confers androgen-responsive expression of the chimeric
oncogene compared with ERG or ETV1. TMPRSS2 itself is overexpressed
in prostate cancer and expression is androgen dependent (54). In a single
instance, a deletion and premature termination of TMPRSS2 has been described
in a prostate cancer specimen (54). The relationship of this mutation to gene
translocation in the same patient is unknown.

Table 1
Dominant Oncogenes in Prostate Cancer

Gene or locus Chromosomal locus Function Citations

ERG-TMPRSS2 21q22.3–22q22.2 ETS family
transcription
factor

(51)

ERTV1-TMPRSS2 7p21.2–22q22.2 ETS family
transcription
factor

(51)

PRC17 17q12 GTPase-activating
protein

(55)

AR Xq11–12 Nuclear receptor (33,74–87,92)
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4.1.2. PRC17

A single report identified PRC17 as a gene encoding a GTPase-activating
protein (GAP) that was amplified in prostate cancer cell lines and tissues and
in some breast cancer cell lines (55). PRC17 was amplified and overexpressed
in both primary and metastatic prostate cancers. The protein was able to
inactivate Rab5 GTPase activity in vitro. PRC17 had in vitro transforming
activity in that expression conferred a growth advantage to NIH/3T3 fibroblasts
in medium with low serum concentrations, increased saturation density in vitro,
and supported the growth of NIH/3T3 xenografts in nude mice. The data
are highly suggestive that PRC17 is an oncoprotein in a fraction of prostate
cancers, but the initial report has not been substantiated by additional published
data.

4.1.3. AR

Androgens are essential for growth and development of the prostate, and
they serve as the essential survival factor for prostate epithelial cells (56).
The AR is a member of the steroid and thyroid hormone receptor gene super-
family and is coded by a gene located at chromosome Xq11–12. This nuclear
receptor mediates hormone action by binding to hormone in the cytoplasm and
translocating to the nucleus where it dimerizes in the course of DNA binding
to initiate formation of a transcriptional complex at an androgen-responsive
gene promoter (57).

The first exon of the AR gene that codes for the N-terminal transcriptional
activating domain of the protein contains a trinucleotide CAG repeat that varies
in length as is typical for these sequences due to DNA polymerase slippage
during replication. There is an inverse relationship between the length of the
CAG repeat, that codes for a polyglutamine stretch, and AR transcriptional
activity (58–60). The average CAG repeat length in AR is 21, but there is some
difference in modal number between the different races which is thought to
affect prostate cancer incidence rates (61,62). Shorter CAG repeat length is a
risk factor for prostate cancer and advanced prostate cancer, particularly in men
diagnosed before widespread use of prostate-specific antigen (PSA) screening
that has increased the likely rate of overdiagnosis (63–68). Reduced CAG
repeat length also predisposes to prostate cancer recurrence and early onset of
the disease (69–71). As prostate cancer screening became more widely used,
the effect of CAG repeat length on risk and prognosis diminished (70,72,73).

In androgen-independent advanced prostate cancer, AR plays the role of
a dominant oncogene. In the presence of castrate levels of androgen, AR
activity is enhanced by gene amplification in approximately one-third of
tumors (33,74–77). AR expression is sustained throughout the clinical course of
prostate cancer, including the most advanced phases of androgen-independent
disease (63). AR is also activated by missense mutation (78–87) that broadens
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the scope of hormone specificity and/or enhances hormonal response (88–90).
The use of antiandrogens increases the likelihood of selecting mutant receptors
with resistance to the effects of these drugs (91,92). In other cases, mutations
can be found in the N-terminal domain that may affect the transactivating
potential of the receptor (93). In a few cases, the CAG repeats have been
affected by mutations in androgen-independent prostate cancer that have either
truncated or fragmented the repeat sequence, thereby causing hyperactivation
of the receptor (94–96).

Activation of AR in androgen-independent disease may also be accom-
plished by activation of co-activators such as p160 family members (97) and
�-catenin, which is rarely mutated in prostate cancer (98,99), but is truncated
by proteolytic cleavage (100) and can activate AR, cause its colocalization
to the nucleus (101–103), and enhance hormone sensitivity (104). It is likely
that there will be other mechanisms of AR activation in androgen-independent
prostate cancer such as phosphorylation by MAP kinase (105) and activation
by HER family kinases (106).

4.2. Tumor Suppressor Genes
Guided in part by cytogenetic data, a number of suppressor genes have been

identified in substantial fractions of prostate cancers (Table 2).

Table 2
Suppressor Genes in Prostate Cancer

Gene Locus Function References

NKX3.1 8p21 Encodes a prostate-specific
homeobox gene that is
active in regulation of
prostate development

(14,19,107–110,
112–114,117,118,
208,209)

PTEN 10q23 Encodes a lipid phosphatase
that negatively regulates
the phosphatidylinositol
3-kinase pathway

(27–29,116,130–
139,141,142)

CDKN1B 12p11–13 Encodes p27, a cell cycle
inhibitor

(144–153,155,156)

ATBF1 16q22 Encodes a cell cycle
regulator

(157,158,162,210)

KLF6 10p15 Encodes a Kruppel-like zinc
finger transcription factor

(171–175)

RB 13q14.2 Cell cycle regulator (176–179)
P53 17p13.1 Cell cycle checkpoint (173,186,196–203)



78 Gelmann

4.2.1. NKX3.1

NKX3.1 is a homeobox gene with prostate-specific expression that maps
to 8p21, a region that undergoes loss of heterozygosity in up to 85% of
prostate cancers (19,107,108). Expression of NKX3.1 is highly organ specific
and is restricted to prostatic lobes and bulbourethral gland in the mouse (109).
Expression of NKX3.1 in human is found in prostate luminal epithelial cells,
testis, and isolated cells in the ureter and peribronchial mucous glands (110).
Loss of heterozygosity in prostate cancer occurs frequently at 8p12–22 as an
early event (14,111,112). NKX3.1 is located centrally within the minimally
deleted region of the chromosome (113). Inconsistent with the suppressor
gene paradigm, NKX3.1 does not undergo somatic mutation in human prostate
cancer (107,114,115).

The notion that NKX3.1 may be haploinsufficient like some other suppressor
genes came from observations of gene-targeted mice. NKX3.1 heterozygosity
predisposes to prostate epithelial dysplasia with somewhat longer latency than
seen in NKX3.1−/− mice and can co-operate with other oncogenic mutations to
augment prostate carcinogenesis (109,116). NKX3.1 heterozygosity is accom-
panied by decreased expression of genes under the regulation of the NKX3.1
homeoprotein (117). In human prostate cancer, NKX3.1 was observed to
have decreased expression and, in some cases, cytoplasmic localization (116).
NKX3.1 protein expression is reduced to a median level of 67% of normal in
primary prostate cancer, but expression varies over a wide range with respect to
adjacent normal epithelium (118). Moreover, expression levels correlate with
loss of heterozygosity and nonconventional gene methylation and expression
was below median levels when both LOH and methylation were found. NKX3.1
protein expression levels were also reduced in PIN comparable with reductions
in adjacent invasive prostate cancer. Complete loss of NKX3.1 expression is
seen with tumor progression in metastatic prostate cancer (110).

The DNA-binding domain of the homeoprotein is the 60-amino acid
homeodomain whose three-dimensional structure includes two parallel and
one perpendicular helix by which these proteins bind to DNA and to other
proteins (119). N- and C-terminal regions that flank the homeodomain are
important modulators of protein function. NKX3.1 belongs to the NK family
of homeodomain proteins that have organ-specific expression in the adult.
For example, NKX2.5, the human cardiac-specific homolog of the Drosophila
tinman gene, is subject to a variety of autosomal dominant point mutations,
many outside the homeodomain, that determine hereditary cardiac abnor-
malities (120). NKX2.1 is thyroid transcription factor-1 that determines lung
and thyroid development. Inherited mutations resulting in NKX2.1 haploin-
sufficiency determine congenital hypothyroidism, choreoathetosis, muscular
hypotonia, and pulmonary problems (121,122). It appears that sporadic loss
of NKX3.1 in prostate epithelial cells contributes to cell transformation due to
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haploinsufficiency, a characteristic that may be common to NK homeodomain
gene family members.

Further evidence that NKX3.1 is a haploinsufficient prostate suppressor gene
comes from the finding that a family was identified with a germline NKX3.1
(T164A) mutation that segregated with early onset prostate cancer (123). The
NKX3.1 T164A mutation affects homeodomain position 41, which is occupied
by a threonine and is well conserved among other NK-family homeodomain
sequences (124). Threonine 41 is located at the N-terminal cap position of the
third helix in the NKX3.1 homeodomain and is important for maintenance of
the helical structure (125,126). Even though threonine 41 is not involved in
direct hydrogen bonding with the NKX3.1 DNA recognition sequence, it is
likely to affect helix 3 structure and both DNA and protein interactions. The
homologous threonine 41 in the human tinman homolog NKX2.5 is mutated to
methionine in a family with hereditary atrial septal defect and atrioventricular
block (127). The NKX2.5 (T178M), homeodomain T41M, mutation causes
marked reduction in DNA-binding affinity of NKX2.5 but does not affect
complex formation with either wild-type NKX2.5 or with GATA4. Similarly,
NKX3.1 (T164A) has altered physical properties and 5% of the normal affinity
for the cognate NKX3.1 DNA recognition sequence (123,128).

A polymorphic NKX3.1 allele has been described (C154T) that codes for
a variant NKX3.1(R52C) protein with a nonconservative amino acid change
at residue 52. The variant protein has altered in vitro and in vivo phosphory-
lation at the major phosphorylation site, serine 48. Phosphorylation of NKX3.1
at serine 48 has been shown to affect DNA binding in vitro (129). This
polymorphism is present in 11% of the population without regard to race and
is a risk factor for prostate cancer, aggressive prostate cancer, and prostatic
enlargement (129).

4.2.2. PTEN

The phosphatase and tensin homolog (PTEN) is a tumor suppresser gene
that maps to 10q23. PTEN is a common target for deletion and downregulation
in prostate cancers (28,29,130–134). The PTEN protein is a lipid phosphatase
that suppresses the effects of phosphoinositol-3-kinase by dephosphorylating
phosphatidylinositol-3,4,5 tris phosphate, a lipid anchor for the Akt kinase
at the inner plasma membrane (135). Thus the action of PTEN downregu-
lates Akt and decreases phosphorylation of its targets, inhibiting antiapoptotic
and survival signals. In addition to deletion and mutation affecting PTEN
expression, the gene is also hypermethylated in prostate cancer (136). Loss of
PTEN expression is more easily detected in advanced stage and high-grade
prostate tumors (137). Only a small fraction of primary prostate cancers have
PTEN deletions and mutations, but more than half of all metastatic lesions
have PTEN gene alterations (27,138).
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The role of PTEN loss in prostate transformation is underscored by targeted
deletion of PTEN in mouse models. PTEN heterozygosity potentiated prostate
cancer formation under influence of the SV40 T antigen (139). PTEN heterozy-
gosity by itself was seen to cause prostatic neoplasia in a subset of mice
with longer latency than other malignancies (140). Conditional deletion of
PTEN driven by the prostate-specific probasin promoter caused a high rate
of prostatic neoplasia (141). Simultaneous loss of NKX3.1 and PTEN results
in more extensive and more aggressive prostate cancer than caused by PTEN
loss alone (116,142). Lastly, targeted expression of a constitutively active
Akt gene in the mouse resulted in the development of prostate cancer,
suggesting that the PI3 kinase pathway is a common mediator of prostatic
neoplasia (143).

4.2.3. CDKN1B

CDKN1B encodes the cyclin-dependent kinase inhibitor, p27KIP1, a member
of the Cip/Kip family of cell cycle inhibitors. p27KIP1 has been shown to have
tumor suppressor properties in mouse model systems (144). Gene targeting
experiments suggest that CDKN1B is haploinsufficient for tumor suppression
in mice (145). In human prostate cancer, reduced or absent p27KIP1 expression
correlates with high tumor grade and reduced disease-free survival (146–148).
Importantly, PI3K pathway activation decreases p27KIP1 expression, an effect
that is blocked by PTEN. Conversely, PTEN suppression of Akt activation
increases levels of p27KIP1 (149). It was also shown that PTEN and CDKN1B
alleles interacted by performing linkage analysis of each allele in a cohort
of prostate cancer families, suggesting that these two genes may co-operate
in affecting prostate cancer risk (150). Further support for the association of
p27KIP1 loss with prostate cancer arises from the finding that loss of heterozy-
gosity of the 12p11–13 region that contains the CDKN1B locus in 50% of
prostate cancer cases (151,152). In some tissues homozygous deletion of
CDKN1B was found. Lesions in the CDKN1B gene are found only infre-
quently, underscoring that reduced p27KIP1 expression is probably the main
mechanism for the involvement of this tumor suppressor in prostate cancer
pathogenesis, and suggesting that other mechanisms may also effect p27KIP1

protein downregulation (153).
In mouse models, p27 is haploinsufficient such that heterozygosity is

associated with prostatic epithelial hyperplasia that is more severe in
CDKN1B−/− animals (154,155). Loss of murine CDKN1B shortens the latency
of prostatic hyperplasia and dysplasia caused by loss of NKX3.1, but combined
loss of CDKN1B and NKX3.1 causes only a small enhancement of prostatic
neoplasia seen with loss of NKX3.1 alone (155). On the other hand, reduced
p27kip1 is markedly potentiating of PTEN loss to result in aggressive prostate
cancer in the mouse (156).
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4.2.4. ATFB1

Fine structure analysis of the 16q deletion in prostate cancer cell lines and
xenografts led to the identification of somatic mutations in the ATBF1 gene.
The gene codes for an AT binding factor that is a multiple homeodomain-zinc
finger protein that suppresses �-fetoprotein expression and interacts with the
MYB transcription factor in vitro (157,158). ATBF1 binds to AT-rich regions
that are recognized by hepatocyte nuclear factor 1 (HNF1) and downregulates
HNF1-induced expression (157). Its action may also be related to activation of
p21CIP1 (159). Expression of ATBF1 mRNA is associated with better prognosis
in breast cancer (160) and induces growth arrest and differentiation of neuronal
cells (161). In vitro the effects of ATBF1 are consistent with the activities of
a tumor suppressor.

A wide variety of missense mutations, deletions, and genetic variations of
ATBF1 were found in prostate cancer cell lines and tissues (162). Moreover,
36% of tumors tested had missense mutations likely to inactivate the protein
function. Several in-frame deletions were found in glutamine-rich regions.
Some mutations found in cell lines affected the generation of alternate splice
variants. Knock down of ATBF1 expression in PC-3 prostate cancer cells that
have intact ATBF1 genes resulted in growth acceleration. On the other hand,
restoration of expression in ATBF1 mutant cells decreased growth and colony
formation.

4.2.5. KLF6

The Kruppel-like zinc finger transcription factor 6 (KLF6) is yet a third
DNA-binding transcription factor that has been implicated in prostate cancer
pathogenesis by loss of heterozygosity. KLF6 contains three carboxy-terminal
zinc-binding cysteine-rich domains that interact with DNA at a GC box
promoter element (163). Some transcriptional targets of KLF6 include placental
glycoprotein (164), collagen I (163), urokinase-type plasminogen activator
(uPA) (165), and transforming growth factor �1 and the types I and II TGF�
receptors (166). KLF6 may also interfere with the functions of the JUN
oncoprotein (167). KLF6 also interacts with cyclinD1 to interfere with cell
cycle signals and reduce phosphorylation of RB (168).

The KLF6 gene maps to human chromosome 10p15 and is included
in a region deleted in about 55% of prostate adenocarcinomas (169,170).
KLF6 undergoes loss of heterozygosity in about one fifth of prostate cancer
specimens (171). KLF6 point mutations and reduced KLF6 protein expression
were found in a small collection of high-grade prostate cancers (171,172), but
not in a second series (173). Moreover, there has been substantial variation in
the frequency with which KLF6 missense coding mutations have been found
in prostate cancer tissues (171,172).
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Further evidence for the association of KLF6 with prostate cancer comes
from the report that a KLF6 germline polymorphism that affects alternate
splicing preferences was associated with an increased risk of prostate
cancer (174). In vitro studies suggested that KLF6 and one of its splice variants
had opposite effects on cell proliferation (175). The question whether KLF6 is
a tumor suppressor for prostate cancer is open pending confirmatory experi-
ments in different laboratories and examination of the effects of KLF6 deletion
in the murine prostate.

4.2.6. Retinoblastoma

The RB protein functions as a central regulator of the cell cycle and is the
target of cyclin-dependent kinases 4 and 6 that phosphorylate RB to release
the E2F transcription factor. RB probably does not have a role as a suppressor
of early prostatic epithelial transformation because RB mutant mice are not
predisposed to prostate cancer and families with inherited RB deficiency are
not predisposed to early prostate cancer. However, loss of heterozygosity
of the RB locus is seen in a subset of human prostate cancers and may
occur sporadically as a genetic event during tumor progression (176–179). The
potential for RB loss to contribute to prostate epithelial cell transformation
was underscored by the observation that conditional deletion of RB resulted in
epithelial transformation and early invasiveness in the murine prostate (180).

4.2.7. P53

P53, the suppressor most frequently lost in human cancer, has been studied
extensively in prostate cancer. Like RB, P53 loss does not predispose to
prostate cancer either in mouse models or in Li–Fraumeni Syndrome families
with one inactive P53 allele (181,182). As with many solid tumors, P53
immunohistochemical detection has been used as a surrogate for the presence of
mutant P53 protein. However, mutational analysis of DNA has shown that only
50% of the P53-positive tissues could be shown to harbor P53 mutations (183).
The yield can be increased by adjusting the staining conditions and analyzing
mRNA, but that requires access to fresh tissue (184). P53 staining in primary
prostate cancer is focal and only very rarely present uniformly throughout the
malignant portion of the gland (185,186). Immunohistochemical staining for
P53 may have biological significance even if mutations cannot be detected
because a large number of reports have identified even focal P53 staining
as a poor prognostic marker in prostate cancer (187–194). Moreover, P53
staining in prostatic needle biopsies predicts early recurrence after radiation
therapy (195).

DNA analysis has suggested that the frequency of detectable P53 mutations
in primary prostate cancer is in the range of 10.5–32% (173,186,196–203).
The fraction of samples with detectable P53 mutations is higher in recurrent



Chapter 4 / Somatic Mutations in Prostate Cancer 83

prostate cancer (188). The presence of focal P53 staining may reflect the
presence of clonal variants within a prostate cancer. These variants may, in
fact, be precursors of metastases or recurrent disease (204–206). Because
of the heterogeneity of prostate cancer and the focal nature of P53-positive
cells, single-strand conformational polymorphism (SSCP) studies may have
grossly underestimated the fraction of specimens that harbor P53-mutant cells.
Moreover, P53 mutant cells may have a higher likelihood of being resistant to
radiation and being the precursors of metastatic foci (207).

5. SUMMARY

Prostate cancer is a diverse disease with a wide range of clinical behaviors.
Prostate cancer increases in incidence with age more than any other cancer
type. Epigenetic events including gene methylation presage the development
of prostate cancer by decreasing the cell’s defenses against oxidative damage.
One of the earliest oncogenic events is a decrease in expression of the tumor
suppressor NKX3.1. The decline in levels of this homeoprotein may augment
the effects of one of two ETS family transcription factors that in a large
fraction of cases are activated by translocation and fusion with the 5´-end
of the androgen responsive protease gene TMPRSS2. Decreased expression
of the cyclin-dependent kinase inhibitor p27KIP1 also plays a role in prostate
cancer progression. Additional suppressor genes that are inactivated are the
transcription factors ATBF1 and KLF6. Loss of RB expression and mutation
of P53 are both late events in prostate cancer and correlate with relapsed or
aggressive disease. In patients with androgen-independent prostate cancer, the
AR itself acts as a dominant oncogene and through a variety of mechanisms
mediates signal transduction despite castrate circulating levels of testosterone.
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1. INTRODUCTION

It has been known for decades that the growth of prostate cancer (PC)
is dependent on androgens. Men castrated early in their life do not develop
PC (1). The significance of androgens in the development of PC was recently
demonstrated once again in a prevention trial with 5�-reductase inhibitor,
finasteride, in which a 25% reduction in the number of PC cases was found
in men treated with finasteride (2). 5�-Reductase is an enzyme that converts
testosterone into dihydrotestosterone (DHT), the most potent form of androgens
in prostate.

Already, in the early 1940s, Huggins and Hodges (3) showed that castration
is an effective treatment in PC (3). Today, endocrine therapy is the standard
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treatment for advanced PC. More than 90% of patients initially show a
biochemical response to the therapy (4), and clinical response rates of 80%
have been reported (5). However, androgen ablation ultimately fails, and so-
called androgen-independent or hormone-refractory PC emerges. There are at
present no effective therapies available for hormone-refractory PC, although
recent clinical trials on docetaxel have indicated that PC is sensitive to at least
some chemotherapeutics (6,7).

Androgen action is mediated by a specific receptor molecule, androgen
receptor (AR), which is a nuclear transcription factor and a member of the
steroid hormone receptor superfamily (8,9). Without the ligand, AR is inactive
and bound to heat-shock chaperone proteins (10). AR is activated when lipid-
soluble androgens diffuse into cells and bind to ARs. This binding induces a
conformation change in the AR, dissociation from chaperone proteins, receptor
dimerization, and nuclear translocation of the complex (9,11). In the nucleus,
the dimerized receptor complex binds to a palindromic AR response element
(ARE) in target genes, influencing their expression. Androgens regulate the
expression of hundreds of target genes in the prostate gland (12,13) including
prostate-specific antigen (PSA) (14), prostate acid phosphatase (PAP) (15),
and many growth factors [e.g., vascular endothelial growth factor (VEGF) and
keratinocyte growth factor (KGF)] (16,17), but also genes involved in cell
cycle control such as cdk2 and cdk4, and cdk inhibitors, such as p16, p21,
(18,19), and p27 (20). Many genes involved in apoptosis and invasion such as
integrins (21–23), prostin-1 (24), and matrix metalloprotease-2 (25) are also
AR-regulated. However, which of the androgen-regulated genes are crucial for
the development of the prostate gland or PC are not known. Interestingly, it has
now been shown that some of the androgen-regulated genes are upregulated
in the progression of PC during androgen withdrawal, indicating re-activation
of AR signaling (26–28).

2. ANDROGEN RECEPTOR

2.1. Structure of AR
The human AR gene is located on chromosome Xq11–12 (29). It is over

90 kb long and contains eight exons (30–32). The AR gene has two transcription
initiation sites, the regulatory role of which is still unclear (33). Because
of different splicing of the 3´-untranslated region (3´-UTR), two mRNAs of
10.6 kb (the major form) and 7 kb in length (34) are produced. The first exon
is about 1580 bp long and contains trinucleotide repeat regions, whose lengths
are highly polymorphic. The N-terminal CAG repeat coding for the amino acid
glutamine is located within the region that is required for full ligand-inducible
transcription (30,35,36). The length of this triplet varies from 14 to 35 repeats,
an average being 21 ± 2 repeats (37). Decrease in the length of this repeat
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increases the transcriptional activity of AR (38). The length of the repeat may
also vary with ethnicity and race (37,39,40). In some studies, the short germline
CAG repeat has been shown to be associated with increased risk of PC (41).
However, a number of studies have failed to confirm this association (42–46).

The other trinucleotide, the polyglycine (GGN) repeat, has an average of
16 repeats (37). It lies at the C-terminal of the CAG repeat (38,47,48) and
shows a lesser degree of polymorphism than the CAG repeat. Short length
of the GGN repeat has also been reported to be associated with increased
PC risk in two studies (42,49), whereas one study reported an increased risk
of PC recurrence and increased risk of death with long GGN repeat lengths
(GGN >16) (44). It has been suggested that the most common 16-repeat-long
GGC-triplet encodes an AR with an optimal length poly-G tract for normal
receptor function (50). This 16-repeat GGC allele has been shown to be least
prevalent among African Americans (20%) having a high risk of PC and most
prevalent in low-risk Asians (70%). However, because of conflicting data, it
is not possible to conclude whether either or both of the polymorphisms are
truly associated with the risk of PC.

The AR protein has three functional domains. The amino-terminal ligand-
independent transcription activation function domain (AF1) is a primary
effector region of AR and is coded by exon 1. Deletion of this AF1 domain
diminishes the transactivation potential of the receptor (35,51). The second
domain contains a typical DNA-binding domain (DBD) of two zinc fingers and
is coded by exons 2–3. It is followed by a hinge region (the end of exon 3 and
beginning of exon 4) containing the major nuclear localization signal (NLS)
sequence. The carboxy-terminal domain is coded by exons 4–8 and forms a
ligand-binding domain (LBD). It also contains a ligand-dependent transcription
activation function domain (AF2). The LBD folds into 12 helices that form
a typical ligand-binding pocket as in other known members of the steroid
hormone receptor superfamily. In AR, the primary contact regions for ligands
are helices 4, 5, and 10 (52–54). The LBD interaction with N-terminal trans-
activation domain is also needed for the full ligand-dependent transactivation
function of AR (54–56).

2.2. Regulation of AR Activity
The AR activates the expression of target genes by facilitating the initia-

tion of transcription. This also requires several auxiliary protein complexes.
The transcriptional activity of ligand-bound AR is modulated by interaction
of AR with coregulators and by phosphorylation of AR and these coregu-
lators. N- and C-terminal interaction of AR has been reported to be important
for the full AR function by influencing receptor dimerization, stabilization
of ligand in the ligand-binding pocket, retardation of AR degradation, and
binding of AR to chromatin (57–60). Two transcription activation units (TAUs)
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have been identified in N-terminal domain. The first (TAU-1) is responsible
for wild-type AR transactivation capacity and the other (TAU-5) for the trans-
activation capacity of the constitutively active AR (51,61). Wang et al. (62)
reported recently that the occupancy of AR coactivation complex on the
PSA promoter occurs slowly, peaking 16 h after DHT administration. Post-
translational modifications, such as acetylation (63,64), sumoylation (65), and
phosphorylation (66), can regulate the action of steroid hormone receptors. AR
is phosphorylated in at least seven major sites in living cells (54,57,66,67). One
site, Ser94, is constitutively phosphorylated and six sites are phosphorylated in
response to androgen. One of them, Ser650, is also phosphorylated in response
to a number of non-steroidal agonists [epidermal growth factor (EGF), phorbol
myristate acetate and forskolin] (66,67). Phosphorylation of S650 in the hinge
region is known to be required for the full activity of AR (57). AR can be
sumoylated in the N-terminal domain in an androgen-enhanced fashion, and
this sumoylation represses AR-mediated transcription (65,68). In addition, the
activity of AR can be prevented by influencing its cellular localization, e.g.,
DAX-1 represses AR by affecting its localization in the cell (69).

3. ANDROGEN RECEPTOR AND PROSTATE CANCER

3.1. Alterations of AR Expression in Prostate Cancer
Almost all PCs express AR, an exception being rare small cell carcinoma of

the prostate (70,71). It has been suggested that high AR expression is associated
with short, the recurrent-free survival (72) although the finding has not been
confirmed. Expression of AR is maintained during prostate carcinogenesis from
primary PC to hormone-refractory PC. However, several alterations occur in
the AR-signaling pathway during the development and progression of PC. In
the normal prostate gland, androgen-stimulated proliferation of the epithelium
requires paracrine involvement of stromal cells. The direct effect of androgens
on the epithelium seems to be differentiation. In malignant cells, the androgen-
mediated signaling has been converted into autocrine mode and no interaction
with stroma is needed for the mitogenic effect of androgens (73,74).

It has been shown that androgens inhibit expression of AR mRNA, but
this effect is compensated by the stabilization of the AR protein (75). The
level of both AR mRNA and protein is increased during long-term androgen
ablation (76–78). Expression of AR is also influenced by post-translational
and epigenetic modifications. Jarrard et al. (79) showed that methylation of
the AR promoter CpG island is associated with loss of AR expression in vitro.
Nakayama et al. (80) later reported that AR gene is hypermethylated in
about 30% of hormone-refractory PCs. However, the vast majority of prostate
tumors expressed AR, at least heterogeneously. In fact, it has now been shown
that AR is overexpressed in the vast majority of hormone-refractory PCs as
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compared with untreated tumors both in mRNA and in protein levels (81–84).
Interestingly, the localization of AR in clinical tumors is always nuclear,
despite the androgen levels, whether the patient is hormone-naïve, recently
castrated, or hormone-refractory, indicating that AR is activated throughout
PC progression (85 Laitinen and Visakorpi, unpublished data).

The significance of the overexpression of AR in hormone-refractory PC was
recently demonstrated by Chen and co-authors (86), who first showed that the
common denominator in gene expression profiles of androgen-independent PC
xenograft models as compared with androgen-dependent counterparts was the
increased expression of AR in the independent xenografts. They subsequently
showed that overexpression of AR, by transfection, was both necessary and
sufficient to convert the growth of the xenografts from androgen-dependent to
independent, and to convert androgen antagonist, bicalutamide, to agonist.

3.2. Somatic Mutations of AR in Prostate Cancer
Han and co-authors (59) have recently shown that mutated AR causes

oncogenic transformation of prostate. They generated transgenic mice express-
ing a mutated (E231G) form of AR. While the wild-type littermates did not
develop cancer, the expression of AR-E231G caused development of prostatic
intraepithelial neoplasia that progressed to invasive and metastatic disease in
100% of mice examined. The findings directly confirm the oncogenic properties
of AR.

Somatic mutations in AR have been extensively screened in PC [(87), see
Tables 1 and 2]. Mutations seem to be rare in early-stage, untreated tumors
and become more common in late-stage hormone-independent prostate tumors
(Table 1). In untreated PC, AR mutations have been found in only a few
percentages of tumors. There are two reports (88,89) in which point mutations
have been found in a substantial part of untreated tumors. Gaddipati and co-
authors (88) found the LNCaP mutation (T877A) in 25% of the transurethral
resections of prostate (TURP) specimens of the patients with untreated
metastatic PC. Tilley et al. (89) reported that about 50% of PCs have a mutated
AR. However, these findings have not been confirmed by others. Instead, the
highest frequency of mutations seems to be in PCs treated with antiandrogen,
flutamide or bicalutamide. Mutation frequencies of 10–30% have been reported
in such cases (90–92). AR mutations are generally missense point mutations
and seem to cluster in discrete hot spots located mostly at C-terminal LBD.
The predominant effect of the AR substitutions has been the relaxation of
AR ligand specificity, thereby increasing the number of ligands capable of
inducing AR transcriptional activity. In addition to LBD of AR, some point
mutations have been reported to occur in the N-terminal domain where coreg-
ulators bind (89,92–94), some in the DBD (89,95,96), and at the boundary of
hinge and LBD (96). Somatic contraction of the CAG repeat has also been
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reported in some cases of both androgen-dependent and hormone-refractory,
castration-treated, tumors (97,98). In a recent study, heterogeneity of CAG
repeats was found in 100% of PC tissue samples, which was not observed
in normal prostate tissue (99). N-terminal domain mutations and CAG repeat
alterations could affect the N-terminal and C-terminal interaction needed for
ligand binding, and therefore the binding capacity for other ligands, and/or
increase the affinity of special AR cofactors binding to N-terminal domain.

The most frequently found point mutation of AR is a T877A mutation
(threonine at position 877 is substituted to alanine), which was originally
characterized in the LNCaP cell line (100). It is thus often called a LNCaP
mutation. The same mutation has been detected later in a number of PC
patients treated with the antiandrogen flutamide (101–103). This amino acid
is located on a helix 11 at the ligand-binding pocket and contacts ligand
directly. It alters the stereochemistry of the binding pocket and broadens the
ligand binding of AR (104,105). In these mutant ARs, other nuclear hormones
(estrogen and progestins), antiandrogens (cyproterone and hydroxyflutamide,
but not bicalutamide) (100,105,106), and pregnenolone, a common precursor
of steroids (107), can all bind to and activate AR.

Several other mutations at the AR LBD, [e.g., L701H, (101,108), V715M
(109), V730M (110), and H874Y (102),] that confer enhanced transcrip-
tional sensitivity to antiandrogens and adrenal androgens have been identified.
The mutation at position 874 (H874Y) was identified in the PC xenograft
CWR22 (111). This site is located distant from the ligand-binding pocket
and affects the binding of coregulator proteins (enhanced p160 transacti-
vation) and thus, indirectly, ligand specificity. In this mutant AR, the adrenal
androgen dehydroepiandrosterone (DHEA), several other steroid hormones,
and flutamide can activate AR (111). The W741C mutation, found in
bicalutamide-treated patients (91,92), has been shown to lead to bicalutamide-
resistant growth in the LNCaP-subline containing the mutation (112). Bohl
et al. (113) recently solved the X-ray crystal structure of the mutant W741L
AR LBD bound to R-bicalutamide and postulated a structural explanation for
bicalutamide withdrawal syndrome. Also a double mutation (T877A together
with L701H), allowing these cells to respond to a broader spectrum of ligands
than either of these point mutations alone, has been detected (114,115). Many
of the circulating corticosteroids at the concentration found in vivo are able to
effectively activate this mutant AR (115).

A smaller number of missense mutations has been detected in other domains
of AR. A N-terminal missense mutation (K179R) found in untreated primary
PCs (89) has been reported to lead to a more potent AR (61). A C619Y
mutation located near the cysteines forming the zinc-finger motif for DNA
binding has been found to cause inactivation and mislocation of the receptor
with concomitant sequestration of coactivator SRC-1 (steroid receptor coacti-
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SUMO-1
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4036…4071
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TATA-less 
Promoter 

NTD DBD LBD
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AF1 AF2

919: Stop1: Met

T877A; LNCaP-mutation
GAC-repeat GCC-repeat

M749I

W741C/L; Bicalutamide resistance
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H874Y; CWR22-xenograft

E231G
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TAU-1 TAU-5

AcSUMO-2

ARE-1 ARE-2
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Fig. 1. Structure of androgen receptor (AR) gene and the functional domains. Somatic
mutations found in clinical prostate cancer (PC) samples with functional significance
are shown above the structure. *Phosphorylation sites (8) are marked with pinheads.
NTD, N-terminal domain; DBD, DNA-binding domain; NLS, nuclear localization signal;
LBD, ligand-binding domain; AF1 and 2, activation function 1 and 2; TAU-1 and 5,
transactivation units 1 and 5; ARE1 and 2, androgen responsive elements 1 and 2; SUMO-1
and 2, sumoylation sites 1 and 2; Ac, acetylation sites.

vator 1) (95). Buchanan et al. (96) demonstrated that the naturally occurring
mutations in PC, and also in the transgenic adenocarcinoma mouse prostate
(TRAMP) mouse model, at the boundary of the hinge and LBD regions
(668QPIF671) result in AR variants with two to fourfold greater transacti-
vation capacity and a wider spectrum of ligands capable of transactivating
AR. A list of AR mutations found in PC is presented in Tables 1 and 2
as well as in Fig. 1, and a catalog of all human AR mutations and single-
nucleotide polymorphisms (SNPs) identified can be found on the Internet
(http://www.mcgill.cs/androgendb.)

The above-mentioned mutations are all located in the coding regions of
the AR gene. Mutations in non-coding regions of AR, which could affect, for
example, the expression of AR, have been much less studied. In a recent
investigation of non-coding regulatory regions of AR, no recurrent alterations
were identified to explain overexpression of AR in the hormone-refractory PCs
(116). It seems therefore that mutations in these regions are not very common
and not likely to be the mechanisms for AR overexpression.

3.3. AR Gene Amplification in Prostate Cancer
Gain and amplification of the AR gene is one of the most frequent chromo-

somal gains in late-stage PC (117). Nearly 80% of hormone-refractory PCs
have been reported to carry an elevated AR gene copy number (84). About
30% (13–50%) of hormone-refractory PCs contain AR gene amplification,
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Table 3
Androgen Receptor (AR) Gene Amplifications in Prostate

Cancer

Frequency% N Reference

Untreated tumors
0 0/16 (85)
0 0/10 (180)
0 0/26 (81)
1 2/205 (118)
0 0/37 (181)
0 0/22 (182)
5 1/20 (183)
0 0/33 (82)
0 0/9 (184)
2 1/48 (84)

Hormone-refractory tumors
30 7/23 (85)
30 3/10 (180)
28 15/54 (81)
23 11/47 (118)
22 12/59 (118)
20 1/5 (181)
56 10/18 (119)
13 10/77 (121)
36 23/63 (182)
15 3/20 (183)
0 0/11 (92)
31 4/13 (82)
20 2/10 (82)
25 4/16 (94)
50 9/18 (184)
18 4/22 (185)
20 10/49 (84)
33 8/24 (120)

whereas untreated primary tumors rarely if ever contain amplification of the
AR gene (84,85,118–120, lists in Table 3). Even in cases where the AR gene
was amplified in a hormone-refractory tumor and the tumor specimens prior to
treatment have been available, only one case of amplification has been detected
in the untreated samples. This indicates that the amplification is selected
for during the emergence of hormone-refractory disease (81,84,85,119,120).
The AR gene amplification is associated with increased expression of AR as
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expected for a target gene of the amplification (81,82,84,119). The low level
gain of AR copy number probably has only a marginal effect on AR expression
levels (82,84,120). There is some evidence that AR amplification is more often
found in hormone-refractory tumors that originally responded well to androgen
ablation than in poorly responding tumors (81). The finding suggests that
tumors with AR gene amplifications are hypersensitive to androgens remaining
in the body during castration. Indeed, patients with AR gene amplification
respond better to second-line maximal androgen blockade, also preventing the
effects of adrenal androgens, than patients without the amplification (121).

3.4. Alteration of AR Transcriptional Activity and Prostate Cancer
The binding of AR to DNA is the first step in the assembly of an active

protein complex on DNA needed for the transcription initiation. AR action is
mediated by a growing group of coregulatory proteins (either coactivators or
corepressors) that bind to AR and influence the initiation of transcription. Both
types of coregulators are needed for efficient modulation of AR-regulated gene
expression (122–125).

Most of the AR coregulators identified so far are coactivators. They
modify chromatin structure and interact with the basal transcription machinery.
They enhance the AR transactivation potential in a ligand-dependent manner.
They bind to AF1 in N-terminal end of AR and some in the N-terminal
signature sequence in AF-2. AR coactivators either function as mediator
proteins in transcription initiation bridging the transcriptional machinery to
nuclear receptor (p300/CBP), or control the susceptibility of chromatin to
transcription through, for example, histone acetyltransferase (p160 family) or
ATPase (ARIP4) functions (122,126). Overexpression of several coactivators
such as SRC-1, transcriptional intermediary factor 2/glucocorticoid-receptor-
interacting protein 1 (TIF-2/GRIP1), ARA55, or ARA70 has been shown to
increase the transcriptional activity of AR in response to low concentration of
DHT or to low-affinity ligands like DHEA and androstenedione (122,127,128).
Several coregulators such as SRC-1, CREB-binding protein (CBP), and p300
have been identified as targets of signaling pathways like mitogen-activated
protein kinase (MAPK). For example, EGF increases the transcriptional activity
of AR through MAPK pathway by enhancing the phosphorylation of coacti-
vator GRIP1 (129). Recently, Metzger et al. (130) reported a ligand-dependent
association of lysine-specific demethylase 1 (LSD1) and AR at the PSA
promoter and a specific demethylation of repressive histone marks resulting
in a strong activation of the target gene. In addition, LSD1 was reported to
affect androgen-induced cell proliferation. �-Catenin, a multifunctional adaptor
protein and oncoprotein, is reported to function as a transcriptional coactivator
of AR (131–133). �-Catenin can also bind to coactivator GRIP1 and syner-
gistically enhance the activity of AR (134). In addition, �-catenin is able to
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increase AR responsiveness to unspecific ligands such as androstenedione and
estradiol, and diminish the action of bicalutamide (86,131,134–136).

Corepressors mediate their action using several different strategies (137).
They can (1) inhibit the DNA binding or nuclear translocation of AR (e.g.,
calreticulin, DAX-1, PAK6), (2) recruit histone deacetylases (HDACs) (e.g.,
HDAC1, SMRT/NCoR, TGIF), (3) interrupt the interaction between AR
and its coactivators (e.g., SHP, cyclin D1), (4) interrupt the interaction
between the N- and C-terminus of AR (e.g., FLNa, GSK3�), (5) function
as scaffolds for other AR coregulators (e.g., PATZ), and (6) target the
basal transcriptional machinery (e.g., AES). In addition, there are several
other AR corepressors identified whose mechanisms of inhibition are not yet
solved (e.g., HBOI, SRY, Ebpl). Corepressors can bind to both liganded and
unliganded AR depending on the particular corepressor. Antagonist-bound AR
is shown to recruit corepressor–HDAC complexes at the target gene promoter,
inducing target gene repression (138). Corepressor proteins SMRT (silencing
mediator of retinoid and thyroid hormone receptor) and N-CoR (nuclear
receptor corepressor) have been demonstrated to be involved in transcriptional
suppression by both agonist-bound and antagonist-bound AR. They regulated
the magnitude of hormone response, at least partly, by competing with coacti-
vators (138,139). In addition, there are evidences that SMRT and NCoR can
repress AR transcription through other mechanisms (137,140).

Because of their function, it has been suggested that AR coregulators could
play a role in PC tumorigenesis. Still, few investigations on the alterations of
the coregulators in PC have been reported. However, expression of a large
number of coregulators has been studied (127,141,142). Overexpression of
SRC-1 protein in hormone-refractory tumors has been demonstrated (126,142),
whereas paradoxically the SRC-1 mRNA seems to be downregulated in
hormone-refractory PC (141). Alterations in the expression of TIF-2/GRIP1
have also been suggested (127), but not confirmed by all (141). Most impor-
tantly, no common genetic alterations in the AR coregulator genes have, so far,
been reported in PC. For example, unlike in breast cancer, where amplification
of AIB1 (alias nuclear receptor coactivator 3, NCOA3) gene has been detected
(143), no amplifications of this gene have been found in PC. Recently, SRC-1
was screened for mutations and gene amplification in PC (141,142). Only one
case of SRC-1 gene amplification was found and no recurrent sequence varia-
tions were detected. Obviously, more analyses of coregulators are needed to
ascertain whether they are targeted by genetic alterations. However, there are
some evidences that AR mutations occurring in regions that influence interac-
tions with AR coregulators can cause oncogenic transformation of the prostate
(59,111).
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3.5. Ligand-Independent Activation of the AR in Prostate Cancer
One potential AR activation mechanism is a ligand-independent activation.

In the absence of a ligand, AR can be activated by many growth factors [EGF,
KGF, insulin-like growth factor 1 (IGF-1) (144), a growth factor receptor
(Her2/neu) (145), cytokines (interleukin-6) (146), and protein kinase-A
(147,148)]. In addition, components of the MAPK pathway (145,149,150) and
PI3K/Akt signaling pathway (135,151) are able to activate AR in a ligand-
independent manner. These factors and their signaling pathways can increase
intracellular kinase activity or decrease phosphatase activity affecting the
phosphorylation of AR and its coregulators (152,153). Thus, stimulation with
increased level of growth factors may decrease the requirement for androgens
in AR activation in PC cells.

Overexpression of peptide growth factors and their receptors is believed
to activate AR without the ligand. Thus, they could also contribute to the
failure of androgen deprivation therapy. The level of EGF, transforming
growth factor-� (TGF-�), KGF, basic fibroblast growth factor (bFGF), and
IGF-I and their receptors have been reported to be overexpressed in advanced
hormone-independent PCs (144,154,155). In model systems, overexpression,
for example, of HER2/neu (ERBB2), a member of the EGF receptor family
receptor, enhanced the AR-activated gene expression (such as PSA) in a ligand-
dependent manner and increased cell survival (145,156). HER2/neu signaling
through MAPK and Akt pathways can also promote ligand-independent
activation of AR (157) and modulate the DNA binding and stability of
AR (158). However, the expression of HER2/neu is not altered in PC in
humans (159).

It has been demonstrated that decreased PTEN and GSK3� activity leads to
activation of both PI3K/Akt and AR signaling, providing necessary survival
signals to prostate epithelial cells to escape the apoptotic response associated
with androgen ablation therapy (160). Inactivating mutations in PTEN and
amplification of AR belong to the most commonly known genetic alterations in
hormone-refractory PCs and, interestingly, there seems to be crosstalk between
these two pathways.

4. FUTURE DIRECTIONS

It is now clear that AR signaling plays a major role in PC from early devel-
opment to the lethal progression of the disease. AR signaling is affected by
several forms of genetic alterations (Fig. 2). The crucial question is why
the currently available endocrine therapies (androgen withdrawal and antian-
drogens) do not inhibit AR signaling better. Obviously, new, more potent
pharmaceuticals to inhibit AR-signaling pathway are needed. It has already
been shown that hammerhead ribozymes (161) and antisense oligonucleotides
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Fig. 2. Androgen receptor (AR) signaling in prostate cancer. (1) Dihydrotestosterone
(DHT), which is the active form of testosterone (T) in the prostate, binds to AR, which is
then released from chaperones to form a compact homodimer, and is translocated into the
nucleus to regulate transcription of several genes involved in growth and differentiation.
Changes in AR signaling leads to androgen-independent growth of prostate cancer cells. (2)
Overexpression and amplification of AR gene results in high protein levels of AR leading
to hypersensitivity to androgens. (3) Point mutations of the AR gene widen the spectrum
of ligands capable to bind and transactivate AR. (4) Alterations of AR cofactors and/or
altered growth factor signaling crosstalking with AR could mediate the growth signals for
a cell.

(162) can be used to inhibit AR. In addition, small molecules such as resver-
atrol, vitamin E, selenium, some non-steroidal anti-inflammatory drugs, and
geldanamycin decrease the expression of AR target genes and downregulate
cell proliferation (163–168). However, more potent molecules still need to
be designed. As the recent findings from the novel targeted drugs such as
trastuzumab (169), gefitinib (170,171), and imatinib (172) indicate, genetic
alterations pinpoint the weak-spot of cancer. Thus, one would expect that
at least hormone-refractory tumors with AR gene amplification or mutation
should be highly susceptible to targeted drugs against AR.
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5. SUMMARY

AR is a critical mediator of PC, transmitting growth signals to tumor cells
throughout the onset and progression of PC. Binding of androgens to AR
induces its transcriptional activity, influencing the expression of androgen
responsive genes. The importance of AR in PC is exemplified by the facts
that AR gene is expressed in almost all prostate carcinomas and that the
gene is targeted both by gene amplification and mutations. Although androgen
withdrawal and antiandrogens, such as flutamide and bicalutamide, inhibit AR-
mediated signaling and initially prevent tumor growth, it is now clear that the
AR signaling is later re-activated during the treatment and the development of
hormone-refractory PC. Thus, new, more potent drugs to inhibit AR are still
needed.
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1. INTRODUCTION

The growth of prostate cancer, as well as embryonic development and
adult function of the prostate, is generally dependent on androgens mediated
through the androgen receptor (AR). Therefore, hormonal manipulation, such
as castration and/or the use of antiandrogens, remains the critical therapeutic
option for advanced forms of prostate cancer [reviewed in (1)]. Although
this treatment produces a significant clinical response in most patients, the
majority of responders eventually develop recurrences, which have been termed
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androgen-independent or hormone-refractory prostate cancer. Recent research
on the AR in androgen-dependent and androgen-independent prostate cancers
has led to discoveries that significantly changed our understanding of tumor
biology. This article reviews clinical and molecular evidence indicating distinct
roles of the AR in prostate cancer, particularly in cancer cell proliferation,
apoptosis, and invasion/metastasis. A key molecule, cyclooxygenase (COX)-2,
which is involved in cell proliferation, apoptosis, differentiation, cell adhesion,
invasion, and angiogenesis, is also discussed in relation to its role in prostate
cancer.

2. THE AR AND ITS ROLE IN PROSTATE FUNCTION

The AR, a member of the nuclear receptor superfamily, is a transcription
factor that regulates gene expression in response to ligands in target cells
(2,3). The AR gene is composed of eight exons that encode four functional
domains: the NH2-terminal transactivation domain, the DNA-binding domain,
a hinge region, and the COOH-terminal ligand-binding domain (LBD). The
AR, in its inactive state, associates with heat-shock proteins, and unliganded
AR is mainly located in the cytoplasm. Upon binding of androgens, the AR
undergoes a conformational change within the LBD and dissociates from the
heat-shock proteins. Activated ARs then form homodimers and translocate
to the nucleus. In the nucleus, the complex initiates gene transcription of
androgen-regulated genes, such as prostate-specific antigen (PSA), by binding
to specific DNA sequences termed androgen-responsive elements (AREs). The
dimerized AR-ligand complex also interacts with coregulatory proteins, and
these transcriptional coregulators can recruit general transcription factors and
acetylate core histones, leading to transcription activation or repression (4).
In this process, the AR NH2-/COOH-terminal interaction that stabilizes bound
ligand has also been identified (5), and several AR coactivators have been
shown to facilitate this interaction (6,7).

Androgens and the AR have been shown to regulate the early embryological
differentiation and later growth cycles of the prostate. In the adult, the prostate
gland is about the size of a walnut and secretes a milky, alkaline fluid that
helps to nourish and protect the sperm during intercourse. The prostate consists
of luminal and basal epithelial components. AR expression is detected in
differentiated luminal glandular epithelial cells (8). The basal compartment,
composed of various distinct subsets of epithelial cells, is a small component
of the progenitor/stem cell. The AR has been reported to be absent, weak, or
strongly expressed in epithelial basal cells (9–11). Androgen supplementation
following castration in male rats or mice results in up-regulation of the AR in
basal cells and increase in numbers of these stem cells (8,10,11).
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3. CELL CYCLE REGULATORS AND PROSTATE CANCER

Increased proliferation indexes (e.g., Ki-67, proliferating cell nuclear
antigen, bromodeoxyuridine) in prostate cancer cells have been shown to
correlate with increased tumor grade or advanced stage of disease (12).
Similarly, apoptotic index within a prostate cancer has been shown to be a
prognostic parameter. It is known that androgen-sensitive LNCaP prostate
cancer LNCaP cells display a striking biphasic growth response to androgens
(13,14). At low concentrations of androgens [e.g., 0.1 nM dihydrotestosterone
(DHT) or 0.1 nM synthetic androgen R1881] proliferation is stimulated,
whereas high concentrations (e.g., 10 nM DHT or 10 nM R1881) inhibit
proliferation and further promote differentiation. Recent studies have improved
the understanding of the mechanisms by which activation of the AR in
prostate cancer leads to complex proliferation and apoptotic events.

Genetic aberrations in the control of the cell cycle are present in virtually all
human cancers. Key molecules that involve cell cycle regulation and apoptosis
in prostate cancer cells include cyclins, cyclin-dependent kinases (CDKs),
retinoblastoma protein (pRb), p27Kip1, p21Waf1/Cip1, p16, c-myc, p53, and bcl-2.

The kinase family that is critical in the transitions through each phase of the
cell cycle is the cyclin or CDK family, each of which is dependent on a discrete
protein partner for activity. For instance, CDK1–cyclin B1 complex governs
the G2/M transition, and CDK4/6–cyclin D complexes or CDK2–cyclins A/E
complexes are required for the G1/S transition and progression through S phase
(15). There are several reports that suggest the relationship between expression
levels of cyclins and outcome in prostate cancer (12).

The pRb plays a central role in cell cycle regulation. Phosphorylation of
pRb by CDK–cyclin D complexes in G1 phase inactivates the pRb. The pRb
also serves as a transcription regulator that activates certain differentiation
transcription factors to promote cellular differentiation (16). Retinoblastoma
gene mutations that may closely correlate with loss of pRb expression have
been reported in human prostate cancer (12,17).

The p27 and p21, belonging to the Kip/Cip family of CDK inhibitors, inhibit
all CDK–cyclin complexes and may not be specific for a particular phase of
cell cycle (18). It is noteworthy that a number of human prostate cancers,
particularly high-grade tumors, lack p27 expression (19). The p27 is a target of
Akt and has been proposed as a downstream mediator through which PTEN, a
tumor suppressor gene whose inactivation with deletions is frequently found in
prostate cancer, negatively regulates cell cycle progression (20). Interestingly,
PTEN can interact with the AR and modulate AR transcriptional activity in
LNCaP cells (21). A loss of p21 was also reported to correlate with a high risk
for progression of prostate cancer (22).



132 Miyamoto et al.

The p16 (MTS-1/CDKN2/INK4A) is a member of a family of inhibitors
specific for CDKs (e.g., CDK4, CDK6) and is deleted and/or inactivated in a
variety of human malignancies (23). The mechanisms for its tumor suppression
may not only be prevention of Rb phosphorylation but also be required for p53-
independent G1 arrest in response to DNA-damaging agents. Although several
studies fail to detect p16 gene mutations in prostate cancer, p16 overexpression
correlates with earlier biochemical (PSA) relapse after prostatectomy (24).
Hypermethylation of p16 was detected in AR-negative prostate cancer PC-3
cells (25).

The c-myc protein activates a variety of known genes, including cyclin D2
and CDK2, and is thus known to involve the G1/S transition. Amplification and
overexpression of c-myc are reported to correlate with prognosis of prostate
cancer patients (26,27).

The p53 functions by regulating the transcription of genes involved in G1-
phase growth arrest of cells and also plays a role in the G2/M transition and
chromosome partition (the spindle checkpoint) (28). The effects of p53 related
to cancer include cell cycle regulation and apoptosis as well as angiogenesis.
The p53 gene is the most frequently mutated gene found in multiple malig-
nancies, including prostate cancer (29). Nuclear accumulation of p53 could
be a prognostic indicator in several human cancers, including advanced forms
of prostate cancer, although its value in localized prostate cancer has been
debated (12).

The Bcl-2 is part of an expanding family of apoptosis-regulatory molecules,
which may act as either death antagonists (e.g., Bcl-2, Bcl-xL, Mcl-1) or
death agonists (e.g., Bax, Bak, Bcl-xS, Bad, Bid) (30). The Bcl-2 gene is
not expressed in normal prostatic secretary epithelial cells but is expressed
in prostate cancer cells. Overexpression of Bcl-2 protects cancer cells from
apoptosis in vitro and confers resistance to androgen ablation therapy in vivo
(31), suggesting that androgen independence may result from Bcl-2 expression.

4. THE AR AND PROSTATE CANCER CELL
PROLIFERATION/APOPTOSIS

Effects of androgens on the expression of each molecule in AR-
positive/negative, androgen-sensitive/insensitive prostate cancer cells are
summarized in Table 1. Androgens enhance CDK2 and CDK4 at both mRNA
and protein levels and inhibit p16 expression in cells expressing the AR, but
not in androgen-independent cells (32). In LNCaP cells, androgen (0.3, 1, and
10 nM DHT) significantly increases cyclin D1 expression (33). In the CWR22
human prostate cancer xenograft model with a mutant AR, mRNA expression
of cyclins A and B1, CDK1, and CDK2 is down-regulated after castration
and is up-regulated after androgen supplementation (34). CDK inhibitors more
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Table 1
Summary of Reported Androgen Effects on the Expression of Key Molecules

Related to Cell Proliferation/Apoptosis in Androgen-Sensitive and
Androgen-Insensitive Prostate Cancer Cells

Molecules + Androgen
in AR(+)
AS cells1

– Androgen
in AR(+) AI
cells1

+ Androgen
in AR(+)
AI cells2

– Androgen
in AR(–) AI
cells1

Cyclins Up Down NC Up
CDKs Up (Lowa-Up,

Highb-Down)
NC/Down Down Up

pRb Up (Lowa-Up,
Highb-Down)

Down
(Lowa-NC,
Highb-Down)

p27 Down
(Lowa-Up,
Highb-Down)

Up (Lowa-Up,
Highb-Down)

Up Down

p21 Up Up/Down
(Lowa-NC,
Highb-Down)

Up Down

p16 Down Down Down
c-myc Lowa-Up,

Highb-Down
Lowa-NC,

Highb-Down
Lowa-Up,

Highb-Down
Up

p53 Down
(Fluc-NC)

Up/Down
(Lowa-NC,
Highb-Down)

NC Down

bcl-2 NC (Lowa-NC,
Highb-Down)

Up/Down Up

AS, androgen-sensitive; AI, androgen-insensitive; Up, up-regulated; Down, down-regulated;
NC, no significant change (compared with the expression in AR(+) AS cells without androgen
treatment1 or AR(+) AI cells without androgen treatment2).

aLow: low doses of androgen (e.g., 0.1 nM DHT/R1881).
bHigh: high doses of androgen (e.g., 10 nM DHT/R1881).
cFlu: Flutamide treatment.

effectively inhibit the growth of androgen-sensitive LNCaP cells than that
of AR-negative DU 145 cells (35). Synergistic inhibitory effects of a CDK
inhibitor olomoucine and an antiandrogen bicalutamide on LNCaP cell prolif-
eration were also observed (36). Low androgenic concentrations, known to
promote LNCaP cell proliferation, induce an increase of pRb phosphorylation,
accompanied by increased expression of the transcription factor E2F-1 and
its target gene product cyclin A (14). Similarly, Ye et al. (37) showed that
androgen, as well as epidermal growth factor (EGF), stimulates proliferation of
androgen-responsive MDA PCa prostate cancer cells, associated with increased
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CDK2 activity and decreased levels of p27. By contrast, high androgenic
concentrations inhibit cell proliferation, induce pRb hypophosphorylation and
E2F-1 down-regulation, and increase expression of a cell cycle inhibitor
p27. Tsihlias et al. (38) suggested that the inhibition of cyclin E/CDK2
by p27 most significantly contributes to the G1 arrest of LNCaP following
high doses of androgen. In the CWR22 xenograft model, androgen ablation
results in tumor regression with sustained increases in p27 and p16 protein
expression and a decrease in pRb expression (39). In the same study,
the authors suggest that following androgen ablation, increased p53 protein
induces a cell cycle arrest, without activation of p53-mediated apoptosis (39).
Induction of p27 by androgen was also observed in long-term androgen-ablated
LNCaP cells (40). In androgen-sensitive LNCaP cells, androgens enhance
the expression of p21 that is revealed to possess a functional ARE (41),
suggesting anti-apoptotic activity induced by androgen in prostate cancer cells.
An androgen-insensitive LNCaP subline maintained in long-term androgen-
depleted conditions expresses a much higher level of p21 as well as bcl-2
compared with parental LNCaP. Androgen (1 nM R1881) further enhances p21
expression, but not bcl-2, in both androgen-sensitive and androgen-insensitive
LNCaP cells (42). By contrast, Wang et al. (43) showed that an androgen-
independent LNCaP subline with an overexpressed AR down-regulates p21 and
is resistant to apoptosis. In this subline, a reduction of AR level by antisense
treatment was associated with increased p21 expression and partial reversion of
androgen-sensitive phenotype. Similarly, down-regulation of the AR by a small
interference RNA (siRNA) molecule led to a marked cell growth inhibition,
associated with significant up-regulation of p21 and cyclin D1, in both parental
LNCaP and its androgen-independent subline (44). R1881 at low concentra-
tions stimulates LNCaP cell proliferation with no or slight increase in c-myc
expression, whereas high doses of R1881 inhibit proliferation with signif-
icant decrease in c-myc expression (45,46). In androgen-insensitive sublines
of LNCaP, low concentrations of androgen enhance and high concentrations
of androgen reduce c-myc expression. Repression of cell proliferation was
blocked by retroviral overexpression of c-myc in these cells (45). Zhou et al.
(47) showed that androgen-insensitive LNCaP xenograft tumors developed in
castrated male mice have increased proliferation index, decreased apoptotic
index, and increased expression of p53, bcl-2, and p21, compared with parental
LNCaP xenograft tumors. However, a recent cDNA microarray analysis in
LNCaP cells revealed that treatment with the antiandrogen flutamide, which
is known to act as a strong agonist in this cell line (48), up-regulates p21
expression, but not p53 expression (49).

In addition, we showed that the pRb can physically interact with the AR
and stimulate AR-mediated transactivation (50). Interestingly, overexpression
of pRb in DU 145 cells result in an apoptotic activity only when the AR is
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co-expressed, suggesting that pRb-induced apoptosis in prostate cancer cells
is dependent on AR transcriptional activity (51).

5. THE AR AND PROSTATE CANCER INVASION/METASTASIS

Prostate cancer preferentially metastasizes to the bone, as well as lymph
nodes. Although the whole picture of mechanisms responsible for tumor
progression and metastasis is not fully understood, a number of invasion- or
metastasis-related molecules that may exhibit unique functions associated with
modulation of AR activity in prostate cancer have been identified. Effects of
androgens on such molecules in AR-positive/negative prostate cancer cells are
summarized in Table 2.

Interaction between cells and the extracellular matrix (ECM) is mediated
by a family of transmembrane glycoproteins termed integrins, heterodimers
composed of non-covalently associated � and � subunits. The integrin �6�4
is a receptor for laminins and plays a pivotal role in migration and invasion
of cancer cells (52). Integrin �6�4 expression is much higher in AR-negative
PC-3 cells than in LNCaP cells (53). Stable expression of the AR in PC-3 cells

Table 2
Summary of Reported Androgen Effects on the Expression
of Key Molecules Related to Cancer Invasion/Metastasis

in Prostate Cancer Cells

Molecules + Androgen in
AR(+) AS cells

– Androgen in
AR(–) AI cells

Integrin �6�4 Down Up
MUC-1 Up Down
EGFR Down Up
MMPs Up/Down Up
ET-1 Down Up
NEP Up Down
VEGF Up/Down Up/NC
bFGF Up Down
TGF-� Up Up
IGF-1 Up Up
IL-6 Up/Down Up
Caveolin-1 Up Up
PSCA Up

AS, androgen-sensitive; AI, androgen-insensitive; Up, up-regulated;
Down, down-regulated; NC, no significant change (compared with the
expression in AR(+) AS cells without androgen treatment).
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results in decrease in integrin �6�4 expression associated with lower invasion
ability, and androgens further down-regulate integrin �6�4 in both LNCaP and
PC-3 expressing the AR (53). A recent study confirmed these findings in AR-
negative prostate cancer DU 145 cells with stable AR transfection (54). DHT
has also been shown to modulate the expression of another integrin, �2�1,
and an anti-adhesive mucin MUC-1, both of which are involved in metastatic
process of prostate cancer cells (55). Only a few studies were performed
on integrin expression in prostate cancer tissues showed an apparent loss of
expression of integrin �6�4 and its ligand, laminin-5, in invasive prostate
cancer as compared with normal prostate or prostatic intraepithelial neoplasia
(PIN) (56).

It has been shown that integrin �6�4 interacts with erbB-2 and the EGF
receptor (EGFR) to promote cell migration and invasion in response to
EGF (57). In PC-3/AR cells, auto-transphosphorylation of EGFR, which then
activates a downstream phosphatidylinositol 3-kinase (PI3K)/Akt pathway, is
reduced, compared with parental PC-3 cells, and is further reduced following
androgen treatment, despite similar EGFR expression levels in the two cell
lines (58). The AR and EGFR co-localize in prostate cancer cells, and treatment
with EGF in the presence of androgen enhances this co-localization (58). Co-
immunoprecipitation studies confirmed the interaction between the AR and
EGFR in LNCaP and PC-3/AR cells. Expression of EGFR has been shown
to correlate with disease relapse and/or progression to androgen-independent
disease in patients with prostate cancer (59).

Matrix metalloproteinases (MMPs) constitute a broad family of zinc-binding
endopeptidases that play a key role in the degradation of the ECM and
basement membrane. A substantial amount of evidence supports the hypothesis
that MMPs play a key role in multiple steps of tumor progression, including
tumor promotion, angiogenesis, invasion, and metastasis. Previous studies have
demonstrated a positive correlation between increased expression/activity of
MMPs, especially MMP-2 and MMP-9, and malignant potential of prostate
cancer in prostate cancer tissues (60,61). Several studies analyzing primary
cultures of prostatic epithelial and stromal cells also support the contention
that MMP-2 and MMP-9 are differentially expressed/secreted in normal
prostate epithelial and prostate cancer cells. Co-cultures of prostate cancer and
stromal cells also showed significantly enhanced expression of MMP-9 (62),
confirming the importance of tumor–stromal interactions in tumor progression.
Moreover, several growth factors, such as transforming growth factor (TGF)-�
(63) and fibroblast growth factors (FGFs) (64), have been shown to up-
regulate expression/secretion of MMPs in prostate cancer cells. Other in vivo
studies have also shown enhanced expression/activity of MMP-2 or MMP-9
in metastatic prostate tumors (62,65), indicating the significance of MMPs in
the process of metastasis. In prostate cancer cells, androgens have been shown
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to mediate gene expression of MMPs. Schneikert et al. (66) showed that the
AR, through the interaction with the Ets protein, down-regulates expression
of MMPs, including MMP-1, MMP-3, and MMP-7. By contrast, other groups
recently demonstrated that treatment of LNCaP cells with androgens resulted
in increased expression and activity of MMP-2 or MMP-9 (67,68). However,
we have more recently found that androgen supplementation of the androgen-
depleted media significantly reduces secretion and activity of MMP-9 in
AR-positive prostate cancer cells and flutamide blocks this effect (unpub-
lished data). It is noted that two potential ARE-like motifs located in the
promoter region of the MMP-2 gene, with one nucleotide mismatch, have
been found (67). Animal studies have reported a similar phenomenon in
which androgen deprivation leads to increased expression of MMPs (69). For
example, Powell et al. (70) showed that expression of MMP-2 and MMP-7
significantly increased during involution of rat ventral prostate induced by
castration. MMP-9 has been shown to be expressed at high levels in PC-3
and DU 145 cells and at low levels in LNCaP cells. PC-3 cells are capable
of forming osteolytic lesions and MMP-9 may contribute to this activity. We
have shown that androgens can inhibit cell invasion of a stable PC-3/AR cell
line and modulate the activity of MMP-9 via the nuclear factor (NF)-�B-
signaling pathway, with little effect on cell proliferation. These data suggest
that androgens/AR may inhibit the invasiveness of prostate cancer cells by
modulating MMP-9. In addition, radiograph analyses reveal that PC-3 cells
induce a significant osteolytic response in xenograft models, whereas PC-3/AR
cells produce only a slight osteolytic response. MMP-9 activity decreases in
sera from severe combined immunodeficiency (SCID) mice bearing xenograft
tumors from PC-3/AR cells. Importantly, androgenic stimulation of prostate
cancer cells expressing the AR diminishes the secretion and activity of MMP-9
and NF-�B, predicting that androgen deprivation stimulates MMP-9 activity
in prostate cancer.

Endothelin (ET)-1 is produced by endothelial cells as well as many types
of cancer cells and plays an important role in vasoconstriction as well as bone
formation. Specifically, ET-1 has been shown to stimulate osteoblast activity
and inhibit osteoclast activity, suggesting a role in metastatic progression of
prostate cancer to the bone (71). In LNCaP cells, the ET-1 pathways appear
to be turned-off, compared with PC-3 and DU 145 cells (72). In AR-negative
prostate cancer cells, ET-1 gene expression and secretion are up-regulated by
factors involved in tumor progression, such as TGF-�, EGF, and interleukin
(IL)-1. By contrast, in PC-3/AR cells, androgens reduce mRNA expression and
secretion of ET-1 (72). In this study, antiandrogens are shown to antagonize
the androgen effects and even increase ET-1 in the absence of androgens. In
addition, Padley et al. showed that surgical castration in the male dog results
in a significant increase in ET receptors in the prostate (73).
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Neutral endopeptidase 24.11 (NEP) is a cell surface metallopeptidase
expressed by prostatic epithelial cells and inactivates various bioactive peptides
including ET-1 (74). NEP expression is decreased in AR-negative prostate
cancer cell lines and in most of metastatic androgen-independent prostate
cancer specimens (75). Expression of NEP gene is transcriptionally activated
by androgen and reduced with androgen depletion in LNCaP cells (75). NEP
contains an ARE that binds AR, as well as progesterone and glucocorticoid
receptors, and a unique androgen responsive region, which only binds AR,
with a homology to the one identified in the promoter of PSA (76).

Vascular endothelial growth factor (VEGF) is a key factor in the regulation
of tumor angiogenesis, which is produced by tumor and stromal cells. Androgen
depletion in LNCaP culture and castration in male mice bearing LNCaP tumors
were initially shown to result in down-regulation of VEGF expression (77). By
contrast, Li et al. (78) recently reported VEGF-C up-regulation by androgen
ablation in LNCaP cells. Interestingly, in CWR22Rv1 androgen-responsive but
androgen-independent prostate cancer model, androgen ablation inhibits tumor
growth associated with decrease in angiogenesis and VEGF expression (79).
In radical prostatectomy specimens which are presumably androgen-dependent
tumors, a significant correlation between expressions of AR and VEGF was
observed (80).

Among the FGF family, several members including basic FGF (bFGF or
FGF2) and FGF7 (also known as keratinocyte growth factor) have been impli-
cated in prostate cancer (81). In addition to the known effects of FGFs on
cancer cell proliferation, motility, and angiogenesis, FGFs may function as
an essential survival factor in prostate cancer. In LNCaP or PC-3/AR cells,
FGF2 production appears to be regulated by androgen, as androgens increase
FGF2 expression and its bioavailability, as well as expression of FGF-binding
protein, which binds FGF1 and FGF2 (82).

Androgen regulation of other growth factors/their receptors in prostate
cancer cells and cross-talk between AR signaling and some of such growth
factors’ pathways have been reported. These growth factors include TGF-�
(83), insulin-like growth factor-I (IGF-I) (84), and hepatocyte growth factor
(85). One of the potential mechanisms for androgen-independent progression
of prostate cancer is ligand-independent activation of the AR (1). In vitro
studies have demonstrated that several growth factors, such as IGF-I, FGF7,
and EGF, as well as IL-6, increase AR transcriptional activity in the absence
of androgens in prostate cancer cells. These growth factors serve as ligands
for receptor tyrosine kinases, such as EGF receptor and erbB-2, mediated
through signal transduction pathways, such as mitogen-activated protein kinase
(MAPK) and Akt, which can specifically bind to and phosphorylate the
AR. In addition, a number of prostate cancer metastasis-related genes have
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been identified. Among them, caveolin-1 (86) and prostate stem cell antigen
(PSCA) (87) have been shown to be likely under androgen control in prostate
cancer cells.

6. COX-2 AND THE AR IN PROSTATE CANCER

COX is a key enzyme in the production of prostaglandins (PGs) and other
eicosanoids from arachidonic acid. Two COX isozymes have been identified:
COX-1, which is constitutively expressed in many tissues and is considered
a housekeeping enzyme; and COX-2, which is not normally detected in most
tissues, but is expressed by inflammatory cells such as macrophages and
monocytes. It has been suggested that potential mechanistic roles of COX-2
in tumorigenesis and tumor progression include (i) decreased apoptosis; (ii)
increased angiogenesis; (iii) increased tumor invasiveness; and (iv) decreased
immune surveillance [reviewed in (88)]. Indeed, overexpression of COX-2
has been observed in many cancers, including prostate cancer. Consequently,
suppression of COX-2 by specific inhibitors or other types of non-steroidal
anti-inflammatory drugs (NSAIDs), which inhibit the activity of COX-2 (and
COX-1), may lead to inhibition of tumor growth.

A number of studies showed increased expression of COX-2 in prostate
cancer and PIN compared with normal or hyperplastic prostate (89–92). In
most of these studies, increased expression of COX-2 correlated with the higher
grade or Gleason score of the tumors. By contrast, a recent report showed no
significant differences in COX-2 expression between benign and malignant
(cancer or PIN) prostate tissues (93). Instead, consistently increased expression
of COX-2 was observed only in proliferative inflammatory atrophy of the
prostate, which has been postulated as a putative precursor lesion for prostate
cancer (94). In vitro and animal studies have suggested the involvement of
COX-2 in prostate tumorigenesis and cancer progression. The enzyme activity
and protein expression of COX-2 were found to be significantly higher in the
dorsolateral prostate of the transgenic adenocarcinoma of the mouse prostate
(TRAMP) model at 8, 16, and 24 weeks of age, compared with their non-
transgenic littermates (95). LNCaP cells with stably overexpressed COX-2
increased cell proliferation in vitro and tumor growth in vivo, as compared
with parental LNCaP cells, which was associated with increased expression of
VEGF (96).

COX-2 expression in the LNCaP cell line is lower than that in the PC-3 cell
line (89). However, our recent studies show that in LNCaP cells cultured in
charcoal-stripped serum medium, androgen treatment slightly reduces COX-2
expression, whereas an antiandrogen flutamide treatment induces it. Moreover,
reporter gene assays demonstrate that androgens down-regulate the promoter
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activity of the COX-2 gene but flutamide, showing marginal effects by itself,
antagonizes the androgen effect (unpublished data). These results indicate
that androgen ablation (together with antiandrogen treatment) induces COX-2
overexpression/activation in prostate cancer cells.

7. SUMMARY

In the last decade, there has been a considerable change in understanding
the roles of the AR in prostate cancer. Particularly, the evidence showing
that most of androgen-independent prostate cancers are still AR-dependent for
growth has greatly stimulated research on AR functions in prostate cancer. A
better understanding of the molecular mechanisms of AR functions might also
lead to new ideas for therapeutic targets for prostate cancer. Here we have
described the effects of androgens or modulation of AR activity on various
key molecules that are involved in cell proliferation, apoptosis, invasion, and
metastasis of prostate cancer. In patients with androgen-dependent tumors,
modulation of expression/activity of these molecules by androgen deprivation
therapy might be a mechanism for tumor regression. On the contrary, in patients
with androgen-independent tumors, these molecules could be novel therapeutic
targets. Indeed, some strategies that target these molecules are being assessed
in clinical settings. These potential therapeutic approaches in combination with
androgen deprivation therapy, which might exhibit better inhibitory effects
as well as might prolong the androgen-dependent state (97), also need to be
considered.
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1. INTRODUCTION

The androgen receptor (AR) is modified by histone acetyltransferases
(HATs) within its hinge region (HR) at a conserved lysine motif. AR acety-
lation governs a subset of AR functions including ligand specificity, cellular
DNA synthesis, and prostate cancer cell apoptosis. The ligand dihydrotestos-
terone (DHT) augments AR acetylation, which in turn regulates association
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between the AR and its co-repressor complexes. AR acetylation site gain-of-
function mutants show increased association with p300 and decreased associ-
ation with NCoR/HDAC/Smad3 co-repressor complexes. The AR acetylation
site serves as a substrate for HATs and both trichostatin A (TSA)- and nicoti-
namide adenine dinucleotide (NAD)-dependent deacetylases, the sirtuins. The
finding that Sirt1 deacetylates AR (1) provides evidence for a mechanism
by which intracellular metabolic substrates that regulate Sirt activity (2)
may, in turn, regulate hormone signaling and thereby prostate cancer cellular
growth. Recent evidence suggests that sirtuins play a role in cellular aging
and transcription factor function (Fig. 1). The finding that Sirt1 represses AR
activity raises the prospect that dysregulation of AR function with increasing
age may be a consequence of defective Sirt-mediated repression. An enduring
model showing that the AR is associated with a family of histone deacetylases
(HDACs) has been proposed and thoroughly discussed.

1.1. Androgen Receptor
The AR is a member of the structurally related nuclear receptor super-

family which includes receptors for steroid and thyroid hormones, retinoids,
vitamins, and other proteins for which the native ligands have not yet been
found. The nuclear receptor functional domains are conserved within the super-
family members and include the activation function (AF) region, DNA-binding
domain (DBD), HR, and the ligand-binding domain (LBD) (3). The binding

Fig. 1. Reaction of sirtuins. Nicotinamide adenine dinucleotide (NAD) and acetylated
protein substrate are converted to nicotinamide, free lysine side chain, and 2´-O-acetyl-
ADPR, which is in equilibrium with the 3´-O-acetyl-ADPR ester. Substrates for the human
sirtuins SIRT1 and SIRT2 are listed.
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of the AR to specific DNA sequences occurs through the DBD and may
occur as a homodimer or as a heterodimer with other nuclear receptors or
transcription factors. The LBD, upon binding the cognate hormone, adopts an
active conformation that facilitates the dissociation of heat shock proteins and
reassociation with co-regulatory proteins. The N-terminal and LBDs together
interact with transcriptional co-regulators. The AR is unusual among nuclear
receptors as most of its activity is mediated via constitutive activation in the N-
terminus. Deletion of the LBD results in a molecule with constitutive activity.
There are two discrete overlapping activation domains in the N-terminus and
their usage is cell context-dependent.

The AR physically interacts with transcriptional co-regulators, which encode
both intrinsic and associated histone acetylase activities, and have the ability
to recruit additional enzymes that modulate gene expression in response
to hormonal signals. The co-activator adaptors for nuclear receptor family
members have been characterized by a number of laboratories around the world
over the last decade and a half. The Steroid Receptor Co-activator-1 (SRC1)
protein, also known as amplified in breast cancer 1/activator of the thyroid
and retinoid acid receptor (AIB1/ACTR), augments nuclear receptor activity.
The p300/CBP (CRE-binding protein) and P/CAF (p300/CBP-associated
factor) augment AR activity through distinct functions. The co-integrator
protein p300/CBP augments AR activity, in part through their HAT activity and
in part through serving as a molecular bridge between the basal transcription
apparatus and the nuclear receptor itself. The physical association between
AR and p300 is regulated through several distinct contact points of AR. The
p160 co-activator SRC1 interacts directly with the N-terminus of the AR in
a ligand-dependent manner via a conserved glutamine-rich region between
residues 1053 and 1123 of SRC which is both necessary and sufficient for
recruitment of SRC1 to AR (4). Modification of a conserved lysine motif
(residues K630–633) of AR alters the affinity for p300 both in vitro and in vivo.

Histone acetylation intrinsic to the co-integrator proteins is thought to
augment transcriptional activity by facilitating access of transcriptional factors
to the local hormone responsive element of the gene promoter. This activity
is in part contributed by nucleosome destabilization. Co-activator molecules
contain a well-conserved LXXLL motif (nuclear receptor box) that mediates
their interaction with the nuclear hormone receptor. The p160 co-activator
family members interact predominantly with the amino terminus of the AR. The
AR co-activator interactive protein 60 kDa (TIP60) contains a single nuclear
receptor box in its extreme carboxyl terminus that interacts predominantly with
the amino terminus of the AR. The LXXLL motif of TIP60 is sufficient for
AR interaction and, like p300, TIP60 functions to directly acetylate the AR.

In addition, nuclear receptor co-repressors (NCoRs) regulate AR activity.
The NCoR and its homolog SMRT function as co-repressors through the
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recruitment of HDACs. NCoR and SMRT share structural homology within
the N-terminal repression domain that interacts with HDAC complexes and a
transducin-like molecule that interacts with histones. It has been proposed that
a single co-repressor binds to the AR in a DNA-bound dimer. A variety of
distinct AR co-repressor complexes have been identified and recently compre-
hensively reviewed (5). Initially implicated through yeast two-hybrid analysis,
a variety of distinct co-repressor molecules have been identified and charac-
terized primarily using in vitro tissue culture approaches (5). These studies have
been complemented by a more recent proteomic analysis. AR co-repressors
function by inhibiting DNA binding following nuclear translocation, recruiting
co-repressors with HDAC activity, interrupting the N-terminus and C-terminus
of the AR by functioning as scaffolds, and by targeting the basal transcrip-
tional machinery or through new mechanisms involving methylases or other
enzymatic functions.

1.2. Epigenetic Modification
DNA is packaged into nucleosomes consisting of histone proteins including

H2A, H2B, H3, and H4, together with the 147 base pairs of DNA to form
eukaryotic nucleosomes. The DNA wrapped around an octamer of histones
containing two copies of each of the four core histone proteins together
with a fifth class of histone, the linker histone-H1, together facilitates the
packing of genomic DNA into chromatin. Several classes of proteins have
been identified that remodel local chromatin complexes including those with
either ATPase function or HDAC activity. ATP-dependent complexes directly
change chromatin structure. The energy derived from ATP hydrolysis is used
by these complexes to alter the position and stability of the nucleosomes in a
non-covalent manner. The catalytic subunit of the ATP-dependent nucleosome
remodeling complex belongs to the SWI2/SNF-2 superfamily of DNA helicases
and also five major families of ATP-dependent remodeling complexes. The
ATP-dependent remodeling complexes, based on their distinct ATP kinase
subunits, include SWI/SNF, ISWI, Mi-2/NuRD, INO80, and SWR1 (6).

The two human gene orthologs of the SWI/SNF complex are the human
BRM protein and the BRM-related gene-1 (BRG-1) protein. The SWI/SNF
proteins contain a bromodomain that recognizes and binds acetylated lysine
residues in histones and related proteins. The BRG/BRM1 complex co-
elutes in multi-protein complexes with other histone-modifying enzymes. The
Mi-3/NuRD complex, for example, contains HDAC1/2, methylated DNA-
binding proteins, and members of the metastasis associated protein family
(MTA1, MTA2, and MTA3) (7).

An additional class of chromatin-modeling complexes consists of histone-
modifying enzymes, which include HATs, HDACs, histone methyltransferases,
kinases, and ubiquitin ligases. Covalent modification of amino acid residues in
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histone tails including acetylation, phosphorylation, methylation, and ubiqui-
tination occurs in a dynamic manner. A series of inter-dependent interactions
have been documented on which phosphorylation, acetylation, and methylation
cascades occur within histone tails. Acetylation, which occurs at the conserved
lysine residues present in the amino terminal tails of all four core histones,
is thought to neutralize the basic charge of histone tails, thereby reducing
their affinity for negatively charged chromosomal DNA. This results in less
densely packed “euchromatin,” which is transcriptionally active. The notion
that temporarily coordinated dynamic interactions may occur within histone
tails to coordinate signal transduction is now referred to as the “histone code
hypothesis.”

The HAT enzymes are thought of as either type A, located in the nucleus,
or type B, located primarily in the cytoplasm. Although exceptions to these
locations are well characterized, the type B HATs conduct housekeeping roles
in the cell, acetylating newly synthesized free histones in the cytoplasm. By
contrast, type A HATs acetylate nucleosomal histones within the chromatin
of the nucleus. The type A HATs consists of five families: the Gcn5-related
acetylated transferases (GNATs), the MYST (MOZ, Ybf2/Sas3, Sas2, and
Tip60)-related HATs, p300/CBP HATs; the general transcription factor HATs
(TAFII 250), and the nuclear hormone-related HATs (SRC-p160 co-activators).

In addition to histones, the HATs modify an array of distinct substrates,
including structural proteins such as tubulin, transport proteins such as Importin
�, transcription factors such as p53, EKLF, HMG box architectural factor
UBF, and nuclear hormone receptors (8).

1.3. Androgen Receptor Acetylation
1.3.1. Nuclear Receptor and AR Acetylation

Nuclear receptors are post-translationally modified by several distinct
enzymes. In addition to phosphorylation, sumoylation, and ubiquitination, the
AR is acetylated by HATs. The initial description of nuclear receptor acety-
lation identified a motif within the estrogen receptor-� which served as a direct
substrate for acetylation by p300 (9). The candidate acetylation motif KXKK
was conserved amongst different species including vertebrates, arthropods, and
nematodes. The motif was identified within related nuclear receptor members
including AR, TR, RAR�, PPAR�, LXR, FXR, GR, NGF4, and SF1. The
first study demonstrating AR serves as a substrate for HATs was from Fu
et al. (10). In these studies, AR was modified in vitro by p/CAF and p300
(10) and in subsequent studies also by TIP60 (11). More importantly, immuno-
precipitation and western blotting demonstrated that the AR was acetylated
in vivo (12). Both CBP and p300 were shown to enhance ligand-dependent
AR activity using androgen-responsive reporter genes (10). These findings
were consistent with observations that the HDAC inhibitor TSA enhanced
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androgen responsive reporter gene activity. Through point mutational analyses
and in vitro acetylation studies, a minimal region of the AR was identified to
function as a substrate of SirT1 deacetylation (1). The AR acetylation motif is
well conserved in different species, and mutations of the AR lysine residues
630, 632, and 633 abolished p300-dependent activation or DHT-induced AR
activity. It has been hypothesized that acetylation of lysine residues in the
histone tails alters their charge. Acetylation mimic mutants of the AR lysine
residues, either glutamine or threonine substitutions, were shown to augment
the ligand-dependent activation of the AR’s activity.

A series of further studies demonstrated that the acetylation state of
AR determines its affinity for co-regulator proteins. Using anti-acetyl-lysine
antibodies for immunoprecipitation and western blot analysis, AR was shown to
be acetylated upon treatment with DHT or addition of stimuli known to induce
AR activity such as bombesin (13). To determine the mechanisms by which the
AR gain-of-function acetylation mutants enhance androgen-responsive reporter
gene activity, analyses were conducted on the co-activator proteins associated
with the AR in cultured cells. The AR was shown to bind p300 and in the
NCoR/HDAC/Smad3 co-repressor complex in cultured cells (12) (also see
Fig. 2). The AR acetylation gain-of-function mutants that showed enhanced
transactivation activity also showed enhanced co-activator-binding capacity
in cultured cells. Conversely, acetylation dead substitution mutations (alanine
or arginine substitutions) demonstrated reduced p300 binding and enhanced
co-repressor binding associated with reduced transactivation activity. Studies
in vitro demonstrated that the physical association between AR and p300,
which occurred in an acetyl-CoA-dependent manner, was regulated by the
charge of lysine residues within the AR acetylation motif. These findings were
consistent with prior observations showing that the transcription factor acety-
lation site lysine residues are regulated relative to the affinity for co-activator
proteins such as p300 (14).

Functional consequences of the AR acetylation have been addressed.
Although the acetylation site regulates co-activator binding, the acetylation
motif did not affect post-translational modification by either sumoylation or
regulation of transrepression activities. AR is known to regulate NF�B, Sp1,
and AP-1 activities; however, AR acetylation site mutants showed no alter-
ation in their ability to regulate gene expression through NF�B, Sp1, or AP1
activities (15). AR acetylation mutants, however, did alter their affinity with
androgen-responsive gene promoters in the context of local chromatin structure
in chromatin-immunoprecipitation (ChIP) assays (12–16). As expected, AR
acetylation sites’ “dead” mutants were defective in TSA-dependent recruitment
of the AR to the androgen response element of target genes in ChIP assays (16).
It appears that, although the AR acetylation site regulates its binding activity
to an endogenous ARE, AR acetylation does not regulate the AR function on
NF�B, Sp1, or AP-1 (15).
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Ligand (DHT)

Fig. 2. Model by which the androgen receptor (AR) acetylation site particpates in ligand-
induced gene expression. Schematic representation of AR bound to co-repressors in the
absence of ligand in the context of local chromatin dependent in part upon the AR lysine
motif. SIRT1 inhibits AR activity. SIRT1 is shown to associate with nuclear receptor co-
repressor (NCoR)/histone deacetylases (HDACs) repression complex. Upon the addition
of ligand (DHT), disengagement of the co-repressor complex and recruitment of the co-
activator complex engage gene expression, dependent in part, upon the AR lysine motif
modifications.
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The downstream effect of the AR acetylation on cell cycle control gene
promoters was assessed by ChIP assay. The AR acetylation site gain-of-
function mutants showed enhanced recruitment to the promoter of the cyclin
D1 gene (12). Consistent with this observation is that the cyclin D1 gene is
known to be induced by DHT and to promote growth of prostate cancer cells
in culture and in nude mice (17).

1.3.2. Acetylation of the AR Promotes Prostate Cancer

Cellular Growth In Vitro and In Vivo

The studies on the regulatory effects of AR acetylation site on the growth
of human prostate cancer cell lines demonstrated that AR acetylation has an
anti-apoptotic and pro-proliferative function (12). The comparison of growth
characteristics of stable cell lines showed that an increase in the size and

Fig. 3. The androgen receptor (AR) acetylation mutants convey contact-independent
growth. (Aa,b) DU145 cells stably expressing the ARwt or AR acetylation site mutants
were seeded in soft agar. Phase contrast images of the colonies from a representative
experiment are shown (×100). Colony numbers and size (percentage of colonies with more
than 100 cells) determined on day 14. (Ba,b) Nude mice were implanted with 1 × 106 cells
of stable lines expressing either the ARwt or AR acetylation site mutants. Mean volume
of DU145 tumors grown in nude mice are shown at each time point. Reproduced with
permission (12).
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number of colonies in AR acetylation mimic mutants (ARK630Q, ARK630T)
compared with the wild-type AR (Fig. 3). As the relative abundance of the
wild-type and mutant ARs was similar between cell lines, the data suggest that
the single residue substitutions function as a key molecular switch in prostate
cancer cellular growth. When implanted in nude mice, these prostate cancer
cells expressing the AR acetylation site gain-of-function mutants grew more
rapidly (Fig. 3). Careful analysis of apoptosis demonstrated a reduction in
apoptotic nuclei in tumors from nude mice harboring the AR acetylation gain-
of-function mutants (15). Molecular analysis demonstrated that JNK-dependent
AR-mediated apoptosis was reduced by the AR acetylation site mutations (15).
Collectively, these studies were consistent with the model in which the AR
acetylation site regulates cellular growth in part through a reduction in cellular
apoptosis. Analysis of tumors derived from the AR acetylation site mimic
mutants showed an increased expression of a subset of cell cycle proteins. Such
proteins that exhibited an expression increase in the AR acetylation site mutant
cell lines included cyclin D1 and cyclin E (12). The promoters of both cyclin
D1 and cyclin E gene were activated by the AR acetylation mimic mutants
proportionately more than by the wild-type AR. Together, these studies were
consistent with a model in which the AR acetylation site mimic mutants convey
both an anti-apoptotic and pro-proliferative function.

1.3.3. Expression of AR Co-Activators in Prostate Cancer

Abnormal expression of AR co-activators in prostate cancer has been observed,
which induce prostate cancer growth. The expression of p300 is higher in
prostate cancer tissue and correlates with a higher Gleason score, larger tumor
volumes, and extra prostatic extension. These findings suggest that upregu-
lation of p300 may participate in apoptotic and phenotypic cellular changes
that promote prostate cancer progression (18). The AR co-activators SRC1
and SRC2 are expressed in androgen-independent prostate cancer. In the
majority of recurrent prostate cancers overexpression of SRC1 and SRC2 is
exhibited. Nuclear staining of SRC1 and SRC2 is more intense in prostate
cancer compared with benign prostate hyperplasia (19). In addition, broad
changes in chromatin acetylation are observed in prostate cancer specimens,
which correlate with tumor progression and expression of histone demethy-
lases (LSD1). This demethylase binds the AR and is overexpressed in human
prostate cancer samples (20,21).

2. ANDROGEN RECEPTOR DEACETYLATION

2.1. Histone Deacetylation
Post-translational acetylation of � amino lysine residues is reversible.

In humans, some ATP-dependent deacetylases have been identified. These
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deacetylases regulate the removal of acetyl groups and maintain a dynamic
equilibrium of both histone acetylation and the acetylation of non-histones,
including transcription factors. HDACs are recruited into the context of local
chromatin through hormone signaling (22). HDAC activity is coordinated
at nuclear-receptor-binding sites in the context of local chromatin structure.
HDACs consist of two broad protein families: those with NAD-dependent
HDAC activity and those with TSA-sensitive HDAC activity.

According to their homology to yeast transcriptional repressors, the HDAC
family is divided into three distinct classes with Class I HDACs (HDAC-1,
-2, -3, -8) and Class II HDACs (HDAC-4, -8, -9, -11) homologous to Rpd3P
and Hda1P, respectively. The Class I HDACs are localized primarily in the
nucleus and are relatively ubiquitously expressed. The Class II HDACs are
located in both the nucleus and the cytoplasm. The expression patterns of
Class II HDACs are relatively more tissue-specific with HDAC-4, HDAC-8,
and HDAC-9 showing more expression in tumor tissues than in normal cells.
HDAC-11 contains a unique catalytic domain at the N-terminus which has
HDAC activity and, by homology, most closely resembles a Class I HDAC.

The Class III HDACs are homologs of the yeast transcriptional repressor
Sirt2p. In mammalian cells, seven related genes have been identified
and comprise the Sirt family. The mammalian sirtuins share a common
NAD-dependent histone/protein deacetylase activity. The NAD-dependent
deacetylase enzymes are widely distributed in nature and are conserved
from bacteria to humans (2). The sirtuins are NAD+-dependent deacetylases
that require NAD+ stoichiometrically to deacetylate acetyl-lysine residues of
multiple downstream substrates (Fig. 1). The deacetylation reaction forms
the products 2´- and 3´-O-acetyl-ADP-ribose. These products are considered
candidate second messengers of signaling pathways (23). In yeast, these
metabolites function in heterochromatin formation and maintenance. The
enzyme is in turn inhibited by nicotinamide, a product of the sirtuin reaction.
The reduced dinucleotide, NADH, also inhibits the production of NAD. As
nicotinamide serves as a metabolic product in the cell, it has been proposed
that sirtuins may function through NAD to integrate metabolic signaling to
gene expression via deacetylation of key acetylated lysine residues on local
histone and transcription factors (Fig. 1) (2).

The sirtuins regulate insulin-1/insulin-like growth factor (IGF)-1-signaling
activities in Caenorhabditis elegans and in mice (24). In yeast, Sirt plays a key
role in DNA repair. Acetylation and deacetylation of histones are important
in double-stranded DNA damage repair in mice and in cultured cells. Sirt2
affects DNA double-strand repair of the non-homologous end-joining type
through an indirect mechanism (25–27). TSA-sensitive HDACs also play a
role, and Sin3p deficiency reduces the efficiency of non-homologous end-
joining repair. Sin3p-dependent hyperacetylation of lysine 6 histone H4 occurs
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in the vicinity of double-strand breaks suggesting a role for Sin3p in DSB in
Saccharomyces cerevisiae cells (28). In mammalian cells, sirtuins may affect
DNA damage through two mechanisms: first, by modifying chromatin structure
at the damaged site via altering the access of repair enzymes and, second, by
deacetylating p53, thereby blocking p53-dependent apoptosis.

Sirtuins play an evolutionarily conserved role in regulating insulin signaling
in C. elegans, mice, and humans. In C. elegans, Sir2 opposes insulin signaling
(29) and Sirt1 regulates FOXO1 activity (30). FOXO1 is phosphorylated in
mammalian systems and inhibited by insulin via the PI-3 kinase/Akt-dependent
signaling pathway (30). Sirt1 is an important mediator of gluconeogenic
responses in the liver, potentiating FOXO1 activity in hepatocytes to direct
glucose metabolism toward gluconeogenesis. Sirt1 upregulates PGC1� through
deacetylation of PGC1 (31). Sirt1 modulates insulin secretion in the pancreas
and regulates fat metabolism (2).

2.2. Androgen Receptor Deacetylation
Recent studies examined the ability of Sirt1 to regulate AR function through

AR acetylation (1). Immunoprecipitation and western blotting demonstrated
the co-association of the AR with Sirt1 in cultured cells. The expression and
function of the AR was repressed by expression of Sirt1, and AR acetylation
was enhanced by inhibitors of Sirt1. The inhibition of Sirt function by Sirtinol
or nicotinamide induced AR expression and AR activity prostate in cancer cells.
Inhibition of endogenous Sirt activity enhanced androgen-responsive reporter
gene activity to a similar level as the addition of DHT (1). The ability of
Sirt1 to inhibit AR-mediated gene expression was dependent upon the catalytic
function of Sirt1. A single point mutation of hSIRT1 (SIRT1H363Y) abrogated
SIRT1-dependent repression of the AR (Fig. 3).

It has been shown that AR associates both in vitro and in vivo with Sirt1. AR
co-localized with Sirt1 in the presence of DHT, forming nuclear, extranucleolar
cord-like structures. In biochemical analysis, direct comparison was made
between the ability of the Sirt enzyme to deacetylate an acetylated AR peptide.
The AR served as an equivalent substrate for Sirt to either acetylated p53 or
p300, both of which are known to serve as Sirt substrates (15). The acetylated
AR served as a substrate for yeast, bacterial, murine, and human SIRT in
biochemical assays, indicating the conservation of this molecular interaction.
Sirt1 transduction of AR-expressing prostate cancer cells inhibited cellular
growth (1). Growth repression by Sirt1 was dependent upon the presence of
the AR as exhibited by Sirt1‘s failure to inhibit AR-deficient prostate cancer
cells lines. Sirt1 inhibited androgen-dependent prostate cancer cellular growth
(1). The minimized structure of the hSIRT1 AR peptide/NAD complex was
shown as a model (Fig. 4) generated by using the molecular display program
Chimera from the University of San Francisco. In this model, the KLKK
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Fig. 4. Homology model of androgen receptor (AR)-“KLKK” peptide with nicotinamide
adenine dinucleotide (NAD)-bound SIRT1. The structure of the hSirT1 and AR “KLKK”
peptide–NAD complex is shown as the ribbon model generated using the molecular display
program Chimera. The “KLKK” peptide (yellow) and the NAD molecule (cyan) are shown
as the “ball-and-stick” model. Reproduced with permission (1).

peptide (yellow) and the NAD molecule (cyan) is shown as “a ball and stick
model.” The hydrophobic part of the lysine K630 side chain packs favorably
against the aromatic ring in the side chain at F309.

Endogenous levels of nicotinamide may inhibit Sirt activity (1) indicating
that the concentration of nicotinamide in response to physiological changes
could affect Sirt function. Androgens are known to maintain muscle mass
and induce cellular gene expression in muscle (32,33). Sirt regulation of AR
activity may play a role in maintaining normal muscle mass. Sirt activity
is regulated by NAD/NADH. Thus, it is known that in the resting muscle,
increases in the NAD/NADH ratio inhibit muscle gene expression, whereas
lactate reduces the NAD/NADH ratio and stimulates muscle gene expression.
Lactate-mediated inhibition of Sirt1 activity must be anticipated to induce
AR function and enhance muscle anabolism. The role of altered NAD/NADH
ratios in prostate cancer onset and progression remains speculative. However,
it is known that during prostate cancer progression, metabolism shifts toward
cytosolic glycolysis (34,35). Because of this shift, the increased production of
lactate that occurs during prostate cancer progression (36,37) is predicted to
inhibit Sirt activity and may thereby enhance AR function. Global histone gene
modifications occur in prostate cancer tissue including acetylation of histone
H3K18 and H4K12 and acetylation of H3K9 (38), which are all targets of
Sirt1 (39). The role of SIRT1 as a risk factor for prostate cancer occurrence
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and the role of Sirt1 activity in regulating histone H3 lysine 9 during prostate
cancer progression remain to be determined.

3. CONCLUSIVE REMARK AND PERSPECTIVE

An evolving model now shows that the AR is associated with a family of
HDACs that are disengaged upon the addition of ligand (Fig. 2). The class
III HDAC, Sirt1, deacetylates the AR. Like the AR, the estrogen receptor
is acetylated at conserved residues, suggesting that acetylation is a general
and well-conserved mechanism governing the function of the nuclear receptor
superfamily. Future studies will be required to determine processes regulating
nuclear receptor acetylation and deacetylation in normal physiology and the
effects of NR acetylation in pathological conditions including breast and
prostate cancer. Therapeutic intervention may become feasible with further
understanding of the dynamic process governing nuclear receptor acetylation
and deacetylation and their role in breast and prostate cancer progression.
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1. INTRODUCTION: HISTORICAL PERSPECTIVE

In 1941, Huggins et al. (1–3) established a basis for the hormonal treatment
of prostate cancer in a paper describing the beneficial effect of endocrine
treatment for locally advanced prostate adenocarcinoma. In 1946 and 1950,
Nesbit (4,5) conducted a thorough retrospective analysis of 1818 prostate
cancer cases investigating the outcomes of various treatment strategies. He
found that a combination of the non-steroidal estrogen, diethylstilbestrol (DES),
with bilateral orchiectomy was the best treatment option for the patients with
locally advanced disease. The hypothetical mechanism of action of estrogens
was speculated to be suppression of testosterone (T) synthesis through negative
feedback on the hypothalamo–pituitary axis. Interestingly, the idea of Huggins
that there could be a direct estrogenic influence on the prostatic epithelium was
ignored. Of possible significance in this context is that the synthetic estrogen
Chlorotrianisene, introduced into the clinic in 1951, was shown to be efficient
although it did not lower T levels to castrated values (6).

The first evidence of cardiovascular side effects of DES treatment came
with the results of Veterans’ Administration Cooperative Urological Research
Group (VACURG) in 1967 (7). The study was conducted in a randomized
fashion, comparing 5 mg DES with placebo, and included more than 2000
cases. One of the major conclusions of the study was that DES at a dose of
5 mg/day caused an extremely high cardiovascular mortality rate. As clinicians
became aware of the cardiovascular complications accompanying the use of
DES, its use in the treatment of prostate cancer began to decline and two
alternatives were introduced to the clinic. Canadian endocrinologist Ferdinand
Labrie was, and still is a strong proponent of the use of luteinizing hormone-
releasing hormone (LHRH) agonists. He introduced them into clinical treatment
of prostate cancer. Then came the first non-steroidal antiandrogen, flutamide,
marking the beginning of the era of a combined hormonal treatment (CHT), also
known as maximal androgen blockade (MAB). In terms of median survival,
the method was superior to LHRH agonist monotherapy (8) and soon got
recognition in the urological world. The estrogens were relegated to a small
niche in the urological armamentarium.

2. DISCOVERY OF ESTROGEN RECEPTORS

Whereas pharmaceutical research was more focused on androgens and anti-
androgens in the treatment of prostate cancer, basic science was trying to
clarify the actions of estrogen in the prostate. In 1962 Elwood Jensen and
colleagues (9) identified the first estrogen receptor (ER)� in uterine cytosol.
Identification was based on the high affinity of ER� for 17�-estradiol (E2) and
this was only possible when highly radioactive [3H] E2 was synthesized. More
than 20 years after its discovery, ER� was cloned with the help of very specific
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antibodies raised in the Jensen laboratory (10–12). ER� turned out to be a
member of the nuclear receptor supergene family, the first member of which,
the glucocorticoid receptor, had been cloned in 1984 (13). There followed
quite rapidly the cloning of the other members of this superfamily, including
androgen, progesterone, mineralocorticoid, and vitamin D and vitamin A
receptors (14–20). With cross-hybridization techniques, using the conserved
DNA-binding domain (DBD) as a hybridization probe, a surprising number of
novel members of this family were discovered, and for some of these receptors,
no known ligand has yet been discovered. In 1995, during a search for nuclear
receptors in the prostate, the second ER, ER�, was discovered (21).

The structural architecture of ER� and ER� is typical for all other members
of the NR family, namely an N-terminal region (A/B domain), containing a
constitutively active transactivation region (AF-1); a DBD (C domain), which
contains the P-box, a short motif responsible for DNA-binding specificity
and involved in dimerization of ER; a D domain that behaves as a flexible
hinge between the C and E domains and contains the nuclear localization
signal (NLS); and an E domain, whose secondary structure of 12 �-helices
is responsible for ligand binding. Comparisons of the protein structure of the
two ERs showed 96% identity in DBD domain and 59% homology in LBD
domain (21). Hypothetically that means that both ERs would bind to the same
response elements on the DNA, but the ligands, activating receptors, would
be different. The N-terminal region, containing AF-1, and the C-terminus
with AF-2 were even less conserved. This would predict different co-regulator
binding properties between two receptors.

Although all of the details of the signaling through ER have not been
worked out, the following is a simplified scheme as to what happens: ERs are
expressed in the cells of a target tissue in an inactive form in complexes with
chaperons. Once the E2 binds to ER, one of the chaperons, HSP-90, dissociates
from the complex and ERs are released; ER monomers then associate to form
dimers and the dimers bind to specific regions of DNA, attracting co-modulator
proteins and influencing the transcription of different target genes.

Soon after ER� was found, virtually all tissues in the body were screened
for its presence. As predicted, ER� was found in the mammary gland, uterus,
placenta, liver, central nervous system, cardiovascular system, and bones.
These tissues expressed high levels of ER� and responded to E2 by increasing
the transcription of certain estrogen-controlled genes. In other tissues, including
prostate, testis, gall bladder, skin, lymphatic and erythropoietic systems, which
do respond to estrogen, ER� expression was not detectable (22). This is how the
classification of target tissues into “classical target tissues” and “non-classical
target tissues” began.

The prostate gland was classified as a non-classical E2-target tissue. ER�
was found in the prostate, but it was localized exclusively in the stromal part
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of the gland (23–26). This finding led to the concept that all direct influences
of estrogen on the prostate are mediated by stromal ER and possibly via
growth factor signaling pathways (27,28). An obligatory role for stroma in
the estrogen actions in the prostate became an obsolete concept soon after
ER� was discovered. Not only was ER� cloned from the rodent prostate, it is
abundantly expressed in prostatic epithelium. Interestingly, ER� is expressed
in both the epithelium and stroma of the human prostate.

3. CREATION OF KNOCKOUT MOUSE MODELS

The next big challenge was to discover the function of ER�. Very early it
was found that ER� does not elicit the classical estrogen actions in the uterus
and pituitary. To many endocrinologists, this simply meant that ER� was a
vestigial receptor. However, to other investigators, this led to the idea that ER�
selective agonists could act on the prostate and breast without having the worst
side effects of estradiol, i.e., chemical castration and uterine cancer. Study of
ER knockout mice was to prove very fruitful in the question of the functions
of ER�.

Silencing of a gene of interest with unknown function by creating genet-
ically modified mice became a classical method in modern science (29,30).
A mouse with inactivated ER� (ER�−/−) was created in 1993 (31). It was
reported that male ER�−/− mice have altered spermatogenesis with reduced
fertility, but that the prostate was not affected morphologically (32). ER�−/−

mice were generated in 1998 (33). Interestingly, in ER�−/− mice at 2–3 months
of age, the prostates were morphologically normal. However, as mice aged,
the ventral prostate developed foci of epithelial hyperplasia. Our laboratory
published several papers describing mouse prostatic epithelial hyperplasia
in the absence of ER� signaling (33–35). The incidence of this phenotype
increased with age; very seldom seen in 6-month-old mice, it could be found
almost in every mouse at the age of 24 months. These lesions were reminiscent
of a well-recognized morphological precursor of prostate cancer in humans,
namely prostatic intraepithelial neoplasia (PIN) (36). However, we have never
seen cellular atypia in PIN-like lesions in mice and never detected any signs
of carcinoma in situ (CIS). Mouse hyperplastic lesions showed only mild
tissue atypia, similar to low-grade PIN (LG PIN) in humans. This pheno-
typical feature of ER�−/− mice became one of the corner stones in the
ER� research. The two other large laboratories studying ER� −/− mice saw
no abnormalities in the prostate and called our findings a “cutting artifact”
(33,34,37).

At about the same time, a new knockout mouse model useful to study
estrogen signaling became available. In 1998, Evan Simpson’s (38) group
reported the creation of aromatase knockout (ArKO) mouse. Aromatase
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(P450arom) is the enzyme that catalyzes metabolic transformation of C19
steroids into estrogens. ArKO mice cannot produce estrogens but do express
both ERs. The prostates of these mice were reported to be enlarged and hyper-
plastic (39). Thus by the end of 1990s, researchers in the estrogen field had three
mouse knockout models to use for the dissection of ER� and ER� function.
This dissection is not complete and our knowledge base is growing everyday
with new data coming from different laboratories. However, the accumulated
data on estrogen signaling is already at the stage when new ER-modulating
agents are close to being introduced into the clinics.

4. TESTOSTERONE–5�-DIHYDROTESTOSTERONE–
5�-ANDROSTANE-3�, 17�-DIOL (3�ADIOL) PATHWAY

The reduction of T to dihydrotestosterone (DHT) is a very well charac-
terized biochemical reaction, catalyzed by the enzymes 5�-reductase type I
and II. The type II enzyme is in fact used as a target for pharmacological
therapy of benign prostatic hyperplasia (BPH). Blocking 5�-reductase in the
prostate is considered beneficial, because DHT is a more potent agonist for
AR than T. Examples of 5�-reductase inhibitors are medications finasteride
(Proscar, MSD, Whitehouse Station, NJ, USA) and dutasteride (Avodart, GSK
UK) widely used in the clinical practice. We have been trying to make clini-
cians aware of the fact the 5�-reductase inhibitors do have an unwanted side
effect. Metabolites of DHT participate in the complex system of hormonal
control, and their absence, when DHT synthesis is blocked, can result in
loss of growth control and loss of differentiation of the prostatic epithelium.
Figure 1 outlines the T–DHT pathway. As is clear from the figure, DHT

Fig. 1. Testosterone metabolic pathway in the prostate. 1: 5�-reductase type II; 2: 3�-
hydroxysteroid dehydrogenase and �5, �4-isomerase; 3: 3�-hydroxysteroid dehydrogenase
and �5, �4-isomerase; 4: 3�-Adiol hydroxylase.
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can be metabolized to two stereoisomers: 5�-androstane-3�, 17�-diol (3�-
Adiol) and 5�-androstane-3�, 17�-diol (3�-Adiol). This biochemical reaction
is reversible and catalyzed by 3�- and 3�-hydroxysteroid dehydrogenases (3�-
HSD and 3�-HSD). 5�-Androstane-3�, 17�-diol (3�-Adiol) is an androgenic
compound, possibly serving as a depot for DHT. 5�-androstane-3�, 17�-diol
(3�-Adiol) is an estrogenic compound, capable of activating both ER� and
ER�. Moreover, the concentration of 3�-Adiol in the prostate is higher than
that of E2, making it a perfect candidate to be a natural ligand for ER� (40). 3�-
Adiol undergoes further transformation to inactive triols, a reaction catalyzed
by 3�-Adiol hydroxylase (CYP7B1).

5. ERS AND PROSTATIC EPITHELIUM

5.1. ER�

The tragic outcome of the use of DES in pregnant women is one of the
dramas in the modern history of medicine. DES is a synthetic non-steroidal
estrogen that was prescribed to about 4 million women in the USA between
1938 and 1971 to prevent miscarriages [reviewed in (41)]. The drug was
ineffective in preventing miscarriages, but in utero DES exposure caused
vaginal adenocarcinoma and cervical cancer in the daughters of the women
taking medication (42). The sons of DES-treated mothers are also reported
to have higher incidence of genital abnormalities, testicular cancer (43,44),
and squamous metaplasia in the prostate (45). This process of hormonal
programming of a developing organ predisposing it to the changes in adulthood
is called imprinting.

In order to understand the toxicity of DES in human fetuses, it was quite
natural to test the effects of DES in mice. Administration of DES during
the neonatal period resulted in prostate enlargement and increased risk of
dysplasia in adulthood (27,46,47). Similar effects have been reported for rats,
undergoing in utero estrogenization (48). The question, which of the ERs
mediates these effects, was open until the definitive study from the group
of Korach was published (28). It was shown that ER�−/− mouse prostates
are resistant to prenatal estrogenization whereas ER�−/− and wild type (Wt)
are equally sensitive. At this point, it became clear that negative effects of
prenatal estrogenization are mediated by ER�. Because ER� is localized in
the prostatic stroma, it was concluded that prostatic epithelium receives signals
from stromal ER� through some growth factor signaling pathways.

In 2005 we published a study (49), showing that ER� is abundantly
expressed in the epithelium of the developing prostate so it is not necessary
to invoke a mechanism involving growth factors from the stroma. During the
specific time frame of second to fourth weeks of postnatal life, ER� and not
ER� is predominantly expressed in the prostatic epithelium. This transient
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expression coincides with high proliferative activity and branching morpho-
genesis of the prostatic epithelium. Around the fourth week of postnatal life,
marking the end of proliferation and beginning of differentiation and functional
activation of epithelium, ER� is switched off and ER� becomes dominant.
Even with the naked eye, it is obvious that once removed from its site at
the base of the bladder, the ER�−/− prostate has an overall appearance quite
different from Wt prostates. The gland does not maintain its shape but tends
to spread out as though the structure is weak. The reason for this apparently
fragile structure became clear when the gland was examined under a micro-
scope. Overall, the ductal system of the ER�−/− mouse ventral prostate is
composed of two main very long primary ducts with no branching at the
bifurcation of the two ducts. These observations suggest a role for ER� in
branching morphogenesis of the prostate.

5.2. ER�

ER�−/− mice, despite showing signs of hyperplasia with aging, still have
functionally active prostate glands. Studies from our group demonstrated that
in the absence of ER�, proliferation of prostatic epithelium is increased and
apoptosis is suppressed. We have postulated that the general function of ER�
in the prostate is repression of proliferation. Our observations are supported
by reports from other groups, testing this hypothesis on the cell lines (50).

On the basis of our observations on altered terminal differentiation of
mammary gland epithelium in the absence of ER� signaling (51), we hypothe-
sized that ER� plays a general role in the regulation in epithelial differentiation.
Epithelial cells in the prostate form a time-line or a continuum of cells in
different stages of differentiation. The continuum can be roughly divided into
three groups or stages of differentiation: basal cells, intermediate cells, and
luminal cells. The intermediate cell group is also known as transiently prolif-
erating/amplifying pool of cells, because of the capability of these cells for
rapid proliferation. TP/A group of cells is also divided into basal intermediate
and luminal intermediate cells (Fig. 2).

These cellular pools are characterized by a specific protein expression profile
that makes it possible to separate one from the other. This protein expression
pattern is also known as a cytokeratin profile (52–54). Basal cells are localized
in the basal cellular layer, attached to the basement membrane. These cells
express AR and are believed to include a pool of prostatic stem cells (55,56).
Basal cells are androgen sensitive, but independent of androgens for survival.
Upon stimulation with androgen, they undergo a slow division process that
can be symmetrical—giving rise to two similar basal cells—or asymmetrical,
when one of daughter cells is entering the differentiation process. Interme-
diate cells (also known as transiently proliferating/amplified cells) represent an
in-between stage of prostatic epithelial differentiation. These cells are androgen
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Fig. 2. Differentiation continuum of prostatic epithelium.

sensitive but also dependent upon androgens for survival. Upon androgen
stimulation, they proliferate, but upon androgen withdrawal, they die. The
luminal cell pool consists of highly specialized secretory cells, located at the
luminal side of the duct. These cells produce components of prostatic secretion
and eventually die by shedding off into the lumen. Luminal cells are androgen
sensitive and dependent, but because they are highly specialized, they have lost
the ability to proliferate. Androgen stimulates secretory activity of these cells.

Studies in our group showed that, in the absence of ER� signaling, mouse
prostatic epithelial differentiation is altered, resulting in the accumulation of
cells in TP/A stage, most probably belonging to the basal intermediate group
(35). These cells are capable of rapid proliferation upon androgen stimulation.
We used cytokeratin profiles to characterize the cellular composition of ER�−/−

prostates. We found that the differentiation pattern in the absence of ER�
signaling was altered in that the ratio between the three cell pools is shifted
toward cells in the TP/A stage. That means that there are less cells that possess
luminal and basal phenotype and more cells in the intermediate pool, capable
of rapid proliferation process, hence the increased proliferation rate in ER�−/−

mouse prostates.

6. PROSTATE CANCER PREVENTION TRIAL FROM ER�
POINT OF VIEW

After publication of our study, the results of the Prostate Cancer Prevention
Trial (PCPT) were published. This was a multicenter prospective double-
blinded study of finasteride (Proscar, MSD) as a preventive agent for prostate
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cancer. The rationale for the study was that a 5�-reductase inhibitor could
reduce the incidence of prostate cancer (CaP) by decreasing intraprostatic
levels of DHT. More than 18,000 healthy volunteers aged 55 or above were
randomized into two arms: finasteride 5 mg daily and placebo. After 7 years
of treatment, as anticipated, the incidence of prostate cancer in finasteride arm
was reduced (18.4% vs. 24.8% in the placebo arm). However, there was a big
surprise when the histology of the cancers was examined. In the finasteride-
treated group, the incidence of low-differentiated, aggressive Gleason 7–10
tumors was 67% higher (finasteride, 280/757, 37%, vs. placebo 237/1068,
22.2%; P < 0.001). Despite the reduction in cancer risk in the finasteride arm,
any urologist would admit that increased incidence in Gleason score above 7
is totally unacceptable because it is a strong indication of very poor survival.

The authors of the original paper provided several possible explanations
of the phenomenon. First, they attributed the higher incidence of aggressive
tumors in the finasteride arm to likely “treatment effect”; clonal selection
of tumors more sensitive to low androgen environment; or selective killing
of the low-grade tumors. There were several editorials questioning the inter-
pretation of the results. One problem in particular is the fact that treatment
with finasteride changes prostate morphology (57). It is thought that finas-
teride treatment causes similar morphological alterations as seen in LHRH-
treated prostates (58–60). Thus, according to some authors, application of
Gleason grading system is not applicable, because essentially non-malignant
morphological alterations can lead to over grading. Some analysts propose that
because the same number of high Gleason tumors were detected in the placebo
group, it is the ratio of low-Gleason tumors that is changed after finasteride
treatment, suggesting that finasteride is only effective preventing low-Gleason
tumors (61).

We contributed to the discussion of the PCPT with our own view of what
has happened after 7 years of blocking 5�-reductase. It is our hypothesis that
higher incidence of low differentiated tumors in finasteride-treated arm of the
PCPT is caused by lack of the natural ER� ligand, 3�-Adiol (62). From the
clinical point of view, blocking 5�-reductase activity and altering T–DHT
pathway has obvious benefits that have been discussed elsewhere. However,
one unforeseen casualty lies downstream of such biochemical intervention.
It is 3�-Adiol which, as a natural ligand for ER�, is pro-differentiative. We
think that finasteride should not be given as monotherapy, but should be
given in combination with ER� agonists. Interestingly, even before PCPT, a
small study was carried out in 52 men with prostate-specific antigen (PSA)
higher than 4 ng/ml, but no morphological evidence of prostate cancer. After
randomization into active and placebo groups and 12 months’ treatment, it
showed a significantly higher cancer incidence in finasteride group, while the
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incidence of PIN was not different (63). A second report from the PCPT
study retracts the evidence that the Gleason scores were indeed higher in the
finasteride arm of the study and this has led to further debate about the design
and interpretation of the study. The debate about the PCPT results is still
ongoing.

At the moment, a study of a new, dual 5�-reductase inhibitor, dutas-
teride, is being performed (64). The study, named Reduction by Dutasteride
of Prostate Cancer Events (REDUCE), will analyze not only Gleason score,
but the cancer aggressiveness by using specific markers for aggressive growth.
However, one has to keep in mind that dutasteride, because of its 45-fold higher
potency compared with finasteride and the ability to inhibit both isoforms of
5�-reductase, type I and II, would result in much lower serum and intrapro-
static concentrations of DHT. These observations would suggest that the
amount of 3�-Adiol available for ER� activation would be even less than
under finasteride treatment, possibly resulting in more prominent changes in
prostatic morphology. Phytoestrogens seem to be good candidates for combi-
nation with finasteride. New synthetic compounds capable to activate ER�
without affecting ER� are on their way to the clinics. One should expect the
appearance of a new class of pro-differentiative agents, perhaps useful for
cancer prevention, as neo-adjuvant therapy and in combination treatment of
prostate cancer.

7. ERS AND PROSTATIC STROMA

It is known that an imbalance in the ratio between estrogen and androgen is
involved in the pathogenesis of BPH. Estrogenic activity in the prostate is the
sum of the actions of both E2 and 3�-Adiol (40) as well as the responses of ER�
and ER�. At the same time, intraprostatic levels of E2 are very low compared
with those of 3�-Adiol (40). DHT and 3�-Adiol are both synthesized in the
stroma where 5�-reductase type II (65) and 17�-HSD type 7 are primarily
located. Stromal 3�-Adiol can activate both epithelial/stromal ER� and stromal
ER� (66). In the prostate stroma, ER� seems to be proliferative.

At present, the clinical rationale for the use of 5�-reductase inhibitors in the
treatment of BPH is that stromal AR is responsible for stromal overgrowth,
and indeed, administration of 5�-reductase inhibitors and castration effectively
lead to prostatic involution. There is one puzzling fact, which does not fit with
the explanation that 5�-reductase inhibitors are efficient in BPH by reducing
androgens in the aging prostate. The fact is that the estrogen/androgen ratio
in the aging prostate is shifted in favor of estrogen, because of the decline in
androgen (67).

We propose an alternative explanation for the beneficial use of 5�-reductase
inhibition in the treatment of BPH. It involves ER�, 3�-Adiol, and CYP7B1. It
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is as follows: DHT is converted into 3�-Adiol in the stroma where it activates
ER�. The estrogenicity of 3�-Adiol is regulated by cellular levels of CYP7B1.
If CYP7B1 levels are low, ER� is activated and stromal growth ensues. We
think that 5�-reductase inhibitors work because, by reducing DHT, they also
decrease the level of stromal 3�-Adiol. This role of 5�-reductase inhibition
helps us to solve the problem of why the incidence of prostate cancer increases
as the T levels decline with age and why androgen replacement therapy does
not increase BPH or development of prostate cancer. Interestingly, a recently
performed large cohort study showed an inverse relationship between serum
levels of T and cancer aggressiveness (68). The same phenomenon was reported
for circulating androgen bioactivity (69).

There is one other important player to be considered if we are to understand
estrogen action in the prostate, ER�cx�. ER�cx does not bind to E2 or to 3�-
Adiol, but if expressed in the same cell with ER�, it acts as a dominant repressor
(70,71). If ER�cx is expressed in stromal cells with ER�, stromal growth
should be repressed. Questions about cellular localization and regulation of
the expression levels of ER�cx and CYP7B1 need to be answered for an
appropriate understanding of estrogen signaling in prostate disease.

8. ESTROGEN IMPRINTING OF PROSTATE

We have already touched the subject of estrogen imprinting of the prostate
and the role of ER� in this phenomenon. Here we would like to discuss this
amazing phenomenon trying to put ER� in the context. The term “estrogen
imprinting” was first suggested by Rajfer and Coffey in their hallmark publi-
cation in 1978 (72).

The DES catastrophe and studies of estrogen administration in rodents
resulted in negative effects of estrogenization in utero. Could there be positive
effects of in utero estrogenization? Mice do not spontaneously develop prostate
cancer and therefore it is impossible to study the anti-cancer protection that
might occur during in utero treatment. Such protection surely exists, even
though only indirect evidence on the matter is available right now. Soy phyto-
estrogens in the Asian-style diet are considered the key factor in low incidence
of prostate cancer in certain countries. Phytoestrogen-containing products were
known to be healthy long before the discovery of ERs. Population studies of
the influence of Western-style diet on incidence of prostate cancer provided
evidence that Asian food does protect against prostate cancer. However,
it is not only the beneficial properties of an Asian-style diet but also the
unhealthy properties of the Western-style diet that have to be taken into consid-
eration. At the same time, it is known from the literature that a soybean
isoflavone mixture suppresses the development of invasive carcinomas of the
rat prostate/seminal vesicles (73), and genistein and daidzein possess anti-
cancer effects on relatively early stages of prostate cancer development (74,75).
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However, according to population studies, based on careful retrospective
analysis of migrated Japanese and Chinese, the protective effect of the Asian-
style diet lasts in the first and also in a second generation of emigrants, despite
their changed life-style (76). Interesting evidence came from the analysis
of Multiethnic Cohort Study (MEC), performed between 1993 and 1996,
which involved 215,000 cases. After careful statistical analysis of the obtained
incidence data, authors postulate the existence of “residual effects of exposures
during childhood,” which had an important influence on natural history of
hormone-dependent cancers, including prostate cancer in adulthood (77).

Thus, we can hypothetically distinguish two types of imprinting: a negative
imprinting, well documented in DES administration studies, and positive
imprinting lying behind the Asian-style diet anti-cancer protection. Following
this logic, it is easy to hypothesize about the role of various ERs in different
types of imprinting. This approach is a rather straightforward one, and cannot
be omitted until proved otherwise. We hypothesize that the two types of
imprinting are mediated independently by the two ERs, ER� and ER�, and
that they occur at distinct windows in time during development. Although we
have clear indications as to when these windows occur in rodents, nothing
is known about them in human development. It is possible that activation of
ER� signaling during a certain time frame in childhood would predispose for
prostate cancer, whereas activation of ER� at some other time point would
offer protection.

The possible scenario behind negative DES imprinting can be hyperacti-
vation of ER� during a specific period of tissue remodeling. It is not clear
how the results of this event are being maintained for years before resulting in
squamous metaplasia of prostate. Positive imprinting by soy phytoestrogens,
mediated by ER�, occurs perhaps also during specific periods of ER� activity.
Because some phytoestrogens, like genistein, show higher affinity to ER� than
to ER� (66,78), one can speculate that, throughout prenatal development, the
plasma concentration of such phytoestrogens is not enough to stimulate ER�,
and just enough to stimulate ER�. However, it is very difficult to speculate over
the cellular substrate of positive imprinting. Our speculations on negative and
positive imprinting do, of course, require future research to dissect the exact
mechanisms of this amazing phenomenon. Our division of imprinting into
positive and negative is also quite subjective. The DES catastrophe caused a
great number of diseases, and the Asian-style diet does protect against prostate
cancer. However, imprinting is a polyorganic event, and protection against
prostate cancer can be associated with a negative influence on other organs
and systems. It is too early to use the concept of positive imprinting as a
pharmacological strategy. At the same time, ER� signaling can be used as a
target for medical treatment of prostatic diseases.
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9. SELECTIVE ER MODULATORS

One of the pioneers of chemotherapy, Paul Ehrlich, was the first to suggest
that a good medication should influence the parasite without affecting the host.
The concept of a medication, designed to be receptor-specific, became a rule
of a thumb in designing new pharmacological agents. As is clear now, there
are two major ERs expressed in different tissues like breast and prostate.
Moreover, these receptors are often expressed in the same tissue and oppose
each other’s actions while the same ligands can modulate the activity of both
of them. In cell lines (79) and in some tissues (34,51), E2 in the presence of
ER� elicits proliferation, but in the presence of ER�, it inhibits proliferation
providing the perfect example of opposite effects caused by the same hormone.
Likewise, prostate has epithelial/stromal ER� and stromal ER�. According to
our studies, activation of ER� can be beneficial in the treatment of prostate
cancer and possibly cancer prevention.

Initially the main mechanism for estrogen in the treatment of prostate
cancer was believed to be through the hypothalamo–pituitary–gonadal axis with
subsequent inhibition of T synthesis. However, several estrogenic compounds
are shown to act independently of this pathway. Many hypothetical mecha-
nisms have been described in the literature, including disruption of apoptotic
regulators (80), depolymerization of microtubules (81), inhibition of DNA
synthesis (82), induction of apoptosis (83), and interruption of the cell cycle
(84). Interestingly, all these effects have been attributed to ER� and not ER�
signaling. Moreover, all the above-mentioned effects, seen in the experimental
settings, can be a part of the same signaling mechanism downstream of ER�.
This concept might rationalize the ongoing search for selective ER modulators
(SERMs) for the treatment of prostatic diseases.

The standard test for an estrogen stimulation of growth of the uterus is, of
course, still a good test for an ER� agonist, but there is no single good test
for an ER� agonist. In fact, there may not be such a thing as a single good
ER� agonist. What is emerging is an array of ER�-selective agonists, each
with a specific profile of genes, which they influence (85–90). Although we
know what a consensus ERE is, most estrogen-responsive genes do not contain
perfect consensus sequences and the transcriptional activity of ER� or ER�
on such sequences is influenced by the chemical structure of the estrogenic
ligand. Hall and Korach (91) have evaluated the activities of ER� and ER� on
four different EREs (vitellogenin A2, human pS2, lactoferrin, and complement
3) in the presence of estradiol, phytoestrogens, and xenoestrogens. In terms
of transactivation by ER� and ER�, the vitellogenin and lactoferrin promoters
were not discriminatory. The pS2 and complement 3 were most responsive to
ER�. In addition, the transcriptional activity of either receptor on any promoter
varied with the ligand. Another factor influencing selectivity of ER ligands
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is that the influence of ERs on transcription is not confined to EREs. ERs
modulate transcription at AP-1 and Sp1 sites and interact with the nuclear
factor (NF)-�B pathway (92). The action of the two receptors at these sites
can be opposite to each other, but this depends on cellular context and it is
not possible to predict how ER� and ER� will influence transcription at these
sites. Selective ER� and ER� ligands have already been developed which have
actions on selective target tissues and even selective target genes (93). One
ER� agonist developed by Eli Lilly is a great inhibitor of prostate growth but
has no effect on the immune system (94), whereas one developed by Wyeth is
a powerful immunosuppressant but has no influence on the prostate (86).

10. SUMMARY

Long before the discovery of ERs, it was well known to clinicians that
estrogen has profound effects on the prostate. As early as in 1941 Charles
Huggins, one of the pioneers in the research of hormonal regulation of prostatic
growth, reported that in prostate cancer patients, oral estrogens had the same
effect as castration (1). Thus began the era of hormonal treatment of prostate
cancer. Huggins et al. suggested many common sites of estrogen action as
possible explanations for the mechanism of action of estrogen in cancer
patients. These included increased inactivation of androgens, depression of
gonadotropic agents of the anterior pituitary, and depression of interstitial
cells of testis, but Huggins also introduced the idea of a “direct action on
prostatic epithelium.” However, until recently the study of the direct effects of
estrogen on prostatic epithelium received very little attention. For about three
decades, until the late 1960s, estrogens were an accepted treatment for prostate
cancer. After the discovery and synthesis of anti-androgenic compounds, use of
estrogen fell into disfavor. Now, 65 years after Huggins’ historical publication,
the role of estrogens in the development and functioning of the prostate is
once more the focus of attention. In this chapter, we try to explain the renewed
optimism for the use of estrogens in the treatment of prostatic diseases. We
review the most recent data on estrogen signaling in the normal and diseased
prostate and propose the use of ER-selective therapy for treatment of prostatic
diseases. We have formulated a hypothesis for the mechanism behind the
phenomenon of estrogen imprinting of the prostate, in an attempt to understand
the puzzling results of PCPT suggesting a pro-differentiative role for ER� and
DHT metabolite.

ACKNOWLEDGMENTS

The studies are supported by the Swedish Cancer Society and KaroBioAB.



Chapter 8 / Estrogen Receptor Isoforms in Prostate Growth 177

REFERENCES

1. Huggins, C. and Hodges, C. V. (1941) Cancer Res 1, 293.
2. Huggins, C., Scott, W. W. and Hodges, C. V. (1941) J Urol 46, 997.
3. Huggins, C., Stevens, R. E., Jr. and Hodges, C. V. (1941) Arch Surg 43, 209.
4. Nesbit, R. M. and Plumb, R. T. (1946) Surgery 20.
5. Nesbit, R. M. and Baum, W. C. (1950) JAMA 143, 1317.
6. Baba, S., Janetschek, G., Pollow, K., Hahn, K. and Jacobi, G. H. (1982) Br J Urol 54,

393–8.
7. (1967) Surg Gynecol Obstet 124, 1011–7.
8. Labrie, F., Dupont, A., Giguere, M., Borsanyi, J. P., Belanger, A., Lacourciere, Y., Emond, J.

and Monfette, G. (1986) J Steroid Biochem 25, 877–83.
9. Jensen, E. V. and Jacobson, H. I. (1962) Recent Prog Horm Res 18, 387–414.

10. Greene, G. L., Nolan, C., Engler, J. P. and Jensen, E. V. (1980) Proc Natl Acad Sci USA
77, 5115–9.

11. Green, S., Walter, P., Greene, G., Krust, A., Goffin, C., Jensen, E., Scrace, G., Waterfield, M.
and Chambon, P. (1986) J Steroid Biochem 24, 77–83.

12. Walter, P., Green, S., Greene, G., Krust, A., Bornert, J. M., Jeltsch, J. M., Staub, A.,
Jensen, E., Scrace, G., Waterfield, M. et al. (1985) Proc Natl Acad Sci USA 82, 7889–93.

13. Miesfeld, R., Okret, S., Wikstrom, A. C., Wrange, O., Gustafsson, J. A. and
Yamamoto, K. R. (1984) Nature 312, 779–81.

14. Trapman, J., Klaassen, P., Kuiper, G. G., van der Korput, J. A., Faber, P. W., van
Rooij, H. C., Geurts van Kessel, A., Voorhorst, M. M., Mulder, E. and Brinkmann, A. O.
(1988) Biochem Biophys Res Commun 153, 241–8.

15. Jeltsch, J. M., Krozowski, Z., Quirin-Stricker, C., Gronemeyer, H., Simpson, R. J.,
Garnier, J. M., Krust, A., Jacob, F. and Chambon, P. (1986) Proc Natl Acad Sci USA 83,
5424–8.

16. Conneely, O. M., Sullivan, W. P., Toft, D. O., Birnbaumer, M., Cook, R. G., Maxwell, B. L.,
Zarucki-Schulz, T., Greene, G. L., Schrader, W. T. and O’Malley, B. W. (1986) Science
233, 767–70.

17. Arriza, J. L., Weinberger, C., Cerelli, G., Glaser, T. M., Handelin, B. L., Housman, D. E.
and Evans, R. M. (1987) Science 237, 268–75.

18. Petkovich, M., Brand, N. J., Krust, A. and Chambon, P. (1987) Nature 330, 444–50.
19. Brand, N., Petkovich, M., Krust, A., Chambon, P., de The, H., Marchio, A., Tiollais, P. and

Dejean, A. (1988) Nature 332, 850–3.
20. Baker, A. R., McDonnell, D. P., Hughes, M., Crisp, T. M., Mangelsdorf, D. J.,

Haussler, M. R., Pike, J. W., Shine, J. and O’Malley, B. W. (1988) Proc Natl Acad Sci
USA 85, 3294–8.

21. Kuiper, G. G., Enmark, E., Pelto-Huikko, M., Nilsson, S. and Gustafsson, J. A. (1996) Proc
Natl Acad Sci USA 93, 5925–30.

22. Ciocca, D. R. and Roig, L. M. (1995) Endocr Rev 16, 35–62.
23. Bashirelahi, N., Kneussl, E. S., Vassil, T. C., Young, J. D., Jr., Sanefugi, H. and Trump, B.

(1979) Prog Clin Biol Res 33, 65–84.
24. Chaisiri, N. and Pierrepoint, C. G. (1980) Prostate 1, 357–66.
25. Kozak, I., Bartsch, W., Krieg, M. and Voigt, K. D. (1982) Prostate 3, 433–8.
26. Swaneck, G. E., Alvarez, J. M. and Sufrin, G. (1982) Biochem Biophys Res Commun 106,

1441–7.
27. Prins, G. S., Birch, L., Habermann, H., Chang, W. Y., Tebeau, C., Putz, O. and Bieberich, C.

(2001) Reprod Fertil Dev 13, 241–52.
28. Prins, G. S., Birch, L., Couse, J. F., Choi, I., Katzenellenbogen, B. and Korach, K. S. (2001)

Cancer Res 61, 6089–97.



178 Imamov et al.

29. Thomas, K. R. and Capecchi, M. R. (1987) Cell 51, 503–12.
30. Doetschman, T., Gregg, R. G., Maeda, N., Hooper, M. L., Melton, D. W., Thompson, S.

and Smithies, O. (1987) Nature 330, 576–8.
31. Lubahn, D. B., Moyer, J. S., Golding, T. S., Couse, J. F., Korach, K. S. and Smithies, O.

(1993) Proc Natl Acad Sci USA 90, 11162–6.
32. Eddy, E. M., Washburn, T. F., Bunch, D. O., Goulding, E. H., Gladen, B. C., Lubahn, D. B.

and Korach, K. S. (1996) Endocrinology 137, 4796–805.
33. Krege, J. H., Hodgin, J. B., Couse, J. F., Enmark, E., Warner, M., Mahler, J. F., Sar, M.,

Korach, K. S., Gustafsson, J. A. and Smithies, O. (1998) Proc Natl Acad Sci USA 95,
15677–82.

34. Weihua, Z., Makela, S., Andersson, L. C., Salmi, S., Saji, S., Webster, J. I., Jensen, E. V.,
Nilsson, S., Warner, M. and Gustafsson, J. A. (2001) Proc Natl Acad Sci USA 98, 6330–5.

35. Imamov, O., Morani, A., Shim, G. J., Omoto, Y., Thulin-Andersson, C., Warner, M. and
Gustafsson, J. A. (2004) Proc Natl Acad Sci USA 101, 9375–80.

36. Bostwick, D. G. and Brawer, M. K. (1987) Cancer 59, 788–94.
37. Dupont, S., Krust, A., Gansmuller, A., Dierich, A., Chambon, P. and Mark, M. (2000)

Development 127, 4277–91.
38. Fisher, C. R., Graves, K. H., Parlow, A. F. and Simpson, E. R. (1998) Proc Natl Acad Sci

USA 95, 6965–70.
39. Jarred, R. A., McPherson, S. J., Jones, M. E., Simpson, E. R. and Risbridger, G. P. (2003)

Prostate 56, 54–64.
40. Weihua, Z., Lathe, R., Warner, M. and Gustafsson, J. A. (2002) Proc Natl Acad Sci USA

99, 13589–94.
41. Schrager, S. and Potter, B. E. (2004) Am Fam Physician 69, 2395–400.
42. (1976) JAMA 236, 1107–9.
43. Henderson, B. E., Benton, B., Cosgrove, M., Baptista, J., Aldrich, J., Townsend, D., Hart, W.

and Mack, T. M. (1976) Pediatrics 58, 505–7.
44. Docimo, S. G., Silver, R. I. and Cromie, W. (2000) Am Fam Physician 62, 2037–44,

2047–8.
45. Driscoll, S. G. and Taylor, S. H. (1980) Obstet Gynecol 56, 537–42.
46. vom Saal, F. S., Timms, B. G., Montano, M. M., Palanza, P., Thayer, K. A., Nagel, S. C.,

Dhar, M. D., Ganjam, V. K., Parmigiani, S. and Welshons, W. V. (1997) Proc Natl Acad
Sci USA 94, 2056–61.

47. Strauss, L., Makela, S., Joshi, S., Huhtaniemi, I. and Santti, R. (1998) Mol Cell Endocrinol
144, 83–93.

48. Prinsac, G. S., Birch, L., Habermann, H., Chang, W. Y., Tebeau, C., Putz, O. and
Bieberich, C. (2001) Reprod Fertil Dev 13, 241–52.

49. Omoto, Y., Imamov, O., Warner, M. and Gustafsson, J. A. (2005) Proc Natl Acad Sci USA
102, 1484–9.

50. Cheng, J., Lee, E. J., Madison, L. D. and Lazennec, G. (2004) FEBS Lett 566, 169–72.
51. Forster, C., Makela, S., Warri, A., Kietz, S., Becker, D., Hultenby, K., Warner, M. and

Gustafsson, J. A. (2002) Proc Natl Acad Sci USA 99, 15578–83.
52. Wang, Y., Hayward, S., Cao, M., Thayer, K. and Cunha, G. (2001) Differentiation 68,

270–9.
53. Isaacs, J. T. and Coffey, D. S. (1989) Prostate Suppl 2, 33–50.
54. Bonkhoff, H., Stein, U. and Remberger, K. (1994) Hum Pathol 25, 42–6.
55. Hayward, S. W., Brody, J. R. and Cunha, G. R. (1996) Differentiation 60, 219–27.
56. English, H. F., Drago, J. R. and Santen, R. J. (1985) Prostate 7, 41–51.
57. Civantos, F., Soloway, M. S. and Pinto, J. E. (1996) Semin Urol Oncol 14, 22–31.
58. Rubin, M. A. and Kantoff, P. W. (2003) N Engl J Med 349, 1569–72; author reply 1569–72.
59. Rubin, M. A. and Kantoff, P. W. (2004) J Cell Biochem 91, 478–82.



Chapter 8 / Estrogen Receptor Isoforms in Prostate Growth 179

60. Rubin, M. A., Allory, Y., Molinie, V., Leroy, X., Faucon, H., Vacherot, F., Huang, W.,
Kuten, A., Salomon, L., Rebillard, X., Cussenot, O., Abbou, C. and de la Taille, A. (2005)
Urology 66, 930–4.

61. Andriole, G., Bostwick, D., Civantos, F., Epstein, J., Lucia, M. S., McConnell, J. and
Roehrborn, C. G. (2005) J Urol 174, 2098–104.

62. Imamov, O., Lopatkin, N. A. and Gustafsson, J. A. (2004) N Engl J Med 351, 2773–4.
63. Cote, R. J., Skinner, E. C., Salem, C. E., Mertes, S. J., Stanczyk, F. Z., Henderson, B. E.,

Pike, M. C. and Ross, R. K. (1998) Br J Cancer 78, 413–8.
64. Andriole, G., Bostwick, D., Brawley, O., Gomella, L., Marberger, M., Tindall, D., Breed, S.,

Somerville, M. and Rittmaster, R. (2004) J Urol 172, 1314–7.
65. Luo, J., Dunn, T. A., Ewing, C. M., Walsh, P. C. and Isaacs, W. B. (2003) Prostate 57,

134–9.
66. Kuiper, G. G., Lemmen, J. G., Carlsson, B., Corton, J. C., Safe, S. H., van der Saag, P. T.,

van der Burg, B. and Gustafsson, J. A. (1998) Endocrinology 139, 4252–63.
67. Schatzl, G., Brossner, C., Schmid, S., Kugler, W., Roehrich, M., Treu, T., Szalay, A.,

Djavan, B., Schmidbauer, C. P., Soregi, S. and Madersbacher, S. (2000) Urology 55,
397–402.

68. Massengill, J. C., Sun, L., Moul, J. W., Wu, H., McLeod, D. G., Amling, C., Lance, R.,
Foley, J., Sexton, W., Kusuda, L., Chung, A., Soderdahl, D. and Donahue, T. (2003) J Urol
169, 1670–5.

69. Raivio, T., Santti, H., Schatzl, G., Gsur, A., Haidinger, G., Palvimo, J. J., Janne, O. A. and
Madersbacher, S. (2003) Prostate 55, 194–8.

70. Moore, J. T., McKee, D. D., Slentz-Kesler, K., Moore, L. B., Jones, S. A., Horne, E. L.,
Su, J. L., Kliewer, S. A., Lehmann, J. M. and Willson, T. M. (1998) Biochem Biophys Res
Commun 247, 75–8.

71. Ogawa, S., Inoue, S., Watanabe, T., Orimo, A., Hosoi, T., Ouchi, Y. and Muramatsu, M.
(1998) Nucleic Acids Res 26, 3505–12.

72. Rajfer, J. and Coffey, D. S. (1978) Invest Urol 16, 186–90.
73. Onozawa, M., Kawamori, T., Baba, M., Fukuda, K., Toda, T., Sato, H., Ohtani, M.,

Akaza, H., Sugimura, T. and Wakabayashi, K. (1999) Jpn J Cancer Res 90, 393–8.
74. Kato, K., Takahashi, S., Cui, L., Toda, T., Suzuki, S., Futakuchi, M., Sugiura, S. and

Shirai, T. (2000) Jpn J Cancer Res 91, 786–91.
75. Jarred, R. A., Keikha, M., Dowling, C., McPherson, S. J., Clare, A. M., Husband, A. J.,

Pedersen, J. S., Frydenberg, M. and Risbridger, G. P. (2002) Cancer Epidemiol Biomarkers
Prev 11, 1689–96.

76. Cook, L. S., Goldoft, M., Schwartz, S. M. and Weiss, N. S. (1999) J Urol 161, 152–5.
77. Kolonel, L. N., Altshuler, D. and Henderson, B. E. (2004) Nat Rev Cancer 4, 519–27.
78. Miller, C. P., Collini, M. D. and Harris, H. A. (2003) Bioorg Med Chem Lett 13, 2399–403.
79. Strom, A., Hartman, J., Foster, J. S., Kietz, S., Wimalasena, J. and Gustafsson, J. A. (2004)

Proc Natl Acad Sci USA 101, 1566–71.
80. Rafi, M. M., Rosen, R. T., Vassil, A., Ho, C. T., Zhang, H., Ghai, G., Lambert, G. and

DiPaola, R. S. (2000) Anticancer Res 20, 2653–8.
81. Dahllof, B., Billstrom, A., Cabral, F. and Hartley-Asp, B. (1993) Cancer Res 53, 4573–81.
82. Kuwajerwala, N., Cifuentes, E., Gautam, S., Menon, M., Barrack, E. R. and Reddy, G. P.

(2002) Cancer Res 62, 2488–92.
83. Qadan, L. R., Perez-Stable, C. M., Anderson, C., D’Ippolito, G., Herron, A., Howard, G. A.

and Roos, B. A. (2001) Biochem Biophys Res Commun 285, 1259–66.
84. Kumar, A. P., Garcia, G. E. and Slaga, T. J. (2001) Mol Carcinog 31, 111–24.
85. Merchenthaler, I., Hoffman, G. E. and Lane, M. V. (2005) Endocrinology 146, 2760–5.
86. Elloso, M. M., Phiel, K., Henderson, R. A., Harris, H. A. and Adelman, S. J. (2005)

J Endocrinol 185, 243–52.



180 Imamov et al.

87. Harris, H. A., Bruner-Tran, K. L., Zhang, X., Osteen, K. G. and Lyttle, C. R. (2005) Hum
Reprod 20, 936–41.

88. Benvenuti, S., Luciani, P., Vannelli, G. B., Gelmini, S., Franceschi, E., Serio, M. and
Peri, A. (2005) J Clin Endocrinol Metab 90, 1775–82.

89. Lund, T. D., Rovis, T., Chung, W. C. and Handa, R. J. (2005) Endocrinology 146, 797–807.
90. Hillisch, A., Peters, O., Kosemund, D., Muller, G., Walter, A., Schneider, B., Reddersen, G.,

Elger, W. and Fritzemeier, K. H. (2004) Mol Endocrinol 18, 1599–609.
91. Hall, J. M. and Korach, K. S. (2002) J Biol Chem 277, 44455–61.
92. Paech, K., Webb, P., Kuiper, G. G., Nilsson, S., Gustafsson, J., Kushner, P. J. and

Scanlan, T. S. (1997) Science 277, 1508–10.
93. Harrington, W. R., Sheng, S., Barnett, D. H., Petz, L. N., Katzenellenbogen, J. A. and

Katzenellenbogen, B. S. (2003) Mol Cell Endocrinol 206, 13–22.
94. Neubauer, B. L., McNulty, A. M., Chedid, M., Chen, K., Goode, R. L., Johnson, M. A.,

Jones, C. D., Krishnan, V., Lynch, R., Osborne, H. E. and Graff, J. R. (2003) Cancer Res
63, 6056–62.



9 Estrogen Action in Normal
Prostate Epithelium and
in Prostate Cancer

Gail S. Prins, PhD,
and Kenneth S. Korach, PhD

CONTENTS

Introduction

Estrogens in the Male and Effects on the

Prostate Gland

Prostate Steroid Receptors

Receptor Mechanisms of Action

ERs in the Prostate Gland

Conclusions

References

1. INTRODUCTION

Estrogens are known to have significant direct and indirect effects on
prostate gland development and homeostasis, and have been long suspected in
playing a role in the etiology of prostatic diseases. These effects are mediated
through estrogen receptors (ERs) ER� and ER�, which are differentially
expressed in prostatic stromal and epithelial cells, respectively, and whose
expression changes over time and with disease progression. This chapter will
review the evidence for a role of estrogens and specific ERs in prostate growth,
differentiation, and carcinogenesis as well as discuss potential therapeutic
strategies for growth regulation via these pathways.
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2. ESTROGENS IN THE MALE AND EFFECTS ON THE
PROSTATE GLAND

Although low levels of circulating estrogens are present throughout life
in males, there are two time periods, in utero development and aging, when
males are exposed to relatively higher levels of circulating estradiol which
have been shown to impact the prostate gland. In addition, estradiol may
be produced locally within the prostate via conversion of testosterone by
aromatase expressed within the prostate stroma (1,2). Importantly, prostatic
aromatase expression and promoter usage have been shown to shift in prostate
cancer, which may contribute significantly to increased intraprostatic estrogen
levels during disease progression (3).

During the third trimester of in utero development in humans, rising maternal
estradiol levels and declining fetal androgen production result in an increased
estrogen/testosterone (E/T) ratio. This relative increase in estradiol has been
shown to directly stimulate extensive squamous metaplasia within the devel-
oping prostatic epithelium, which regresses rapidly after birth when estrogen
levels drop precipitously (4–6). Although the natural role for estrogens during
prostatic development is unclear, it has been proposed that excessive estroge-
nization during prostatic development may contribute to the high incidence of
benign prostatic hyperplasia (BPH) and prostatic carcinoma currently observed
in the aging male population (7,8). African-American men have a twofold
increased risk of prostatic carcinoma as compared with their Caucasian counter-
parts, and it has been suggested that this is related, in part, to elevated levels of
maternal estrogens during early gestation in this population (9,10). Indicators
of pregnancy estrogen levels such as length of gestation, pre-eclampsia, and
jaundice indicate a significant correlation between elevated estrogen levels and
prostate cancer risk (11,12). Furthermore, maternal exposure to diethylstilbe-
strol (DES), a potent synthetic estrogen agonist, during pregnancy was found
to result in more extensive prostatic squamous metaplasia in male offspring
than observed with maternal estradiol alone (13). Whereas prostatic metaplasia
eventually resolved following DES withdrawal, ectasia and persistent distortion
of ductal architecture remained (14). This has lead to the postulation that men
exposed prenatally to DES may be at increased risk of prostatic disease later
in life, although this has not been borne out in limited population studies
conducted to date (15). However, extensive studies with rodent models predict
marked abnormalities in the adult prostate, including increased susceptibility
to adult-onset carcinogenesis following early estrogenic exposures (7,16–18).
Although use of DES during pregnancy was discontinued in the early 1970s,
the recent realization that certain environmental chemicals have potent estro-
genic activities (19) has lead to a renewed interest in evaluating the effects
and roles of exogenous estrogens during prostatic development (20).
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As men age, the relative levels of free circulating estrogens increase
providing a potential environment for estrogenic stimulation of the prostate
gland. Bioavailable testosterone levels decline in the aging male due to
decreased production by the testis and increased sex hormone-binding globulin
(SHGB) levels, which combine to lower free circulating testosterone (21,22).
During this time, circulating levels of free estradiol remain constant in the
aging male, most likely a function of an age-related increase in body weight
and adipose cells which express high levels of aromatase and peripherally
convert androgens to estrogens (23). The net result is a significant increase in
the E/T ratio allowing the balance between androgen and estrogen regulation
of prostate growth to shift toward estrogen dominance. It has been proposed
that increased estrogenic stimulation of the prostate in the aging male may lead
to reactivation of growth and subsequent neoplastic transformation (24,25).

Estrogen is known to have significant direct effects on the adult prostate
gland and has long been suspected in playing a role in the etiology of
prostatic disease (26–28). In 1936, Dorothy Price and colleagues demonstrated
that estrogen administration to adult rodents leads to hyperplasia, squamous
metaplasia, and keratinization of the prostate epithelium (29,30). Long-term
exposure of adult rats to supraphysiologic but non-pharmacologic levels of
estradiol and physiologic levels of testosterone leads to prostatic intraepithelial
neoplasia (PIN) in the dorsolateral lobe of Noble rats, and this is used as a
model for estrogen-induced adenocarcinoma of the prostate (31,32). Estrogen-
induced aberrations in prostate epithelial growth have been observed not only
in rodent studies but in dogs, monkeys, and humans as well with results
varying according to species and experimental conditions (33,34). In addition
to epithelial effects, estrogens induce a preferential stimulation of stromal cell
proliferation in the prostate gland, particularly in dogs (35). Consequently,
combined administration of estrogens with androgens has been used to exper-
imentally induce BPH in dogs (33,36). In humans, Krieg demonstrated that
whereas the estradiol:DHT ratio increases moderately within normal prostate
epithelial and stromal cells upon aging, the increased ratio is massive within
BPH tissue, which directly implicates estradiol in the disease process (37).

Estrogen effects on the prostate gland may also be indirectly mediated
through alterations in other serum hormones. Estrogens increase circulating
prolactin (PRL) levels and some, but not all, of estrogenic effects have been
attributed to PRL action on the prostate (28,38–40). Furthermore, estrogens
affect the hypothalamic–hypophyseal–testicular axis via negative feedback
regulation (i.e., chemical castration), thereby blocking gonadotropin secretion
and testicular steroidogenesis of androgen hormones. Such treatments were
the basis for high-dose estrogen therapy of prostate cancer for several decades
(41,42). Despite these indirect effects, there is ample evidence through
hormone-controlled studies and with in vitro approaches to clearly document
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that many of the estrogenic effects on the prostate are directly mediated through
prostatic expression of ERs (43,44).

3. PROSTATE STEROID RECEPTORS

Hormone action occurs through multiple cellular mechanisms primarily
involving receptor proteins. These receptors are part of the family of nuclear
receptors (NRs) that are found ubiquitous throughout the animal kingdom.
These receptors fulfill a plethora of physiological functions and are integral to
the development and maintenance of the prostate. Commonalities in receptor
dimerization and DNA-binding properties divide members of NR family into
distinct classes (45). In the prostate, androgen receptors (ARs) and ERs are
referred to as the sex steroid receptors and are defined as ligand-induced
homodimers that bind to DNA half-sites organized as inverted repeats (45).
Using a classification system based on the cytochrome P450 family (46), ERs
(ER� and ER�) are the sole members of the NR3A subgroup, ER� and ER�
being NR3A1 and NR3A2, respectively (47). The AR is the fourth member of
the NR3C subgroup (47). A detailed description of the structure and multitude
of functions of the ER and AR family members is beyond the scope of
this chapter but may be found in several excellent reviews. Genes encoding
the ER�, ER�, and AR are large and exhibit a highly conserved structural
organization, composed of eight coding exons, and vary in length from 40 kb
(ER�) to >140 kb (ER�) (48–50). In each case, the N-terminal domain (NTD)
of the receptor is usually encoded by a single exon, the two zinc-fingers of the
DNA-binding domain (DBD) each encoded by separate exons (2,3), and the
ligand-binding domain (LBD) encoded by exons (4–8).

3.1. Estrogen Receptor
The human ESR1 (ER�) cDNA was first cloned in 1985 (51) and has since

been isolated from over 20 additional species (52), from humans to fish. The
encoded ER� proteins are 595 and 599 amino acids in length in humans
and mice, respectively, with an approximate molecular weight of 66 kDa
(Fig. 1) (51,53). Numerous naturally occurring variants of the ESR1 mRNA in
normal and neoplastic tissues of several species have been described, but the
existence of corresponding proteins remains controversial (54–56). Decreased
ESR1 expression has been linked to receptor-mediated actions of vitamin
D (57) and increased intracellular cyclic adenosine monophosphate (cAMP)
or mitogen-activated protein kinase (MAPK) activity (58), which may play a
part in prostate cancer. Increased methylation of the ESR1 promoter has also
been implicated in reduced ER levels, especially in tumorigenic tissues (58).

Surprisingly, a second ER gene termed ESR2 (ER�) was discovered in 1996
from rats (59) and humans (60), and has since also been cloned in almost 20
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Fig. 1. (A) General diagrammatic structure of the genes encoding nuclear receptor (NR)
proteins showing the 9 exons and their relative contributions to the different domain
structure of the NRs. (B) Comparative domain structures of the androgen receptor (AR)
and the alpha and beta estrogen receptors (ERs) N-terminal domain (NTD), DNA-binding
domain (DBD), and ligand-binding domain (LBD). Homology listed is the percent
comparison of ER� with ER� showing the high homology in the DBD and poor homology
in the NTD and LBD. M1-3 designated possible alternative ATG translational start sites
in the ER� mRNA.

species. Unlike the AR, or progesterone receptor (PR), ER� and ER� are not
isoforms but are encoded by separate genes possibly by gene duplication on
different chromosomes, and therefore are distinct receptor forms. The ESR2
genes of multiple species yield numerous transcripts that range from 1 to >9 kb
in length, in contrast to the single predominant transcript of ∼7 kb transcribed
from the ESR1 gene. Initial descriptions of human and rodent ER� projected
a protein of 485 amino acids. However, it is now apparent that translation
of the ESR2 mRNA initiates upstream of these original open reading frames
and yields a receptor of 549 amino acids in rodents and 530 amino acids in
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humans, each with an approximate molecular weight of 60–63 kDa. Therefore,
ER� is slightly smaller than ER� and the majority of this difference lies within
the N-terminus. A number of variant transcripts of the ESR2 gene have been
described; however, unlike ER�, there is growing evidence that some of these
variants may co-exist with the wild-type form in certain tissues.

3.2. Androgen Receptor
The human AR cDNA was first cloned in 1988 (61) and has since been

described in a number of species, including mouse (62), rat (63), rabbit (64),
monkey (65), and fish (66,67). The AR gene is located on the X chromosome
and therefore genetic males possess only a single copy (49,68,69). Two distinct
start sites have been reported in the AR gene that are utilized to produce
two isoforms, AR-B (110 kDa) and AR-A (87 kDa), which differ only in the
N-terminus but exhibit subtle functional differences (52). The AR gene has a
unique feature compared with its sex steroid receptor counterparts by way of
possessing polymorphic repeats of glutamine and glycine in the NTD, which
have been linked to certain chronic diseases (70) but not prostate function.

3.3. Nuclear Receptor Structure
Common to all members of the NR family is a modular structure of domains,

each of which harbors an autonomous function that is critical to total receptor
action (45,52,71). The sex steroid receptors are composed of five functional
modules, an NTD (A/B), the DBD (C), a hinge region (D), and a ligand-binding
domain (E) as encoded by nine exons of the NR genes (Fig. 1A). The ERs also
possess a unique C-terminal F domain of unknown function. The functional
autonomy of certain domains has been characterized by experimental studies in
which corresponding domains were interchanged between NR family members
without loss of function. Our understanding of the NR functional domains
and their importance to overall receptor activity is largely derived from the
in vitro study of mutant forms of the receptors and more recently from x-ray
crystallography studies.

The NTD or A/B domains of the NR family members vary greatly in length
and share little homology among the steroid receptors, although some struc-
tural features are conserved (Fig. 1B). Crystallography studies of the steroid
receptor NTD have been largely unsuccessful because of the relatively unstruc-
tured nature of this portion of the receptor in aqueous solutions. However,
evidence suggests that intramolecular interactions between the A/B and other
receptor domains are likely to induce a more structured NTD, especially as
it relates to the AR functionality (69). The NTD of each of the sex steroid
receptors harbors the transcriptional activation function-1 (AF-1) domain and
specifies the cell- and promoter-specific activity of the receptor as well as a
site for co-receptor protein interaction. Phosphorylation of the A/B domain
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is the most well characterized post-translational modification and occurs in
the ER and AR receptors via the actions of multiple intracellular signaling
pathways, including MAPK pathways, cAMP/protein kinase A (PKA) pathway,
and cyclin-dependent kinases (52,69–71).

The AR NTD is likely more important to overall AR transactivational activity
than the C-terminal AF-2 domain (described on next page) (69,70). Furthermore,
the first 30 residues of the AR NTD are highly conserved and important
for those interactions with the LBD that provide for agonist-induced stabi-
lization of the receptor (69). The greatest structural disparities between ER�
and ER� lie within the A/B domain, which is approximately 30 amino acids
shorter in ER� and exhibits only ∼20% homology. This divergence likely
accounts for the many functional differences that have been revealed from
comparative studies of the two ER forms (72–76). In general, ER� tends to
be a less effective transcriptional activator compared with ER� when in vitro
(60,72,73,77,78). Interestingly, certain antagonists (e.g., tamoxifen) that exhibit
some agonist-like properties when bound to ER� exhibit no such agonist activity
with ER� (72,76). Co-expression studies of ER� and ER� in vitro show that
ER� attenuates the ER� activity. Whether this antagonism occurs in vivo to
modulate biological activity of estrogen and ER� has yet to be well documented.

The C domain is termed the DNA-binding domain (or DBD), that portion
of the receptor that specifically functions to recognize and bind to the cis-
acting enhancer DNA sequences, or hormone response elements (HREs),
which are located within the regulatory regions of target genes. It is the most
highly conserved (55–80%) region among the NR family members (45,79).
A comparison of C domains among the human sex steroid receptor forms
indicates 56% homology between the AR and ER� (70). The C domains of
ER� and ER� are practically identical (>95% homology) in most species
and are therefore expected to exhibit a similar affinity for the same HREs
(50,59,80). The functionality of the C domain is provided by a motif of two
zinc-fingers, each composed of four cysteine residues that complex with a
single Zn2+ ion, and encoded by separate exons. The first zinc-finger composes
the P-box (proximal box) conferring specificity sequences on the receptor
protein and also forming a “recognition helix” (52). Amino acids of the second
zinc-finger form the “D-box” (distal box) and are more specifically involved in
spacer sequence and provide an interface for receptor dimerization (52). P-box
residues are identical among the AR, progesterone receptor (PR), and glucocor-
ticoid receptor (GR); therefore, these receptors bind a common consensus HRE
(or GRE). The consensus estrogen response element (ERE) bears the same
arrangement but composed of a different half-site sequence (52). In addition,
ER� has been shown to induce gene expression when bound as a monomer
to an ERE half-site in the vicinity of a GC-rich region or Sp1-binding sites
(81–83).
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The D domain primarily serves to connect the more highly conserved C and
E domains of the receptor (9). Commonly referred to as the “hinge” region,
the D domain also harbors a nuclear localization signal that influences cellular
compartmentalization of the receptor. The LBD, or E domain, of the steroid
receptors is a highly structured, multifunctional region that primarily serves to
specifically bind the hormone and provide for ligand-dependent transcriptional
activity (52). An activation function-2 (AF-2) domain located in the C-terminus
of the E domain mediates this latter function. The AF-2 domain is subject
to post-translational receptor modifications (52) and is an especially strong
activator of transcription in the ER but markedly weaker in the AR, where it
is more involved in interactions with residues in the NTD (69). Also harbored
within the E domain is a strong receptor dimerization interface. Although
there is minimal homology in the primary sequence of the LBD for the NRs,
comparative studies of the crystal structures of liganded and un-liganded LBDs
indicate a highly conserved structural arrangement of 12 �-helices (52,84,85).
Receptor binding to an agonist ligand leads to rearrangement of the LBD such
that H11 is repositioned and H12 swings back to form a “lid” over the binding
pocket. This agonist-induced repositioning of H12 leads to the formation of a
hydrophobic cleft, which serves to recruit co-activators to the receptor complex
to promote receptor transcriptional activity. By contrast, receptor antagonists
are unable to induce a similar repositioning of H12, leading to a receptor
formation that is incompatible with co-activator recruitment and therefore less
likely to activate transcription.

The LBD of the AR in humans, rats, and mice is identical and provides
for high-affinity binding of two endogenous androgens, testosterone and 5�-
hydroxy-testosterone (DHT), the latter of which binds with much greater
affinity (86). The LBDs of ER� and ER� exhibit less than 60% homology
but bind the endogenous hormone estradiol, estrone, and estriol with similar
affinity (ER� = 0.1 nM; ER� = 0.4 nM) (57). Both ER forms also bind
the synthetic estrogen, DES, with relatively equal affinity (87). However,
given the divergence in homology, it is not surprising that ER� and ER�
exhibit measurable differences in their affinity for other endogenous steroids
and xenoestrogens (87–89). For example, ER� tends to exhibit a stronger
affinity for certain phytoestrogens (e.g., genestein and coumestrol) (87,88) as
well as the endogenous androgen metabolite, 5�-androstane-3�,17�-diol (90).
Numerous synthetic steroidal and non-steroidal ER antagonists have been
developed over the years, but none have proven yet to be specific for one or
the other ER subtype (91). However, more recent advances have allowed for
the generation of ER-selective non-steroidal ligands (72,89,92) that exploit as
well as illustrate differences between the LBDs of ER� and ER� and provide
for pharmacological tools to discern the overall function of each ER. Among
the sex steroid receptors, the well-defined F domain is only found in ERs. This
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region is relatively unstructured and harbors little known function, although
some data indicate a role in co-activator recruitment and receptor stability
(72,93).

4. RECEPTOR MECHANISMS OF ACTION

4.1. Ligand/HRE Dependent (Classic)
The “classic” model of steroid receptor action states that the receptor resides

in the nucleus or cytoplasm but is sequestered in a multi-protein inhibitory
complex in the absence of hormone; upon hormone binding, a conformational
change occurs in the receptor, transforming it to an “activated” state that is
now able to homodimerize, show increased phosphorylation, and bind to a
HRE within target gene promoters. The ligand/HRE-bound receptor complex
interacts with the general transcription apparatus either directly or indirectly via
co-regulatory proteins to promote transcription of the target gene. This classic
steroid receptor mechanism is dependent on the functions of both AF-1 and AF-
2 domains of the receptor, which synergize via the recruitment of co-activator
proteins, most notably the p160 family members. It is generally believed
that the DNA-bound receptor/co-activator complex facilitates disruption of
the chromatin and formation of a stable transcription pre-initiation complex.
Depending on the cell and promoter context, the DNA-bound receptor complex
may positively or negatively effect expression of the downstream target gene;
the latter effect has been shown most clearly for AR only.

Several sex steroid regulated genes are regulated via the ligand/HRE-
dependent mechanism; androgen/AR regulation of prostatic specific antigen,
probasin, and keratinocyte growth factor are some examples (69); and
estradiol/ER regulation of several genes in prostate cancer have been reported
(20,94,95). These early findings have been corroborated, and the overall extent
of ligand-dependent sex steroid receptor transactivation has been realized by the
more recent use of differential display and microarray techniques to generate
gene expression profiles in various cell types and tissues following hormonal
stimulation. Similarly, differential display, microarray, and proteomics have
been employed to identify a large number of androgen/AR-mediated (96,97)
and estradiol/ER-mediated (98–103) genes.

When acting via a classic ERE-driven mechanism in vitro, ER� homod-
imers and ER�:ER� heterodimers tend to be stronger activators of transcription
compared with ER� homodimers (60,72,73,77,78). Corroborating in vivo
evidence of differential regulation and heterodimer formation by the ER
subtypes has been difficult to generate. However, a microarray study by
Lindberg et al. found that ER� generally inhibits ER�-mediated gene
expression but, in the absence of ER�, ER� can partially provide some
estradiol-stimulated gene expression (100).
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4.2. Ligand Independent (Cross-Talk)
Following the initial description of membrane–NR coupling (104), we

now have ample evidence that the sex steroid receptors can be activated
via intracellular second messenger and signaling pathways, allowing for
the induction of sex steroid target genes in the absence of steroid ligand
(105,106). Polypeptide growth factors are able to activate ER�-mediated gene
expression via MAPK activation of ER� in the absence of estradiol (105).
Similarly, interleukin-6 stimulation of cells leads to increased AR-mediated
gene expression (99,107,108). The intracellular signaling molecule cAMP, a
common second messenger of G-protein-coupled receptors and an activator of
the PKA pathway, can stimulate increased AR and ER-mediated transcription
of target genes in the absence of steroid ligand (109,110). Likewise, growth
factors are able to mimic the effects of estradiol in the rodent uterus via
estradiol-independent activation of ER, although such studies in the prostate
are not as yet well described.

Ligand-independent activation of sex steroid receptors is believed to rely
largely on the cellular kinase pathways that alter the phosphorylation state
of the receptor and/or its associated proteins such as co-activators and/or
heat-shock proteins. As in the classic, ligand-dependent mechanism described
above, specific receptor domains are critical to ligand-independent activation
as well. ER activation by peptide growth factor signaling pathways appears
to be more dependent on AF-1 functions; whereas the effects of increased
intracellular cAMP are postulated to depend on the AF-2 domain and do not
require a functional AF-1 (105).

4.3. HRE Independent (Tethered)
Ligand-activated steroid receptors can stimulate the expression of genes

that lack a conspicuous HRE within their promoter. This has been especially
demonstrated for ER� (83,111). This mechanism of HRE-independent steroid
receptor activation is postulated to involve a “tethering” of the ligand-activated
receptor to transcription factors that are directly bound to DNA via their
respective response elements (83,111). Therefore, the sex steroid receptor
acting in this fashion may be better defined as a co-regulator rather than a direct
acting transcription factor. Estradiol/ER� regulation of several genes, including
ovalbumin, collagenase, insulin-like growth factor-1, and cyclin D, is believed
to occur via a tethering of the receptor to a DNA-bound AP-1 (Fos/Jun)
complex with the gene promoter (111). Details of this type of mechanism
remain unclear but are postulated to involve a mediator component, e.g.,
p160, between ER and AP-1 versus direct interaction (111). A similar HRE-
independent mechanism of sex steroid receptor regulation has been documented
for genes that possess a GC-rich region or Sp1-binding site within the promoter,
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upon which the actions of a bound Sp1 complex can be enhanced by ER�
(83,111). How much of this type of gene regulation is involved in prostate
growth and stimulation is unknown at the present time. Further assessment
will await development of animal models for testing the specific contribution
of tethered gene regulation to prostate physiology and disease.

5. ERS IN THE PROSTATE GLAND

Original studies with ligand-binding assays, sucrose density gradients, and
autoradiography were able to identify specific estrogen-binding sites in both
epithelial and stromal cell fractions of the prostate gland in different species and
these were assumed to be a single ER. With the discovery of ER� in addition to
ER�, the localization and relative contributions of each receptor type required
reanalysis. Results demonstrated that for the most part, ER� and ER� are
expressed in different cellular compartments of the prostate gland. As discussed
below, ER� localizes primarily to prostatic stromal cells (including smooth
muscle cells), whereas ER� is primarily expressed in prostate epithelium. This
differential location as well as differential affinity of the two ERs for ligands,
enhancers, and co-activators may explain the diverse biological functions of
estrogens within the prostate gland and may also be exploited for regulation
of prostate disease.

5.1. ER�

ER� is localized primarily to the stromal cells of the adult prostate gland
in humans, dogs, monkeys, and rodents (112–116). Immunohistochemical
analysis reveals, however, that ER� expression is heterogeneous in stromal
cells, i.e., only a portion of the cells are ER� positive whereas many remain
ER� negative. The significance of this heterogeneous expression is not known.
Studies in rodent prostate glands have shown relatively high stromal cell ER�
expression during perinatal morphogenesis of the gland, which significantly
declines thereafter suggesting a specific role for ER� in prostate development
(115,117,118). A decline in expression with puberty suggests that androgens
may normally suppress ER� expression, a finding that has been borne out in
direct studies (119,120). In humans, ER� has been consistently observed in
stromal cells during fetal development (121). However, whereas one report
restricts ER� protein to only stromal cells (118), a recent report indicates the
presence of ER� in fetal prostatic utricle and periurethral epithelium during
mid-to-late gestation (121). Importantly, squamous metaplasia, observed in all
developing human prostates during the third trimester, is directly associated
with epithelial ER� in the periurethral ducts and stromal ER� in the peripheral
prostatic acini (121).
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It is believed that stromal proliferation, a hallmark response to estrogen
treatment in most species, may be mediated through stromal ER�. In humans,
there is evidence for an increased accumulation of estradiol in nuclei of stromal
cells in BPH specimens (122), suggesting that elevated ER� in stromal cells
may be involved in the etiology of BPH. Of interest, epithelial cells in prostatic
periurethral ducts have also been found to consistently express ER� in both
normal and BPH tissue (112). Because this is the prostatic region that forms
BPH, it is possible that epithelial ER� in that specific region is involved. In
rodents, periductal mesenchymal and smooth muscle cells, which are in close
proximity to epithelial cells, express ER� whereas interductal fibroblasts are
ER� negative (115). The close proximity of ER�-positive stromal cells to
epithelial cells allows for paracrine effects of estrogens on prostate epithelium.
Indeed, work with ER� knockout (�ERKO) mice demonstrated that estradiol-
induced squamous metaplasia in adult prostates is mediated through ER� (123).
Similarly, using �ERKO and �ERKO mice, neonatal estrogenization of the
prostate, which includes stromal as well as epithelial alterations, was shown
to be mediated through stromal ER� (124). It is noteworthy, however, that
deletion of ER� in transgenic mice did not produce a marked phenotype in
the prostate suggesting that ER�’s role in the prostate gland is not necessary
for normal growth and function (125,126).

Recent reports have shown that in prostatic carcinoma, the ER� gene is
methylated leading to silencing of this gene, loss of ER� transcription and ER�
protein (127,128). Although comparative data with normal prostate specimens
were not available, it was noted that the incidence of ER� gene methylation
and silencing increased with progression of prostatic disease from BPH to
low-grade and to high-grade cancer. Thus it was proposed that ER� may
have a tumor suppressor role in the prostate gland and loss of its expression
may be an early event in prostatic disease. Interestingly, ER� expression
has been observed in some prostate cancer cell lines (128) as well as in
hormone refractory and metastatic lesions suggesting its re-emergence as
cancer progresses (129) although this has not been consistently seen in all
studies (130). It is also noteworthy that prostate cancer risk has been associated
with genetic polymorphisms in the ER� gene particularly within Japanese
and African-American populations implicating a potential causal relationship
between ER�-mediated estrogenic action and prostate cancer (131–133).

5.2. ER�

ER� was originally cloned from a rat prostate cDNA library; thus it was not
surprising to find that the rat prostate expressed this receptor at levels compa-
rable with those found in other high-expressing reproductive organs such as
the ovary, endometrium, and testis (50,59). In the rat and murine prostate,
ER� mRNA and ER� protein are primarily localized to differentiated luminal
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epithelial cells, which may preclude formation of ER�:ER� heterodimers in
this organ (124,134,135). Expression of ER� is low at birth, increases as
epithelial cells cytodifferentiate, and reaches maximal expression with onset
of secretory capacity at puberty, which suggests a role for ER� in the differen-
tiated function of the prostate (134). In the adult, a proximal to distal gradient
of ER� mRNA signal intensity is observed with lowest levels proximally and
increased expression distally, which may contribute to ductal heterogeneity and
differential functions along the ductal length (134). Unlike ER�, androgens
have been shown to up-regulate expression of ER� in the rodent prostate gland
(136,137). Studies with estrogens, however, do not indicate autoregulation
of ER�.

It is noteworthy that the developmental pattern for ER� in the human
prostate differs markedly from the rodent. As early as fetal week 7, ER�
is expressed throughout the urogenital sinus epithelium and stroma (121).
This strong expression is maintained in most epithelial and stromal cells
throughout gestation, particularly in the active phase of branching morpho-
genesis during the second trimester suggesting the involvement of ER� and
estrogens in this process (121). Although this pattern is maintained postna-
tally for several months, ER� expression declines thereafter with a noticeable
decrease in adluminal cells at puberty (118). In the adult human prostate, ER�
expression is low relative to testicular expression, again showing a divergence
from the rodent prostate gland (50,60). Reports vary on ER� localization in
the human prostate which may be a function of antibodies used in immuno-
histochemical assays. Whereas some have shown that ER� is expressed by
basal epithelial cells with lower stromal cell expression (116,130), others have
shown high expression of ER� in both basal and luminal epithelial cells of the
adult human prostate (138,139). In normal and tumorigenic human prostate
epithelial cell lines, ER� is expressed at high levels whereas ER� is typically
absent (128,140). In response to in vitro estrogen exposure, estrogen-regulated
genes (progesterone receptor, pS2) are activated again pointing toward a role
for ER� in the differentiated function of the prostatic cell. Together, these
findings indicate that, in the prostate epithelium, ER� may be the key mediator
of estrogen-induced events. The prostate gland also expresses ER� isoform
variants that have been shown to act as constitutive activators, transcription
enhancers, or dominant negative regulators of estrogen action which further
complicate estrogenic action within this gland (141,142).

5.3. Putative Roles of ER�

Although ER� is the predominant ER expressed in the prostate gland, its
role has not yet been clearly established. As stated above, indirect evidence
exists for a role of ER� in the differentiated state of the prostate epithelium.
A recent study using �ERKO mice showed a shift in basal, intermediate, and
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luminal epithelial cell markers in the prostate toward a less differentiated gland
that supports this purported role (143). As a counterpart to the hypothesis that
ER� plays a role in epithelial differentiation, it has also been suggested that
ER� has an antiproliferative role in the prostate and participates as a brake for
androgenic stimulation of prostate growth (144). Indirect evidence for this role
was suggested by the hyperplastic and dysplastic adult prostate epithelium with
reduced ER� expression following neonatal estrogen exposure (134). Direct
studies for a role of ER� in prostate proliferation using �ERKO mice have
yielded conflicting results. Although some studies show epithelial hyperplasia
with increased BrdU labeling in the �ERKO prostates (144–146), this was not
supported in subsequent studies using the same mice (124,147) or different
�ERKO models (148).

Studies in our laboratory suggest that ER� may play an immunomodu-
latory role in the prostate gland. �ERKO and wild-type mice were aged to 6
or 12 months and a blinded histologic analysis by two independent investi-
gators was performed for the entire glandular complex using serial sections
(>100 sections/prostate complex). Aging associated changes were noted in both
genotypes, which consisted of reduced secretions, flattened epithelium, and
degenerated apoptotic cells within ductal lumens. Proliferative and apoptotic
scores were not different for the two genotypes. However, a feature observed
in �ERKO but not in wild-type prostates was abundant-to-massive lymphoid
aggregates that were at times associated with reactive (proliferative) epithelium
consistent with injury-repair cycles (Fig. 2). Immune T-cell infiltration was
blindly scored as 0 (absent), 1 (rare), 2 (focal), 3 (abundant), and 4 (massive)
for the two genotypes. The percent of wild-type mice in each category was 50,
33, 17, 0, and 0%, respectively, indicating that rare or focal T-cell infiltration
was present in 50% of animals whereas the remaining 50% of wild-type mice
had no inflammatory cells present. In marked contrast, T-cell infiltration scores
for the �ERKO mice were 11, 11, 33, 22, and 22%, respectively, indicating
that the vast majority of mice possessed prostatic inflammatory cells with 44%
of cases presenting with abundant or massive immune cell infiltration (Fig. 2).
Thus, we propose that ER� may normally play an immunoprotective role in
the prostate gland perhaps limiting tissue damage or modulating expression of
stimulus for immune cell infiltration. Estrogens are widely known to affect the
development and regulation of the immune system and have been shown to
exert potent anti-inflammatory effects (149,150). The present data suggest that
the anti-inflammatory effects at the level of the prostate gland may be mediated
through ER�. This hypothesis is supported by a recent study that demonstrated
that an ER�-selective ligand was able to prevent inflammatory bowel disease
in a rat model (151). Such an approach may hold promise for treatment of
prostatitis, which is the most prevalent of prostatic diseases. Furthermore, there
is increasing evidence for a link between chronic prostatic inflammation and
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Fig. 2. Inflammatory cell infiltration in the ventral (A–C, D, F) and dorsal (E) prostate
lobes of wild-type (A) and ER� knockout (�ERKO) (B–F) mice at 1 year of age. Wild-
type prostates (A) were largely free of lymphoid infiltration. By contrast, focal (B and C),
abundant (D and E) and massive (F) stromal lymphocytic infiltrate were routinely observed
in the �ERKO prostates. As infiltration became abundant, evidence for diapedesis in the
epithelium was observed (E and F, arrows). In several instances, lymphoid aggregates
were associated with reactive, proliferative epithelium in the immediate vicinity (D–F,
arrowheads). Magnification, ×40.

prostate cancer etiology (152), suggesting a potential relationship to prostatic
ER� in this regard. ER� has also been proposed to play a role in the anti-
oxidant pathway. ER� can bind the electrophile/antioxidant response element
(EpRE) and is a more potent activator at the EpRE element than ER� (153).
Thus, ER� is capable of inducing genes that encode chemoprotective detox-
ification enzymes [quinone reductase, glutathione S-transferase (GST)] and
may play an active role in protecting prostate epithelial cells from carcinogens
by detoxifying electrophiles. This is particularly relevant because GST-pi has
been shown to be critical in protecting against prostate cancer through genome
damage initiated by inflammatory cells and carcinogens (154).

5.4. ER� in Prostate Cancer
Dynamic changes in ER� expression have been observed during the

progression of prostate cancer, which suggests that estrogen action through
ER� may play an important role in prostate carcinogenesis, metastasis, and
perhaps, androgen independence. There are several reports in the literature
that describe ER� expression in prostate cancer. Although there are a few
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conflicting reports (155), most concur that ER� expression declines in localized
PCa with increasing grade from PIN through low to high Gleason scores
(130,139,156,157). This pattern fits with the hypothesis that ER� plays an
antiproliferative and pro-differentiation function in the prostate. Loss of its
expression would permit unregulated proliferation and de-differentiation of
prostatic epithelium. In support of this, a recent study using adenoviral
vectors found that ER� expression in prostate cell lines inhibited growth and
invasiveness of cells suggesting that loss of ER� in higher grade tumors allows
for unregulated growth and eventual metastasis (158). However, counter to this
concept, ER� expression re-emerges as prostate cancer metastasizes to distant
sites with 100% of osseous and non-osseous metastatic cells expressing ER�
to varying degrees (138,159). Loss of ER� mRNA and protein with increasing
tumor grade in organ-confined disease has been shown by Ho and colleagues to
be epigenetically regulated by progressive hypermethylation of two 5´ flanking
CpG islands due to methylation spreading from the untranslated first exonic
CpG island to the promoter CpG island with methylation of the promotor CpG
island causing transcriptional silencing (160). Furthermore, as the cells metas-
tasize, methylation at these two CpG islands is lost, which allows for high
gene expression at metastatic sites. If ER� is considered antiproliferative, it is
unclear how high ER� expression in metastatic disease permits uncontrolled
proliferation with metastatic spread. Because one study reported that localized
prostate cancers that retain ER� in the primary tumor were associated with
a higher rate of recurrence (157), it is possible that expression of ER� in
metastatic cells in not due to demethylation in the tumor microenvironment and
re-emergence of gene expression per se but rather is a function of a selective
advantage of ER�-retaining cells to metastasize. Thus, it is currently unclear
whether ER� function has an antiprolferative role in prostate cancer or whether
it promotes growth and metastasis. Whatever the case, the important feature
is the strong ER� expression in metastatic, androgen-independent prostate
cancer. This suggests that the metastatic cells are targets of estrogen action and
thus may be potential targets for therapeutic interventions with antiestrogenic
agents or more effectively ER�-selective antagonists.

5.5. Selective ER Modulators, Aromatase Inhibitors,
and Phytoestrogens as Therapeutic Agents in the Treatment

of Prostate Cancer
Because of the above considerations concerning the effects of estrogens

on prostate growth and carcinogenesis, and the expression of ERs in prostate
stromal and epithelial cells, the use of estrogen/antiestrogen therapy may have
efficacy for the treatment of prostate cancer. Thus many estrogens, antie-
strogens, phytoestrogens, and selective ER modulators (SERMs) including
DES, 2-methoxyestradiol, Raloxifene, ICI182,780, Trioxifene, and Torimifene



Chapter 9 / Estrogen Action in Prostate 197

have been shown to affect prostate tumor growth through various mechanisms
(24,161–167). Whereas some of the initial clinical trials using the SERMs
tamoxifene and Torimifene proved to be unremarkable for the treatment of
prostate disease (168,169), more recent studies indicate that the Torimifene
may in fact effectively block development and progression of clinical prostate
cancer, and further clinical trials are underway (166,170). It is unclear at
present whether these agents act primarily through antagonism of ER�, ER�,
or both. Future studies with ER�- and ER�-specific ligands (151) as well as
the development of new specific SERMs may provide insight into the specific
prostatic ER that is the most effective target for therapeutic use.

Another possible site for treatment of prostate cancer is through inhibition
of estradiol production using aromatase inhibitors (171,172). Recent work
has shown high expression of aromatase in prostate cancer with alternate
promotor utilization that suggests that intraprostatic production of estradiol
may contribute to progression of this disease (3). However, clinical trials
with aromatase inhibitors have not shown the current agents, letrozole or
anastrozole, to be effective in limiting prostate cancer progression (173,174).
Whether this is related to the timing of the intervention or the lack of efficacy
of this approach remains unclear at present.

In addition to pharmaceutical approaches, there is considerable evidence
that phytoestrogens may modulate prostate growth, which has been the basis
for herbal supplements and dietary modulation for the treatment of abnormal
prostate growth. Genestein (175,176), resveratrol (177), and soy (178) have all
been shown to have beneficial effects, and consumption of these products has
been inversely correlated with prostate cancer risk (178–180). High prostatic
expression of ER� may explain why phytoestrogens (genestein, coumestrol)
are beneficial to prostate health because these compounds have been found to
bind to ER� with an affinity up to 10 times higher than for ER�. However,
clinical trials evaluating the efficacy of these approaches have been limited.
Thus, caution in their usage must be issued until their safety and effectiveness
has been demonstrated.

6. CONCLUSIONS

It is generally agreed that the prostate gland is an androgen target tissue
and highly responsive to testosterone and DHT. Developmental dependence of
the prostate on androgen and AR activity is also well documented both exper-
imentally and clinically. Androgens’ role in prostate disease including BPH
and prostate cancer, and the therapeutic developments for successful treatment
of these conditions using androgen antagonists are clearly established. On the
other hand, a considerable amount of evidence now exists for an important
role of estrogens in both normal prostate gland development and homeostasis.
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Research continues to identify the different specific roles of androgens and
estrogens and their mimics in prostate functionality. Additionally, development
of prostatic diseases including BPH and prostate cancer has also been linked
to estrogen exposures. Experimental studies have provided some evidence for
the roles of the different NRs in the disease process. Therefore, such findings
may provide new avenues or alternative treatments of prostate cancer with
novel therapies directed at ERs or estrogen metabolism. Once the individual
role of the hormones and their receptors are determined, a treatment approach
could be developed in conjunction with androgen therapy or independent of
androgen manipulation. Furthermore, manipulation of estrogen signaling in the
prostate gland may be useful as a potential chemopreventive therapy.
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1. INTRODUCTION

Lethal clones of prostate cancer express multiple genes involved in driving
angiogenesis. A Google Scholar search of “angiogenesis and prostate cancer”
yields over 1000 citations. Nevertheless, until recently the signaling pathways,
critical epigenetic factors, and genetic alterations were not well defined
for human prostate cancer angiogenesis. Hypoxia-inducible factor 1 (HIF-1)
is an important transcription factor associated with the lethality of human
prostate cancer and many other cancers (1). HIF-1 regulates multiple genes,
including vascular endothelial growth factor (VEGF) in angiogenesis (1–3).
Furthermore, HIF-1 also appears to be involved in the overexpression of
genes implicated in osseous metastasis (1). As the signaling pathways for
HIF-1 have been identified, HIF-1 has become a candidate therapeutic target
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in prostate cancer; pursuit of HIF-1 inhibitors has the attractive aspect that
they may centrally inhibit angiogenesis, as well as other survival functions
of HIF-1.

2. HIF: FUNCTION AND BIOLOGY

To survive, eukaryotic cells need to endure metabolic stresses and manage
satisfactory O2 levels; they respond to hypoxia with adaptive changes in mRNA
and protein expression (4). Mammals are sustained by multiple complex physi-
ological pathways to maintain adequate O2 delivery to all tissues. Cells have
systems of gene expression that respond to the stress of hypoxia. Adaptive
reactions to acute oxygen tension reductions are modulated by protein phospho-
rylation or redox state changes, but chronic hypoxia—akin to the metabolism
of tumors in vivo—causes cellular alterations in gene expression throughout
the genome (4).

In seminal work studying the regulation of erythropoietin and glycolytic
enzymes under hypoxia, Semenza and colleagues discovered that the transcrip-
tional regulator hypoxia-inducible factor 1 (HIF-1), is an essential mediator of
O2 homeostasis in chronic hypoxia (6,7). HIF-1� is a dimer as a transcription
factor, and is composed of HIF-1� and HIF-1� [also known as the aryl hydro-
carbon nuclear translocator (ARNT)] subunits (3). The two subunits form
heterodimers, and the amino-terminal half of each subunit contains basic helix-
loop-helix (bHLH) and PER–ARNT–SIM homology (PAS) domains (Fig. 1).
The bHLH domain mediates dimerization; the basic domain binds DNA (7).
Interestingly, the bHLH–PAS proteins represent a relatively small family of
bHLH proteins that are only found in multicellular metazoan species (3). HIF,
like angiogenesis itself, is central to multicellular development and organo-
genesis. Mice homozygous for a loss-of-function mutation in the gene encoding
HIF-1� or HIF-1� die as embryos with major vascular defects primarily
involving the embryonic and extraembryonic circulation, respectively (4).

Hereditary tumor suppressor gene research has helped unmask the impor-
tance of HIF-1 in tumor cell survival and metastasis. Renal carcinoma cell
lines, which lack expression of the von Hippel–Lindau (VHL) tumor suppressor
protein, profoundly express HIF-1 under even nonhypoxic conditions, and O2-
regulated downregulation is restored in cells that have been transfected with a
wild-type VHL cDNA expression vector (8,9). The VHL gene functions as a
component of a ubiquitin-protein ligase, and constitutive expression of HIF-1�
in kidney cancer is due to a lack of ubiquitination under nonhypoxic conditions
(Fig. 2). HIF-1 is regulated post-transcriptionally in normoxia by ubiquitination
and interaction with the von Hippel-Lindau (VHL) tumor suppressor protein
(pVHL), then degraded by the 26S proteasome. After HIF-1� is hydroxylated
at the proline residues 402 and 577 it is recognized by pVHL, a member of
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Fig. 1. The HIF-1 Complex Structure. HIF-1� is an 826-amino-acid polypeptide, whereas
HIF-1� is expressed as a 774- or 789-amino-acid polypeptide as a result of alternative
splicing. Basic helix-loop-helix (bHLH) and PER–aryl hydrocarbon nuclear translocator
(ARNT)–SIM (PAS) domains are required for heterodimerization that is needed for DNA
binding. Additional regulatory domains of HIF-1� include N- and C-terminal nuclear local-
ization signals (NLS-N and NLS-C, respectively), the proline–serine–threonine-rich protein
stabilization domain (PSTD), amino- and carboxy-terminal transactivation domains (TAD-
N and TAD-C, respectively), and the transcriptional inhibitory domain (ID). Transcriptional
coactivators CBP and p300 interact with TAD-C.

the E3 ubiquitination complex. This critical regulatory process is mediated by
prolyl hydroxylase domain containing (PHD) proteins. The PHDs require O2 as
a cofactor for activity and have been intensively studied (8). HIF-1 biological
activity in cancer is determined by the presence or absence of the HIF-1�
subunit in the nucleus. The regulation of HIF-1� expression and activity in vivo
occurs at multiple levels, including mRNA expression, translation, nuclear
localization, and post-translational modification (7).

HIF-1� dimerizes with HIF-1� and the heterodimer binds to DNA at sites
represented by the consensus sequence 5´-RCGTG-3´ to activate transcription
of target genes (7). The 5´-RCGTG-3´-binding site is present within a hypoxia
response element (HRE), a cis-acting transcriptional regulatory sequence that
can be located within 5´-flanking, 3´-flanking, or intervening sequences of
genes that are activated by HIF-1 (7).

Normally, biochemical detection of intracellular O2 levels directly is
mediated by the PHD enzymes which then regulate HIF-1� protein levels.
When cells are hypoxic, PHD activity is inhibited from the low avail-
ability of O2. HIF-1� hydroxylation and pVHL association is lowered and
steady-state HIF-1� protein levels rise (Fig. 2). HIF-1� protein with its nuclear
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Fig. 2. HIF-1� Protein Level Control Pathway. Hypoxia is signaled by prolyl hydrox-
ylase domains (PHDs), which lack oxygen, which in turn release HIF-1� and redirects
HIF-1� from the proteasome toward the signaling pathway to the nucleus. This pathway
is a complex multi-responsive series of different phosphorylations originating from K-
ras to either PI3 kinase/AKT or RAF/MEK pathway. In turn, HIF-1� dimerizes with
HIF1�/hydrocarbon nuclear translocator (ARNT), translocates to the nucleus, and interacts
possibly with signal and transducer of transcription 3 (STAT3) and p300/CBP to initiate
an increase in vascular endothelial growth factor (VEGF) transcription.

localization sequence is then translocated to the nucleus; in this process
it heterodimerizes with HIF-1�, and the HIF-1 complex binds to hypoxic
responsive elements (HREs) upstream of hypoxic-regulated genes, where it
functions as a transcription factor. HIF-2� is another structurally related HIF
protein, also termed (EPAS1, HRF, HLF, MOP2), has recently been implicated
in the hypoxic response of endometrial carcinoma and other cancers (7). A
small group exists of HIF subunit genes exists in the genome. The slightly
different HIF-�s may have different functions in different tissues. They have
been discovered within the human and mouse genomes by database searches
for cDNA sequences encoding structurally similar proteins. The HIF-1�, which
has been studied the most in cancer, was cloned directly from its functional
activity in erythropoietin (6,7). HIF-1�, -2�, and -3� each heterodimerize with
ARNT (HIF-1�), ARNT2, or ARNT3. HIF-1� and ARNT (HIF-1�) mRNA
are expressed in most, if not all, human and rodent tissues (8,9). In contrast,
HIF-2�, HIF-3�, ARNT2, and ARNT3 have a narrower set of tissues and cell
lineages of expression. To date, the best evidence suggests that HIF-1� plays
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a very central and widespread role by signaling the existence of hypoxia to
the transcriptional machinery in the nucleus. Comparative analyses of HIF-1�
and HIF-2� knockout mice suggest HIF-2� and HIF-3� play more limited
or specialized roles in O2 adaptive responses. Both HIF-1� and HIF-2 at the
level of protein are expressed in human prostate cancer compared to normal
prostate cells immediately adjacent to the tumor (7). Both HIF-1 and HIF-2
have structural homology, and both are regulated by oxygen tension through
the PHDs (7). HIF-2 also regulates hypoxia-inducible genes through binding
to HREs. The functional differences between the two HIF-� proteins, their
tissue distribution, and roles in human tumor biology are still being defined.
The HIF-1 heterodimers associate with the transcription coactivator CBP, bind
to a, hypoxia response element (HRE) promoter, and enhances transcription of
the downstream target genes (3). The number of HRE upregulated transcripts
activated by HIF-1 identified in metastatic tumors continues to increase, and
includes genes whose protein products are involved in angiogenesis, energy
metabolism, erythropoiesis, cell proliferation, apoptosis, stromal growth and
remodeling, vascular remodeling, and vasomotor responses (7). At least 20
genes upregulated by HIF-1 are known to be involved in the tumor biology of
invasion, angiogenesis, cell survival, and metastasis of prostate cancer (7).

Human cancers have the plasticity to adapt to unfavorable metabolic
environments, to generate a vasculature, and withstand hypoxic environments
in both primary and metastatic sites. Hypoxia is defined as a loss of oxygen
in tissues and is widespread in solid tumors (epithelial or mesenchymal stem
cell origin) due to the tumors ability to outgrow the existing vasculature.
Oxygen tension in normal tissues has a mean of approximately 7% oxygen;
in human tumors, the mean oxygen tension averages about 1.5% oxygen
(3,10–12). Eppendorf partial oxygen pressure histograph measurements have
demonstrated the existence of hypoxia in patient’s prostate cancers in situ.

Tumor cells must survive by epigenetically adapting to the low pO2 in
their microenvironments, or by increasing vascularization, or both. Many gene
products are implicated and have been studied individually in tumor neo-
angiogenesis. One of the most investigated and “drugable” targets of the
hypoxic response is Vascular Endothelial Growth Factor (VEGF), which is
secreted by hypoxic tumor cells. In addition to increased vascularization,
hypoxia initiates multiple cellular responses such as activation of proto-
oncogenes (14,15), increase in glucose transport (14), induction of glycolytic
enzymes (7,16), and induction of various apoptotic related genes (17). It is
estimated that perhaps as much as 1% of the genome is HIF-1 hypoxia regulated
(3). Tumor hypoxia tends to result in poorer prognosis at diagnosis (10) in
several types of cancer because these hypoxic adaptations make the tumors
more difficult to treat, and confer increased resistance to chemotherapy and
radiotherapy (3,10).
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3. REGULATION OF HIF-1

In cancers, HIF-1 is biomodulated and upregulated in addition to hypoxia by
oncogene activation ligand–receptor interactions, and tumor suppressor gene
mutations and deletions (7). One of the most recently identified pathways
modulating and influencing HIF-1 regulation is the Ras–ERK pathway (18).
Several laboratories have recently shown that Ras affects VEGF expression
through HIF-1 (3,16). This interaction is mediated through the tyrosine kinase
signaling, Raf/MEK1/ERK, a pathway shared with Akt-1 (19).

Another oncogene that has been shown to induce VEGF through HIF-1
signaling is the protein tyrosine kinase c-Src, and/or its downstream mediator
phosphatidyl-inositol 3-kinase (PI3K) (20–23). A rapid increase in the Src
activity has been seen in both tumor and normal cells under hypoxia. More
recently, signal and transducer of transcription 3 (STAT3) activation has also
been shown to upregulate VEGF transcription through HIF-1 (21,23,24). In
addition, both HIF-1 and STAT3 bind the transcriptional coactivator CBP/p300
in the initiation of HIF regulated genes, suggesting that simultaneous occupancy
of the VEGF promoter may occur and be part of a single large transcriptional
complex (25–28). HIF-1 physically associates with STAT3, CBP/p300, and
Redox effector factor 1/apurinic/apyrimidinic endonuclease (Ref-1/Ape) (24).
Several investigators have demonstrated that optimal transcriptional control of
the VEGF promoter requires binding of both HIF-1 and STAT3, and these
factors are part of a large transcriptional complex coordinated in part by the
coactivators CBP/p300 and Ref-1/APE (24).

Not only is HIF-1 activated by oncogenes in normoxic conditions, but the
loss of tumor suppressor gene function can upregulate HIF-1 as well. Mutations
and allelic loss of the PTEN tumor suppressor gene in prostate cancer and
other tumors can activate HIF-1� through increased downstream signaling
from Akt-1 (3,26). The loss of PTEN repression of the PI3-kinase pathway
has sparked considerable interest in this pathway relative to HIF-1 expression
and activation with regards to activation of early angiogenesis during early
prostate tumorigenesis (29). Studies have shown that PTEN-deficient prostate
cancer cells display a higher HIF-1 activation response to hypoxia, suggesting
that this may play a role in the biological aggressiveness of a tumor. Given
the finding that PTEN loss in prostate cancer is involved in metastatic prostate
cancer, a major emphasis is being placed on the role of PTEN−/+ and PTEN−/−

genotypes in prostate cancer and downstream activation of HIF dependent
genes in the establishment of metastatic sites (29).

Despite being a transcription factor rather than an enzyme, HIF-1� is
potentially a “drugable” downstream target based on PTEN studies (2,3,30).
Inhibitors of mTOR function like rapamycin, CCI 779, and Rad 001 decrease
HIF-1 protein levels in both normoxic and hypoxic cells by reducing protein
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synthesis (2,7,29). These findings suggest in the right genetic context—
where tumors are dependent on Tor function for survival—clinical trials now
underway against prostate cancer using “rapalogues” would in part be evalu-
ating the efficacy of the inhibition of HIF-1-activated downstream genes in
tumors, and in effect be antiangiogenic.

4. HIF-1 AND TRANSLATIONAL RESEARCH IN PROSTATE
CANCER

We originally observed HIF-1 was overexpressed in primary prostate
cancers, compared with normal prostate epithelium (1). HIF-1 overexpression
was observed in prostate cancer bone metastases as well (1). Hypoxic regions
exist in human prostate carcinoma, and increasing levels of hypoxia are
associated with higher clinical stages. In a clinical observation of high-grade
prostate intraepithelial neoplasia (PIN) lesions, with PIN lesions considered
the precursor for the majority of invasive prostate adenocarcinomas, we found
an increase in HIF-1� relative to the respective normal epithelium, stromal
cells, and benign prostatic hyperplasia (BPH) (4). Upregulation of HIF-1� is
associated with high-grade PIN, and thus HIF-1� may be a future biomarker
for pre-malignant lesions of the prostate (4,29). One possible explanation for
these high levels of HIF-1 in prostate cancer is the possible amplification
of the HIF-1� gene; however, this was found to be infrequent by Saramaki
and colleagues, who showed an amplification of the HIF-1 locus only in the
PC-3 prostate cancer cell line and not in clinical prostate tumors (31). Fu
et al. also suggest that high levels of HIF-1� expression are not due to an
increase in stabilization resulting from a high frequency rate of mutations in
human prostate cancers in the oxygen degradation domain (ODD) region of
HIF-1� (27). Data taken together at this time suggest that HIF-1 is being
upregulated not as itself a target of amplification or mutations, but rather an
important downstream “effector” of epigenetic or genetic alterations the early
transformed prostate epithelial cell is programmed with.

HIF-1 overexpression in very early prostate tumorigenesis has been
identified in transgenic mouse models of prostate cancer (28). HIF-1 overex-
pression appears to be a very early event in prostate cancer pathogenesis
in these systems. In transgenic mice expressing human Akt-1 in the ventral
prostate, there is an mTOR-dependent survival signal that activates HIF-
1 in early tumors. Transcriptome profiling showed that HIF-1/HRE targets,
including genes encoding most glycolytic enzymes, constituted the dominant
transcriptional response to Akt activation and mTOR inhibition (28).

Androgens working through the androgen receptor (AR) have been
discovered to modulate HIF-1 protein levels in human prostate cancer (32–34).
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We tested the hypothesis that HIF-1 overexpression may not just be epige-
netic from intratumoral hypoxia but is affected by androgen receptor (AR) and
androgens. We tested as well the hypothesis that the anti-angiogenic effects of
anti-androgens in androgen-responsive prostate cancer (PCA) cells occurs from
blocking HIF-1 transcriptional pathway. Mabjeesh and colleagues found that
in vitro dihydrotestosterone (DHT) stimulates HIF-1 protein expression, HIF-1
transcriptional activity, and VEGF production in AR-positive LNCaP cells;
conversely the anti-androgen flutamide reduced these effects on both HIF and
downstream VEGF (34). Androgen-induction of HIF-protein expression and
function are regulated in part through an autocrine loop mechanism. Increased
secretion of EGF is androgen-mediated in prostate cancer in vitro; EGF then
acts through the EGF receptor the PI3K/Akt/Tor pathway in prostate cancer
cells to increase HIF-1 levels (34). Thus, the efficacy of anti-androgen therapy,
a mainstay of prostate cancer endocrine therapy for 60 years, may be based in
part on downregulation of VEGF by suppression of HIF-1 (35).

Dihydrotestosterone (DHT) has also been shown to increase the stabi-
lization of HIF-1� and EGF mRNAs through the AU-rich elements (AREs)
within the 3’ untranslated regions (UTRs) of these transcripts. DHT can
act post-transcriptionally as well as post-translationally to modulate HIF-
1 activity (3). Recently, Boddy et al. showed that the expression of HIF-
1 and HIF-2 were significantly correlated with AR expression in human
tumors, supporting the previously cited in vitro data (35). A significant area
for inquiry is how androgen refractory prostate cancer develops resistance
pathways from blockade of androgen receptor action. An additional area of
focus will be testing new anti-androgen agents in clinical trials from Bristol
Meyers Squibb, Cougar Biotechnology, and Medivation Biotechnology, for
example, and their potency compared to flutamide and casodex in the clinic
for repressing Dihydrotestosterone-Anderogen Receptor (DHT–AR) crosstalk
that upregulates both HIF-1 and VEGF.

5. HIF AS THERAPEUTIC TARGET IN PROSTATE CANCER

Transcription factors are difficult targets for anti-cancer drug discovery
and development, as they are not enzymes for the identification of active
site inhibitors. Given the overexpression of HIF-1 is common in so many
tumor types, the role of HIF-1 with tumor angiogenesis, and that HIF-1 is not
overexpressed in normal cells, many approaches have been taken to identify
agents that reduce HIF-1 protein levels (3,33). High-throughput HIF-1 reporter
gene assays have been used to start to screen diverse chemical and natural
product libraries (32).

Other groups have sought disruption of HIF-1-signaling upstream of it
by attacking Ras-related proteins. Blum and colleagues showed that the
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Ras-inhibitor trans-farnesylthiosalicylic acid (FTS) exhibits profound anti-
oncogenic effects in U87 GBM cells. FTS inhibited active Ras and its signaling
to phosphatidylinosital-3-kinase (PI3K) and Akt pathway; hence, HIF-1� was
lowered and downstream HIF regulated genes were reduced in expression
accordingly (36).

Another “upstream approach” to inhibit HIF-1 downstream utilizes the
anti-epidermal growth factor receptor monoclonal antibody cetuximab (C225;
Erbitux), which is approved for the treatment of metastatic colorectal cancer.
This monoclonal antibody inhibits tumor cell VEGF secretion in vitro and
in vivo as a consequence of treatment. Luwor and colleagues showed that
cetuximab reduces HIF-1 in epidermoid carcinoma cells under both normoxic
and hypoxic conditions. This inhibition is through the Ras pathway and
confirms that VEGF secretion can be modulated by signal transduction
inhibition of HIF-1 protein translation (37).

Novel HIF-1 functional inhibitors are also in medical oncology clinical
trials of breast and prostate cancer. Of these, 2-methoxyestradiol (2ME2)
is particularly interesting. 2ME2 is an estradiol metabolite with significant
anti-proliferative and anti-angiogenic activity independent of estrogen receptor
status. It is currently in clinical trials (Panzem) and inhibits tumor growth

hif
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PCA HIF 1 TARGETING TO REDUCE

PROGRESSION

Fig. 3. HIF-1 Inhibition as a Strategy to Reduce Bone Metastatic Progression. HIF-1
antagonists such as 2-methoxyestradiol (2ME2), docetaxel, and antiandrogens may inhibit
the secretion of key factors that are secreted by tumor cells that activate osteoclasts and
osteoblasts involved in the progression of prostate cancer in the bone.
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and angiogenesis at concentrations that efficiently disrupt tumor microtubules
(MTs) in vivo. 2ME2 downregulates HIF-1 at the post-transcriptional level
and inhibits HIF-1-induced transcriptional activation of VEGF expression (31).
Inhibition of HIF-1 occurs downstream of the 2ME2/tubulin interaction, as
disruption of interphase MTs is required for HIF-1 downregulation (46). These
data establish 2ME2 as a small molecule inhibitor of HIF-1, and provide a
mechanistic link between the disruption of the MT cytoskeleton with drugs
like taxol and taxotere and inhibition of angiogenesis (49). The demonstration
by Giannakakou and colleagues at Emory that taxotere (docetaxel) treatment
inhibits HIF-1 and VEGF creates an important hypothesis: is the modest but
real increase in survival in hormone refractory prostate cancer patients treated
with docetaxel due in part to HIF-1 inhibition at the sites of metastases? Guise
and Simons and others are currently assessing inhibition of prostate cancer
osseous metastases models by targeting HIF-1 directly (Fig. 3).

6. SUMMARY

HIF-1 has emerged as an important transcription factor in human cancers
and specifically prostate cancer tumor biology. Mouse transgenic models
have validated translational research from human tumor banks that HIF-1 is
associated with the angiogenic switch in early tumorigenesis. In prostate cancer,
upregulation is early, making HIF-1� a logical target for chemoprevention
strategies in patients at higher genetic risk of breast and prostate cancer. Agents
like 2ME2 as well other small molecules under study are centering on HIF as a
target for new approaches to inhibiting angiogenesis in prostate cancer. HIF-1
and HIF-2 upregulation is impacted by multiple factors that are epigenetic and
genetic. One very important question is whether HIF-1 upregulation in the
PTEN−/+ and PTEN−/− genotypes of clinical prostate cancer is so clinically
significant that it actually helps the metastatic seeding of circulating clones
in the bone and other tissues. These questions may also be ascertainable with
the advent of detection of circulating tumor cells. Androgens upregulate HIF-
1 in prostate cells through androgen-regulated autocrine secretion and then
receptor tyrosine kinase receptor/PIP3K/AKT-1/mTor signaling. HIF is at the
crossroads for important signals in lethal clone survival, and important inroads
to slow progression or elimination of lethal clones are projected to come from
new strategies that eliminate the ability of HIF to rescue cancer cells from
death and the metabolic stresses they face.
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1. INTRODUCTION

Prostate cancer (PC) initially appears as an androgen-dependent disease but
progresses to one that is refractory to hormone ablation therapy. Substantial
evidence suggests that autocrine and paracrine growth factor loops fuel
PC progression to hormone independence: (1) overexpression of numerous
growth factors and their cognate receptors correlates with PC progression;
(2) ectopic overexpression of some receptors can drive hormone-independent
growth; and (3) neuroendocrine (NE)-like cells that produce growth-regulatory
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neuropeptides are associated with aggressive, advanced PCs. The Ras–mitogen-
activated protein (MAP) kinase (MAPK) pathway is a signaling pathway
that is utilized by virtually all the receptor systems known to be upregu-
lated in PC, and it is likely that this signaling pathway plays a role in the
progression of at least a subset of advanced cancers. However, the mechanisms
by which this pathway modulates PC growth, survival, and hormone indepen-
dence are unclear. Importantly, androgen-independent PC almost always retains
expression of the androgen receptor (AR), which often is mutated and overex-
pressed, and the AR continues to play an important role in cancer cell growth at
this stage of disease. Therefore, a key to understanding hormone-independent
PC is to determine the mechanism(s) by which the AR can function even in
the absence of physiologic levels of circulating androgen. In this review, we
examine the organization and regulation of the Ras–MAPK pathway, the role
this pathway might play in progression to hormone independence, and the ways
that this pathway might be exploited therapeutically in the treatment of PC.

2. PROGRESSION TO ANDROGEN INDEPENDENCE

When PC initially presents in the clinic, the tumor is dependent on androgen
for growth (1), and androgen ablation is commonly used as front-line therapy
for metastatic disease. However, therapeutic success is often temporary, and
the disease almost invariably recurs. Such cancers are called “androgen
independent” or “hormone refractory” because they no longer respond to
hormone ablation. However, in general the tumors still depend on the AR.
Thus, there is considerable interest in determining the mechanism(s) by which
the AR becomes activated in advanced disease.

It is worth noting that “androgen independent” or “hormone refractory” PCs
often are not fully independent of androgen, but have become sensitive to very
low levels of androgen (2–5). Clinically, these cancers may appear “androgen
independent.” However, because hormone ablation therapies do not eliminate
all traces of androgen at the molecular level, these cancers still depend on
androgen and on the AR. This is a source of semantic confusion, because the
term “androgen independent” is used in the literature, regardless of whether
the cells are completely or only partially androgen independent. In this review,
the term “androgen independent” is used, with the understanding that the
cells may actually be hypersensitive to androgen rather than being completely
independent of the steroid.

Even in advanced, androgen-independent disease, the AR is retained,
and substantial evidence supports its critical role in the continued growth
and survival of PC cells (6–9). Work by Tindall and colleagues used an
AR hammerhead ribozyme to disrupt AR expression in LNCaP PC cells;
knockdown of AR expression resulted in a dramatic inhibition of cell growth
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(6). Work from Culig and colleagues used antisense oligonucleotides to
downregulate AR expression both in tissue culture cells and in PC xenografts
(8,9). Collectively, these studies suggest that although advanced PC may be
functionally independent of androgen, it is not independent of the AR. The
AR-dependent regulatory mechanisms are subverted, not bypassed.

How is the AR activated in advanced disease? Current evidence points to at
least three mechanisms that are likely synergistic: (1) increases in expression
levels of the AR and its co-activators; (2) mutations in the AR that broaden its
selectivity for agonists; (3) modulation of the activity state of the AR and its
co-regulators via post-translational modifications that are triggered by signal
transduction pathways.

Late-stage androgen-independent PCs often overexpress the AR despite
the near-absence of circulating androgens (10,11). Overexpression is often
associated with gene amplification (30%) (11,12). An increase in AR
expression was the only consistent change detected in a genome-wide survey
comparing androgen-dependent and androgen-independent PCs (3). Chen et al.
used microarray gene profiling of isogenic PC xenografts and found that a
two to fivefold increase in AR mRNA was the only gene expression change
consistently associated with androgen-independent disease. This increase in
expression hypersensitized the AR to low levels of ligand. The authors also
showed that the increase in AR levels was both necessary and sufficient to
drive PC progression to androgen independence. Surprisingly, the increase
in AR levels converted AR antagonists to agonists. Anti-androgens such as
Casodex function by inducing an AR conformation that recruits co-repressors
rather than co-activators. The conversion of antagonists to agonists in cells
overexpressing the AR was associated with changes in the recruitment of co-
activators and co-repressors at AR target promoters (3). Thus, AR expression
level can be a determinant both of “androgen independence” and of resistance
to anti-androgens. It is not clear whether this conversion is solely and directly
a consequence of increased AR expression, or whether concordant changes in
other regulatory networks, such as signaling pathways, have occurred.

The importance of AR expression level is supported by other work
examining AR protein stability in various PC cell lines (13). The AR protein
was two to four times more stable in recurrent PC cell lines compared with
androgen-dependent lines. A high level of AR expression and stability was
associated with increased sensitivity to hormone. Furthermore, overexpression
of transcriptional co-activators often accompanies PC progression, and this
facilitates the activity of the AR (2–15).

Frequently, the AR is mutated in advanced PCs (10–40%), which often
results in an AR that can be activated by non-androgen ligands (7,13,16–18). In
these cases, the AR functions even in the face of androgen ablation by utilizing
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alternative ligands. Cells expressing such mutated receptors have a selective
growth and survival advantage under conditions of androgen ablation.

In addition to changes in AR expression and mutations as described above,
the AR can be activated functionally in response to signal transduction from
growth factors (4,19,20). The mechanisms driving cancer progression that
are based on growth factor signaling are not mutually exclusive with the
mechanisms based on AR modification, and indeed are likely to be mutually
reinforcing. A therapy that targets any aspect of the AR compensatory mecha-
nisms could effectively treat androgen-dependent and androgen-independent
PC. The rest of this chapter focuses on the mechanisms by which growth factor
signaling alters AR function, because this is a mechanism that is likely to play
a role in at least half of advanced PCs, is subject to therapeutic intervention,
and provides an opportunity to understand how growth factor and Ras signaling
can integrate with the functions of nuclear receptors.

3. GROWTH FACTORS IN PROSTATE CANCER PROGRESSION

The prostate gland requires both androgens and polypeptide growth factors
for proliferation, differentiation, and maintenance of function (21). Androgen
action on stromal cells leads to the secretion of peptide growth factors—
andromedins (22). Andromedins diffuse to the epithelial cell compartment and
regulate proliferation and survival of basal and secretory luminal epithelial
cells. Androgen action on epithelial cells stimulates the transcription of genes
encoding prostate-specific differentiation factors. In fact, androgen action in
epithelial cells suppresses the growth stimulatory effects of andromedins and
promotes the differentiated phenotype. However, during prostate tumorigenesis
this system is dysregulated, allowing for growth stimulatory interactions to
occur between androgens and growth factors—interactions that are the opposite
of those seen during prostate development and maintenance. Stimulation of PC
cells with growth factors can decrease the requirement for androgen, and the
expression of these growth factors and receptors increases as PC progresses (19,
23–25). Thus, the AR plays a paradoxical role in the prostate, being essential for
normal differentiation and maintenance, but subsequently essential for driving
malignant behavior.

Increases in autocrine and paracrine growth factor loops are among the most
commonly reported changes correlated with PC progression from a localized
and androgen-dependent to a disseminated and androgen-independent disease.
In advanced PC, epidermal growth factor (EGF), transforming growth factor-�
(TGF-�), keratinocyte growth factor (KGF), basic fibroblast growth factor
(bFGF), and insulin-like growth factor (IGF-I) as well as their cognate receptors
are all reported to be overexpressed (17,24,26). Additionally, there appears
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to be a paracrine relationship between the EGF receptor (EGFR) and TGF-
� in primary androgen-dependent prostatic tumors; the tumor cells express
the EGFR and the surrounding stromal cells express TGF-� (25). However,
in androgen-independent metastases, the prostate tumor cells co-express the
EGFR and TGF-�, consistent with autocrine regulation. A similar observation
has been made with bFGF expression in PC cell lines. The androgen-dependent
PC cell line, LNCaP, does not produce bFGF and requires co-inoculation
of bone or prostatic fibroblasts which express large amounts of bFGF, or
matrigel for effective tumor formation in athymic mice (27–29). By contrast,
the androgen-independent PC cell lines, DU145 and PC-3, produce bFGF and
readily form tumors in athymic mice. These PC cell lines also require autocrine
production of IGF-I for growth (30). That transgenic mice expressing KGF
under the control of the mouse mammary tumor virus (MMTV) promoter
develop prostatic hyperplasia further suggests that chronic exposure to growth
factor can dysregulate prostate cell growth (31).

Previous studies have demonstrated that polypeptide growth factor signal
transduction pathways can stimulate AR activation, suggesting that the increase
in growth factor and receptor expression could be causal in PC progression
to androgen independence. Growth factor stimulation has been reported to
render androgen-response element (ARE)-driven promoters hypersensitive to,
or “independent” of, androgen (17,19,20,24,26,32–35). Culig et al. investigated
the effects of growth factors on stimulation of AR-mediated transcription (26).
DU145 cells, a PC cell line that expresses neither AR nor prostate-specific
antigen (PSA), were co-transfected with an expression vector encoding the
AR and chloramphenicol acetyltransferases (CAT) reporter constructs driven
by either a synthetic ARE or the PSA promoter. IGF-I was able to stimulate
reporter gene expression to levels comparable with those induced by the
synthetic androgen R1881. This observation was independent of the promoter
used. EGF and KGF were also able to induce reporter gene expression, but
only in experiments using the ARE-driven reporter construct. Growth factor-
induced reporter gene expression was dependent on co-transfection of the AR
expression construct and was blocked by the AR antagonist Casodex. In this
same study, activation of endogenous AR by IGF-I in LNCaP cells was demon-
strated using PSA production as a marker. Again, Casodex blocked the effect
of IGF-I on PSA production.

Olli Janne and colleagues did similar studies using CV-1 and HeLa cells
(4). Activation of an ARE-driven CAT reporter construct was induced by
EGF in the absence of androgen when AR was co-expressed in these cell
lines. However, when the MMTV promoter was used to drive expression of
a CAT reporter, EGF (and IGF-I) stimulation was dependent on the presence
of androgen. Unlike Culig et al., these investigators failed to detect ligand-
independent activation of the AR. However, they did see stimulation of
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androgen-dependent activity in response to growth factors. Thus, the ability
and degree of ligand-independent activation of the AR appears dependent on
the promoter and cell type. Collectively, these experiments suggest that growth
factor signaling can regulate androgen responsive genes by a mechanism that
is AR dependent.

Consistent with this, forced overexpression of HER2/neu in androgen-
dependent PC cells could drive androgen-independent growth (14,36). After
the initial observation that androgen-independent sublines of LAPC4 cells
expressed elevated levels of HER2/neu, Craft et al. generated LAPC4 cell
lines overexpressing HER2/neu (37). These cell lines displayed androgen-
independent growth and activated the AR pathway in the absence of ligand.
Importantly, the HER2/neu expressing cells synergized with low levels of
androgen to activate PSA transcription and growth. Yeh et al. overexpressed
HER2/neu in LNCaP cells and demonstrated that activation of the pathway
induced AR transcription and androgen-independent growth (14). Additionally,
activation of HER2/neu and HER3 by heregulins increased AR transactivation
and PC cell growth in vivo (38).

Studies have also shown that the small molecule dual EGFR/HER2 inhibitor,
PKI-166, can inhibit the growth of PC xenografts (39). Additionally, use of
a monoclonal antibody, 2C4, that sterically hinders HER2 heterodimerization
inhibited in vitro and in vivo PC cell growth (40). Inhibition of HER2/neu with the
kinase inhibitor, GW572016, or an inhibiting antibody impaired AR transcrip-
tional activity and androgen-dependent cell growth (41). However, exami-
nation of clinical specimens has provided conflicting results—depending on the
study, either no effect or an increase in HER2/neu levels was reported (42–45).

Small molecule inhibitors and siRNA were used by Sawyers and colleagues
to study the relative roles of ErbB receptor tyrosine kinases in PC progression
(46). PKI-166 inhibited AR transcriptional activity, protein stability, DNA
binding, and phosphorylation on Serine 81. Use of EGFR selective small
molecule inhibitors, EGFR negative cells, and siRNA demonstrated that the
PKI-166-mediated anti-androgen effects were due to inhibition of HER2, not
EGFR. This work demonstrates that signals emanating from HER2/ErbB3
heterodimers regulate AR activity in LNCaP and LAPC4 cell lines.

Although most emphasis has been placed on tyrosine kinase receptors,
there is evidence that G-protein-coupled receptors (GPCRs) can also play
an important role in modulating AR activity. These receptors often regulate
intracellular levels of cAMP and hence of protein kinase A (PKA). Nazareth
and Weigel reported that the AR could be activated by a PKA activator in
the absence of androgen (33). This activation can be blocked by a PKA
inhibitor peptide and the AR antagonists Casodex and flutamide, indicating
that the activation effect was due to PKA and dependent on AR. Furthermore,
Sadar found that treatment of LNCaP cells with PKA activators resulted in
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a dose- and time-dependent increase in PSA mRNA levels that was blocked
by Casodex (47). NE-like cells, which often occur in aggressive forms of PC,
secrete neuropeptides that can increase intracellular cAMP and hence activate
PKA (48). As described below, changes in cAMP/PKA signaling can synergize
with Ras signaling in the context of PC.

Collectively, the above-mentioned studies suggest that growth factor
receptor signals can activate or sensitize the AR to reduced levels of ligand. The
hypothesis is that the activation/sensitization is mediated by tyrosine kinase
receptors and their downstream signaling effectors through regulated changes
in phosphorylation of the AR or of AR-associated proteins. The diversity of
these changes in autocrine and paracrine signaling predicts that, at least in the
context of PC, attempts to utilize a single receptor/ligand pair as a therapeutic
target will not generally be effective. To identify optimal targets for therapy, it
will be necessary to identify the downstream signaling intermediates that are
shared by these diverse receptors and ligands.

4. RAS SIGNALING

4.1. The Ras Family
The large Ras superfamily contains over 150 members involved in diverse

cellular activities including growth, apoptosis, cell shape, and intracellular
transport (49). They are small (21 kDa) GTP-binding proteins that are activated
when bound to GTP and inactive when bound to GDP. These states are
regulated by the balance between the intrinsic GTPase activity of the proteins,
their interactions with inactivating proteins that accelerate their GTPase activity
[GTPase-activating proteins (GAPs)], and with activating proteins that regulate
the exchange of GDP for GTP [GTP exchange factors (GEFs)]. Thus, they can
function as both molecular switches and timers. The GAPs and GEFs provide
the major mechanisms for Ras regulation and for linking Ras proteins to other
signaling systems. For example, there are GEFs (such as SOS) that activate
Ras proteins in response to tyrosine kinase receptors, such as members of the
HER family; and there are GEFs (such as EPACs (50,51)) that can activate
Ras proteins in response to changes in cAMP.

The Ras superfamily contains four founding members that constitute the Ras
subfamily—H-Ras, K-Ras4A, KRas4B, and N-Ras. Genetic and biochemical
evidences indicate that these isoforms have different intracellular functions and
locations, but the “division of labor” between them is not fully explored. The
founding members of the Ras subfamily, H-Ras and K-Ras, were discovered as
oncogenes and most of the related proteins also have oncogenic activity when
overexpressed in an activated form in the appropriate cell background. Most
of our knowledge about the biochemistry of Ras signaling is based on analysis
of H-Ras; however, K-Ras is the isoform that is most frequently mutated in
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human cancers (52,53). We detect K-Ras and N-Ras in PC cell lines, but very
little H-Ras (unpublished observation).

Virtually all of the growth factor receptors upregulated in PC activate Ras
or Ras-related proteins for a portion of their signal transduction activity. Ras
mutations are infrequent in PC (54), but this is consistent with our hypothesis
that wild-type Ras is chronically activated by autocrine and paracrine growth
factor stimulation in PC, thus creating an “ecosystem” where there is little
selective advantage for growth or survival of cells with mutationally activated
Ras. Because Ras signaling represents a convergence point for numerous,
diverse extracellular signals, Ras and its effectors may be appropriate targets
for therapeutic intervention.

4.2. Ras Effectors
Ras is a multi-effector signaling molecule that has been shown to engage

multiple signaling pathways (Fig. 1) (55) Ras effectors are defined as proteins
that: (1) preferentially bind to the GTP-bound form of Ras; (2) have activity
modulated by Ras; and (3) transduce the biological activity of Ras. Repasky
et al. (55) list 25 distinct effectors, regulating 10 different pathways. It is

Fig. 1. Ras family members can be regulated by multiple activators [GTP exchange factors
(GEFs)] and deactivators [GTPase-activating proteins (GAPs)], many of which are utilized
by several members of the Ras superfamily. In addition, Ras proteins utilize multiple direct
effectors. Some of these effectors also interact with other members of the Ras family.
Collectively, these overlapping and redundant interactions create a signaling network in
which information moves laterally as well as vertically.
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clear that the regulatory effects of Ras activation vary with cellular context,
depending critically on the expression of various effector molecules.

The best-characterized Ras effectors are the Raf serine/threonine kinases,
A-Raf, B-Raf, and Raf-1, which regulate the MAPK kinase (MEK)1/2 and
extracellular regulated kinase (ERK)1/2 kinase signaling cascade. Most studies
have been performed with Raf-1, which is the founding member of the family.
However, the identification of activating B-Raf mutations in melanoma and
other cancers is stimulating heightened interest in this isoform. B-Raf was
originally viewed as a “neural” form of Raf; however, we find its expression
in PC cell lines to be comparable with neural cells (56).

Another well-characterized Ras effector is PI3 kinase (PI3K), which has a
role in both cell proliferation and survival signaling. The main activity of PI3K
is to convert the phosphoinositide PIP2 to PIP3, which in turn facilitates Akt
activation. There is a well-established role of PI3K signaling in PC progression
(57,58) and the loss of PTEN expression in late-stage PCs underscores the role
of PI3K signaling in the disease (59–61) These issues are discussed in detail
in the accompanying chapter by Tindall and colleagues.

Recently, members of the RASSF gene family that potentially act as tumor
suppressors have been identified as candidate Ras effectors (62–64). Loss of
expression of NORE1 and RASSF1, members of the RASSF gene family,
has been observed in a variety of cancers (65–67). The interaction of Ras
with NORE1 has been shown to regulate apoptosis (68). Thus, it seems very
likely that the ability of Ras to trigger either growth or apoptosis depends on
the balance of interactions between pro-growth, pro-survival, and pro-death
effectors (57,69).

The signaling activity of Ras GTPases occur not only through engagement
of direct effectors but also by the recruitment of other GTPases, especially
other members of the Ras sub-family (e.g., Rap) and members of the Rho
subfamily (e.g., RhoA, Rac1, cdc42—which control cell shape and migration).
This “hierarchical networking” between different Ras isoforms is controlled in
part by interactions with GEFs, GAPs, and downstream effectors (70–75) For
instance, RalGEFs are important in Ras-mediated transformation. RalGEFs,
such as RalGDS, link Ras signaling to the activation of the small GTPases
RalA and RalB. In human cells, the Ras effector loop mutant that preferentially
activates RalGDS was able to transform cells rendered transformation sensitive
(76) and knockout of RalGDS inhibits tumorigenesis (77).

5. MAP KINASE SIGNALING

5.1. Architecture of the MAP Kinase Pathways
There are several MAPK pathways in mammalian cells. The best charac-

terized are the original MAPK or ERK pathway, and the so-called “stress
kinase” pathways that lead to activation of ERK homologs of the p38 and
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Jun Kinase (JNK) families. Most information related to PC concerns the ERK
pathway. As with all MAPK pathways, the ERK pathway has an evolutionarily-
conserved architecture consisting of a three-kinase cascade: MAPK/ERK,
which is activated by phosphorylation on threonine and tyrosine by a dual-
specificity MAPK kinase (MEK), which in turn is activated by phosphorylation
by a MEK kinase (Raf). Raf is in turn activated by a complex mechanism that
can involve one or more Ras-dependent phosphorylations.

There are several isoforms for each member of the MAPK pathway. There
are two ERKs, ERK1 and ERK2, and two MEKs, MEK1 and MEK2, all of
which are widely expressed in tissues. Like Ras itself, MAPK functions as
an information-neutral “switch” that modulates diverse biological outcomes
dependent on context. For example, it can play a role in regulating cell growth,
morphogenesis, migration, and/or gene expression, and its effects can be stimu-
latory or inhibitory. Little is known about how ERK1 and ERK2 differ in
regulation and function. However, mice with an ERK1 knockout are viable and
display a mild defect in T-cell development, whereas ERK2 knockout mice
are embryonic lethal (78,79).

There are three Raf isoforms that differ in expression, regulation, and
functions: Raf-1, A-Raf, and B-Raf. The Raf-1 isoform has been most exten-
sively studied and can act both as an activator of MAPK signaling and as an
inhibitor of apoptosis, at least in part by its regulation of the kinase MST2 (80)
and by interaction directly with mitochondria and the machinery of apoptosis
(81,82). It is unproven whether B-Raf has comparable anti-apoptotic activity,
but it clearly is oncogenic: activating mutations in B-Raf occur in 60% of
melanomas (83) and this renders the cells highly sensitive to inhibitors of
Raf and MEK, such as Sorafenib and PD325901 (84,85). B-Raf is highly
expressed in prostate cell lines; however, activating B-Raf mutations have not
been reported in PC as of this writing.

5.2. Integration of Signaling Pathways
Most information about signaling pathways is derived from studies of acute

stimulation with a single agonist. However, signaling in vivo occurs in a context
of multiple inputs from diverse agonists and other cells. Understanding the
ways in which signaling pathways function within signaling networks is very
incomplete, but will be important for rational selection of drugs that target
signaling molecules.

A hallmark of malignant transformation of epithelial and fibroblastic cells is
the ability to grow in suspension, without a matrix—“anchorage independent
growth.” Recent research on integrin signaling has shed light on important
aspects of this process. Anchorage to matrix molecules such as fibronectin and
collagen engages integrins, which are the cognate receptors for these matrix
molecules. Engagement of integrins activates a signaling pathway that includes
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the kinases Src, Focal Adhesion Kinase (FAK), and p21 Activated kinase
(PAK). PAK1 phosphorylates Raf-1 and MEK1 and this enhances the formation
of signaling complexes of Raf-1, MEK1, and ERK (Fig. 2) (86–88) B-Raf and
MEK2 lack the homologous phosphorylation sites. Thus, it is likely that Raf-1
and MEK1 serve important and specific roles in integrating cellular responses
to growth factors, adhesion, and cell–cell interactions. Because independence
from integrin engagement is a fundamental alteration in many solid cancers
(e.g., anchorage independence), the specific roles of Raf-1 and MEK1 in
fostering uncontrolled growth and metastasis are an area ripe for investigation.

The fact that the prostate displays high B-Raf expression levels has important
consequences for the regulation of MAPK pathway by PI3K and PKA pathways
(Fig. 3). Raf-1 is subject to negative regulation by Akt and by PKA (89–91)
In cells that depend primarily on Raf-1, elevation of PI3K/Akt signaling or of
cAMP/PKA signaling will inhibit MAPK signaling. However, B-Raf does not
have analogous PKA phosphorylation sites, and Akt phosphorylation has been
reported to have no effect on B-Raf (92). Therefore, in PC cells that have ample
expression of B-Raf, MAPK signaling can be activated even when Akt and

Fig. 2. Neuroendocrine-like cells produce neuropeptides and growth factors that can interact
with G-coupled receptors in prostate epithelial and cancer cells, leading to activation of
protein kinase A (PKA). This can turn on the mitogen-activated protein kinase (MAPK)
pathway via GTP exchange factors (GEFs) that activate Raps, or can sensitize the pathway
to classic growth factors such as epidermal growth factor (EGF). In addition, adhesion
signaling via integrins monitors cell–cell and cell–matrix interactions controlling the
activation levels of the FAK, Src, and PAK protein kinases. PAK phosphorylates both
Raf-1 and MEK1, facilitating the assembly of a functional MAPK signaling complex.
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Fig. 3. Physiologic signaling is negatively regulated in amplitude and in duration by
feedback loops. These limit Raf-1 activity by protein kinase A (PKA) and PI3 kinase
signaling by PTEN. Active ERK phosphorylates SOS, Raf-1, and MEK. In addition, ERK
regulates the expression of mitogen-activated protein (MAP) kinase (MAPK) phosphatases
(not shown). In oncogenic signaling, these negative controls are defective.

PKA are also activated. There are two important physiologic circumstances in
which this happens: (1) PC often displays deletion of the lipid phosphatase
PTEN, which results in persistent activation of the PI3K/Akt pathway; (2)
many advanced and aggressive prostate tumors contain NE-like cells, which
produce neuropeptides that elevate cAMP/PKA signaling.

Although PKA signaling inhibits Raf-1-dependent MAPK signaling, it
actually enhances MAPK signaling in the B-Raf-rich environment of PC. B-Raf
can be activated not only by Ras but by the close homolog Rap-1. Rap-1 can
be activated by GEFs (EPACs) that in turn are responsive to cAMP and Ca++

(50,51). The synergistic interaction of these pathways has been demonstrated
in LNCaP cells, where PKA agonists were shown to enhance the sensitivity
of MAPK activation by EGF (56). Rap1 was shown to be necessary for this
synergism, since it could be blocked by a dominant-negative Rap1 mutant
(N17).

Interestingly, MAPK is able to phosphorylate and inhibit the activity of
a phosphodiesterase that inactivates cAMP, the long form of PDE4, and
activates the short form of PDE4 (93). This provides a potential mechanism for
either negative or positive feedback loops between MAPK and PKA signaling.
Overall, the combination of PKA-elevating NE cells with MAPK-activating
growth factors potentially can enhance MAPK activation and the aggressive
phenotypes that depend on the MAPK pathway.
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5.3. Scaffold Proteins in Ras MAP Kinase Signaling
Scaffold proteins are the structural elements of signaling pathways. They

may or may not have enzymatic activity, but their scaffolding role is to
assemble multiple elements of a signaling pathway to ensure its appropriate
specificity and intracellular localization. Several proteins have been reported
as potential MAPK scaffolds based on their ability to bind multiple kinases
(94), including kinase suppressor of Ras (KSR), MEK-partner 1 (MP1), MAPK
organizer 1 (MORG1), and �-arrestins for the ERK cascade, beta-arrestin 2
and JNK-interacting proteins (JIP 1/2/3) for the JNK pathway, and Sprouty,
which appears to serve as a negative feedback scaffold. These proteins likely
contribute to the physiological regulation of MAPK modules in mammals
and are a potential and relatively unexplored mechanism for deregulation of
signaling in cancer.

5.3.1. Kinase Suppressor of Ras (KSR)

KSR was identified in a genetic screen as a positive regulator of Ras/MAPK
signaling (95). Members of the KSR family display structural similarity to
proteins of the Raf family but apparently lack kinase activity. KSR was found
to localize MEK with activated Raf-1 at the plasma membrane and provide a
docking platform for ERK, thereby facilitating the sequential phosphorylation
events required for ERK activation (96). Other proteins that have been reported
to interact with KSR include Hsp70, Hsp90, p50cdc37, G-protein beta-gamma,
and 14-3-3 (94). Nguyen and co-workers (97) demonstrated in a Ras-dependent
tumor model that loss of KSR expression could attenuate tumor growth. This
is consistent with the role of KSR as a positive regulator of Ras MAPK
signaling and is in agreement with the original genetic screens in which loss-
of-function KSR mutants were able to suppress the effects of constitutively
active transgenes (98).

5.3.2. �-Arrestins

�-Arrestins function as GPCR transducers and MAPK scaffolds (99) in
addition to their well-known role in the desensitization and termination of
GPCR signaling. Binding of �-arrestin not only prevents the receptor from
activating its G-protein but can also target it for internalization via clathrin-
coated vesicles and can mediate signaling to proteins regulating endocytosis.
�-Arrestins may also recruit other molecules to the receptor. Thus, �-arrestin
1 was shown to recruit c-Src to the �-adrenergic receptor, and �-arrestin 2
can recruit a JNK-signaling module that consists of ASK1, MKK4, and JNK3
(100). �-Arrestin 2 contains a MAPK docking site that conforms to the D-
domain consensus sequence and selectively binds JNK3 (101). Recently, it was
shown that �-arrestin mediates the activation of ERK by the GnRH receptor
(102) and may serve as a scaffold for the ERK cascade. GnRH receptors are
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expressed in the pituitary and in several extra-pituitary sites, and these may
mediate direct inhibition of proliferation and apoptosis of hormone-dependent
tumors, mainly PC (103).

5.3.3. Receptor for Activated C-Kinase 1 (RACK-1)

Receptor for activated c-kinase 1 (RACK1) is a member of the WD40 family
of proteins characterized by highly conserved internal WD40 repeats (Trp-
Asp). RACK1 was initially identified as an anchoring protein for activated
PKC, with PKC� II seemingly being the preferred binding partner (104). Later
reports showed that RACK1 is able to interact with several signaling molecules
including c-Src, integrin �-subunit, phosphodiesterase PDE4D5, STAT1, IGF-I
receptor, and others (105). Therefore, RACK1 has been suggested to play a
central role as a scaffold protein in multiple signaling pathways.

RACK1 was identified as an AR-interacting protein by using yeast two-
hybrid screening and minimal domain mapping of RACK1–AR interac-
tions (106). Results from this study showed that RACK1 facilitates ligand-
independent AR nuclear translocation upon activation of PKC by indolactam
V. Prolonged exposure to indolactam V inhibited mRNA PSA expression in
LNCaP cells and reduced PKC-induced AR recruitment to the AR-responsive
PSA promoter. Thus, RACK1 may function as a scaffold for the association
and modification of AR by PKC, enabling translocation of AR to the nucleus
but rendering AR unable to activate transcription of its target genes.

Recent findings from our laboratory have identified RACK1, along with
another WD40 protein, MORG1 (107) as a binding partner of the ERK
pathway. Similar to MORG1, RACK1 specifically associates with several
components of the ERK module, including Raf-1, MEK, and ERK, and
enhances their functional interaction in cells (Vomastek T., unpublished obser-
vation). RACK1 also serves as an adaptor for PKC-mediated JNK activation
and was identified as a novel ATF2-interacting protein in a yeast two-hybrid
screen by using ATF2 as bait (108). Inhibition of RACK1 expression by siRNA
attenuates JNK activation, sensitizes melanoma cells to UV-induced apoptosis,
and reduces their tumorigenicity in nude mice. These data support a role for
RACK1 in the activation of JNK by physiological stimuli that activate PKC.

In PC, studies from our laboratory have provided evidence that RACK1
modulates the tyrosine phosphorylation of AR and its interaction with c-Src.
Moreover, downregulation of RACK1 by siRNA inhibits growth and stimu-
lates PSA gene expression (Kraus et al. submitted for publication). Our results
suggest that RACK1 mediates the crosstalk of AR with c-Src, and facilitates
the tyrosine phosphorylation of AR, which may be associated with its transcrip-
tional activation. Thus, RACK1 may represent a critical link between different
classes of signal-transducing molecules, such as the AR, c-Src, and possibly
other signaling components including the MAPK pathway.
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5.3.4. Caveolin-1

Caveolin-1, a 21- to 24-kDa integral membrane protein, is a major
component of caveolae membrane structures involved in endocytosis and
has been implicated as a principal scaffold for the organization of diverse
cytoplasmic signaling complexes (109). Thus, caveolins interact with GPCRs,
growth factor receptors, eNos, c-Src-family tyrosine kinases, MAPKs, the
signaling adaptor proteins Shc and GRB2, and more (110). The majority of
these interactions are mediated through the caveolin-scaffolding domain, which
appears to inhibit the downstream activation signaling of some of these proteins
by holding them in the inactive conformation until activation by an appro-
priate stimulus. Previous studies have shown that targeted downregulation of
caveolin-1 expression in 3T3 cells harboring caveolin-1 antisense results in
hyperactivation of the ERK pathway as well as loss of anchorage-dependent
cell growth (111). Moreover, downregulation of caveolin-1 can induce tumor
formation in immunodeficient mice and is sufficient to mediate cell transfor-
mation.

Recent findings correlate caveolin-1 expression with androgen sensitivity
in murine PC (112) Furthermore, immunohistochemical staining of patient
specimens suggests that caveolin expression may be an independent predictor
of PC progression (113). Using a mammalian two-hybrid assay system, Lu and
co-workers (114) have shown that caveolin-1 directly interacts with the ligand-
binding domain of AR and found that overexpression of caveolin-1 potentiates
ligand-dependent AR activation. Conversely, downregulation of caveolin-1 by
a caveolin-1 antisense expression construct can downregulate ligand-dependent
AR activation.

5.3.5. Sprouty

Sprouty was discovered in Drosophila as a negative regulator of receptor
tyrosine kinase signaling through the ERK pathway (115). There are four
Sprouty proteins and three related Spred proteins in mammals. The Sprouty
proteins have been reported to interact with numerous members of the MAPK
pathway, including the adaptor Grb2, caveolin, the phosphatase Shp2, Raf-1,
B-Raf, and the E3-ubiquitin ligase Cbl, among others, but a coherent model
for its mechanism of action has not been established. Epistasis experiments
in Drosophila, designed to determine where in the signaling pathway Sprouty
acts, have been inconclusive, as is often the case with scaffold proteins, because
they interact at multiple places in a pathway. Sprouty expression is increased
in response to ERK signaling, so it appears to be part of a negative feedback
loop. Thus, one would predict that in settings where ERK signaling is chron-
ically activated, Sprouty expression would be silenced or reduced. This is
the case for PC, breast cancer, and hepatocellular carcinoma (116). Because
chronic activation of a signaling pathway is a likely pre-requisite for “oncogene
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addiction,” it will be important to identify the ways that negative feedback of
the pathways is disrupted in cancer.

5.3.6. JNK-Interacting Proteins (JIPs)

JIPs include JIP1 and the related protein JIP2 (also known as IB1 and
IB2, respectively). JIP1 was initially identified by a yeast two-hybrid screen
using JNK as bait (117). The JIP proteins can interact with various signaling
components, including members of both the JNK and p38MAPK modules,
the MAPK phosphatase MKP7, p190 RhoGEF, Rac exchange factors such as
Tiam1 and RasGRF1, and others.

Several studies have demonstrated that JIP1 can regulate the biological
actions of the JNK-signaling pathway. Overexpression of JIP1 inhibits the
normal signal transduction pathway, probably by sequestering signaling
molecules (118). JIP1 caused cytoplasmic retention of JNK and inhibition of
JNK-regulated gene expression. In addition, JIP1 expression suppressed the
effects of JNK on cellular proliferation, including transformation by the Bcr-Abl
oncogene (118). Other reports have indicated that overexpression of JIP1 could
block JNK-mediated cell death in various cellular models. For example, it was
shown that overexpressing the JNK-binding domain (JBD) of JIP1 prevented
neuronal apoptosis induced by NGF deprivation (119). However, the evidence
that JIP1 acts as an inhibitor may be a result of an artificial situation generated
from overexpression of JIP and sequestration of signaling component into
incomplete and inactive complexes. Some studies have shown that JIP1 can
enhance JNK activation by the MLK–MKK7 pathway (117,120,121). When
JIP1 is overexpressed with components of the JNK pathway, JIP1 enhances
JNK activation by MKK7 but not by MKK4. Interestingly, a mutation in the
JIP1 gene was recently identified and associated with accelerated cell death of
pancreatic �-cells and secondary diabetes in humans (122). In certain cellular
contexts, JIP1 may act as an Akt1 scaffold, which promotes Akt1 activation.
Thus, JIP1 expression can also exert signaling effects that are independent of
JNK activity (123).

In PC cells, activation of the JNK-ignaling pathway has been reported to
be involved in the response to apoptosis mediated by 12-O-Tetradecanoyl-
phorbol-13-acetate (TPA), thapsigargin (124) and 4-hydroxyphenyl retinamide
(4-HPR), a retinoic acid analog known to induce apoptosis in several cell types
(56). A recent study showed that JIP1 significantly attenuated TPA-mediated
growth arrest and apoptosis in LNCaP cells stably expressing the JBD of JIP1
(125), thereby supporting a role for JIP1 in the regulation of JNK activity in
these cells.

JIP1 expression is mostly restricted to the endocrine pancreas and to the
brain. Recently, the presence of JIP1 was described in rat prostate epithelium as
well as in LNCaP cells (126). Moreover, JIP1 levels were increased in LNCaP
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during NE differentiation. This regulated expression of JIP1 was secondary to a
loss of the neuronal transcriptional repressor neuron restrictive silencing factor
(NRSF/REST) function that is known to repress JIP1. Collectively, these data
indicate that JIP1 plays a significant role in acquisition of the NE phenotype
in LNCaP cells, which is generally associated with tumor progression and
androgen independence.

Although many important details need to be further investigated, it is
becoming evident that MAPK scaffold proteins may play an important role in
the progression to androgen independency in some human PCs.

5.4. Activation of MAP Kinase Pathways in Prostate Cancer
To test whether Ras might be activated during PC progression in patients, we

examined 82 paraffin thin sections from primary and metastatic prostate tumor
specimens with an activation-state-specific phospho-ERK antibody (114,127).
Activation of ERK in this case was used as a surrogate for Ras activation,
because it is not possible to directly measure Ras activity in these samples.
Non-neoplastic prostate tissue showed little or no staining with activated ERK
antiserum. In prostate tumors, the level of activated ERK increased with
increasing Gleason score and tumor stage. ERK activation was seen both in
locally advanced disease and in metastases. Moreover, tumor samples from
two patients showed no activation of ERK before androgen ablation therapy;
however, following androgen ablation treatment, high levels of activated ERK
were detected in the recurrent tumors. Finally, we found that in the hormone-
dependent CWR22 PC xenograft, although the tumor regresses after castration,
its recurrence correlated with upregulation of phospho-ERK (unpublished
observation). Thus, our results show a strong correlation between activation
of the ERK pathway and PC progression in various settings. These findings
have been corroborated by others (128–130) Price and colleagues observed an
increase in active ERK in prostate tumors when compared with normal tissue
(129) and Royuela et al. observed an increase in active ERK in both benign
prostatic hyperplasia (BPH) and PC, with the highest levels of active MAPK
in the PC specimens (130). Burger et al. also observed active ERK in over
half of tumors examined; however, they did not observe a correlation between
MAPK activity and clinical or histopathological characteristics (128).

In contrast to the above studies, two reports do not find this correlation.
Ugare et al. report that in the TRAMP mouse model ERK activation occurs
in prostatic intraepithelial neoplasia (PIN), but then declines as the disease
progresses (131). It is possible that this reflects an idiosyncrasy of the TRAMP
model. More disturbing, Malik et al. have reported a decrease in phospho-ERK
staining in tumor samples (132). Because of the lability of phospho-epitopes, it
is easier to suspect false-negative results than false-positive results. Although
Malik et al. were able to detect phospho-Akt in the same samples and also
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could detect phospho-ERK in normal, BPH, and PIN samples, it is possible that
the tissue and intracellular distribution of various phosphatases could generate
these differences. Alternatively, it is also possible that different antibodies
recognize phospho-ERK differentially depending on intracellular context. In
any event, it is important to understand the underlying causes of these different
results if phospho-ERK is to be used as a diagnostic or prognostic tool.

Another mechanism for activating the MAPK pathway in PC is suggested
by the work of Fu et al. (133), who found that a decreased expression of
the Raf inhibitor RKIP was a valid prognostic indicator for PC progression
in human tissues. Thus, a MAPK pathway inhibitor behaves like a tumor
suppressor, consistent with the concept that this pathway plays a functional
role in driving PC.

Mechanistic studies in vitro and in mouse models increase our confidence
in the correlation between PC progression and ERK activation. Pioneering
studies by Gelmann and collaborators showed that expression of an activated
v-Ha-Ras in androgen-dependent LNCaP cells enabled LNCaP cells to grow
in the absence of androgen (134)). We extended those results and showed that
expression of activated Ras mutants that activated the ERK pathway rendered
LNCaP cells hypersensitive to androgen, as measured by growth in vitro
and in xenografts. More recent studies from our laboratory suggest that Ras
stimulates activation of androgen-responsive gene expression through Raf and
ERK both in an AR-dependent and androgen-independent manner (unpublished
observation). Effector domain mutants of Ras were co-transfected into LNCaP
cells with a PSA or ARE promoter-driven luciferase reporter construct. The
Ras effector domain mutant selective for Raf signaling stimulated luciferase
expression, whereas those mutants selective for either RalGDS or PI3K did
not. Co-transfection of activated MEK (a downstream effector of Raf) also
stimulated expression of reporters driven either by the PSA promoter-enhancer
or by synthetic AREs (unpublished observation). Therefore, ERK signaling
appears to regulate androgen-responsive gene expression.

The necessity of Ras signaling in progression has been shown in at least one
model: expression of a dominant-negative N17 Ha-Ras actually can restore
androgen dependence to an androgen-independent cell line. C4-2 cells were
derived by Leland Chung and colleagues from LNCaP cells by serial passage in
castrated mice (135). C4-2 cells demonstrate decreased androgen dependence
of growth both in vitro and in vivo, increased tumorigenicity in vivo and
the ability to grow in soft agarose (anchorage independence) compared with
the parental LNCaP cells. Importantly, this model retains expression of the
AR, as do most cases of advanced PC. Expression of the dominant-negative
Ras under the control of a tetracycline-inducible promoter in C4-2 PC cells
restored androgen-dependence to the androgen-independent C4-2 cells (136).
When implanted in nude mice, the C4-2 derivatives continued to grow after
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castration or when dominant-negative N17-Ras was induced with Doxycycline.
However, the tumors regressed, in most cases completely, when the mice were
castrated and treated with Doxycycline to induce N17Ras.

In summary, the overexpression of growth factors and receptors utilizing
Ras signaling, and the activation of MAPK, correlates with PC progression.
Additionally, experimental models such as CWR22 display activated ERK, and
expression of activated Ras makes LNCaP cells less dependent on androgen.
Moreover, expression of dominant-negative Ras restores androgen depen-
dence to C4-2 cells. Thus, our findings and those previously published clearly
implicate ERK signaling in progression to androgen independence.

Stress kinase signaling has been implicated in various cellular processes
including oncogenesis and tumor suppression (137). MKK4 has been reported
to function as a suppressor of tumorigenesis or metastasis in various cell
types (138,139). Rinker-Schaeffer and colleagues demonstrated that MKK4
could suppress AT6.1 rat PC metastasis in vivo (140). More significantly, the
same research group demonstrated a loss of MKK4 expression in advanced
prostate tumors from patients (141). An immunohistochemical and loss of
heterozygosity analysis of human prostate tumor material showed a consistent
downregulation of MKK4 expression in advanced prostate tumors and loss
of heterozygosity (LOH) within the MKK4 locus in 31% of prostate tumors
examined. Loss of stress kinase signaling components in advanced PC was
also observed in the TRAMP model; activated forms of p38 are reduced or
absent in both late-stage adenocarcinomas and metastatic deposits (131). In
contrast, Ricote et al. (142) have shown increased expression of MKK6 and
activation of the p38 pathway in PC, including enhanced phosphorylation and
nuclear localization of Elk-1, a transcription factor that is a target of both stress
kinase and ERK signaling. Activation of stress kinases in PC could conceivably
be triggered by the surgical and pathological procedures used; however, the
reported differences in activation state between normal and tumor tissue argue
strongly for (at the least) a difference in sensitivity to activation associated
with malignant progression.

As in the case of ERK activation, mechanistic studies will be required to
bolster these correlations and to reveal whether this pathway would be an
appropriate therapeutic target. We have shown that decreasing MKK4 and
MKK6 expression with siRNA can increase AR transactivation of PSA. Thus,
one implication of the decrease in MKK4 expression in advanced PC is that
it may hypersensitize the AR to androgen and thereby promote the acquisition
of androgen-independent disease. It remains to be determined whether the loss
of MKK4 (or MKK6) expression correlates with the appearance of androgen-
independent PC, or whether these kinases can drive progression to androgen
independence.
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Both p38 and JNK inhibitors have been tested for growth inhibition of PC
cells (143,144). Interestingly, JNK inhibition induced apoptosis in multiple PC
cell lines in vitro and slowed DU145 xenograft growth. Given the multitude of
cell processes regulated by stress kinases, it is not surprising that there are data
to suggest stress kinase signaling may provide both a tumor suppressor and
oncogenic role in PC (137). These observations are likely because of multiple
factors including cell type, strength and duration of signal, method of signal
modulation, and cell signaling environment. Moreover, it is possible that the
role of stress kinase signaling may change as PC progresses. Consistent with
this, well-differentiated TRAMP tumors showed elevated levels of p38 activity,
whereas p38 activity is decreased or absent in late stage adenocarcinomas and
metastatic deposits (131).

6. INTERSECTION OF KINASE SIGNALING
WITH AR FUNCTION

6.1. AR Phosphorylation
Much of the literature referenced above suggests that kinase cascades

regulate AR function in part by activating the AR in the absence of ligand
or sensitizing the AR to reduced levels of ligand. These functional alterations
could occur by direct post-translational modifications of the AR and/or by
modifications of AR co-regulatory molecules and/or chromatin.

There is clear evidence that phosphorylation of the estrogen receptor and
progesterone receptor modifies their activities in a physiologically signif-
icant way. However, the link between AR phosphorylation and functional
regulation is less clear. Candidate phosphorylation sites on the AR have been
proposed based on in vitro phosphorylation reactions and/or by identifying
kinase consensus sites and then mutagenizing them. Sites so identified include
serines 81, 94, 213, 515, 650, and 791 (14,145–148). [All AR amino acid
numbers in this chapter are based on NCB Accession number AAA51729
(149,150).] However, these determinations, although a useful first step, are
not definitive because in vitro kinase reactions are often not selective, and
mutagenesis can alter the phosphorylations on sites distinct from the ones
mutagenized. Ser 308 was directly identified as a phosphorylation site in
Baculovirus-overexpressed AR using mass spectrometry (151). This was the
first site identified in living cells either by mass spectrometry or by in vivo
metabolic labeling. We identified seven major sites of AR phosphorylation
in living cells, using both metabolic labeling and mass spectrometry (152).
One site is constitutively phosphorylated, six sites are regulated in response
to androgen, and one of these, S650, becomes phosphorylated in response
to a number of non-steroid agonists, including EGF, PMA, forskolin, and
anisomycin (152). Phosphorylation on S650 regulates nuclear export and is
regulated by stress kinase signaling (153). We also have found that when
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one androgen-induced phosphorylation site, S308, is mutated to Alanine, the
AR gives a heightened transcriptional response to steroid, as measured by a
reporter assay (152). The functional significance of the other phosphorylations
is thus far unknown.

Although ERK is capable of phosphorylating AR in vitro on S515 (14), we
did not detect phosphorylation on this residue in living cells (152). Moreover,
the peak of ERK activation following growth factor stimulation occurs in about
10–15 min, whereas the AR phosphorylations we observed occur more slowly,
peaking after one or more hours following agonist stimulation. Addition of a
MEK inhibitor did not substantially alter the pattern of AR phosphorylations.
However, this does not necessarily mean that the AR is not an in vivo ERK
substrate. It is possible that the S515 phosphorylation occurs under conditions
we did not investigate or that the stoichiometry of phosphorylation is low.
A low-stoichiometry phosphorylation can be highly significant—it might, for
example, be transitory, yet regulate a key aspect of receptor function. Thus, it
is not resolved whether the AR is a direct substrate for MAPK, but the weight
of evidence suggests that the AR, in contrast to the ER (154), is not directly
phosphorylated by ERK pathway kinases.

The studies by Wen et al. and Lin et al. show AR is an Akt substrate
in vitro (147,148) Lin et al. show phosphorylation of exogenous AR in COS-1
cells stimulated with IGF-1. However, both studies examined only overall AR
phosphorylation of wild-type and Ser-to-Ala mutants, not the phosphorylation
of individual residues. Recently, the use of phospho-specific antibodies has
strongly suggested AR is phosphorylated on Ser213 (155,156).

Interestingly, a role for Akt in regulating the HER2 modulation of AR
function was recently excluded (157). Reconstitution studies with Akt failed
to rescue the effects of PKI-166 on AR activity. Although this study did not
directly examine any of the putative Akt phosphorylation sites on the AR, the
lack of any functional evidence suggests that Akt is not involved in regulating
AR function under the conditions reported.

Recent observations have demonstrated that the AR becomes phosphorylated
on tyrosine, in response both to steroid and to growth factors (Kraus et al.
submitted; and Qiu, submitted). This phosphorylation is transitory (peaking at
15 min after stimulation) and thus was not detected in our studies (152) that
determined steady-state AR phosphorylations and phosphorylations which were
more long-lasting. Src is the kinase likely responsible for this phosphorylation,
and the activity of the AR in regulating both growth and transcription appears
to be altered.

6.2. AR Partners
Transcriptional co-regulators are frequently overexpressed in advanced PC,

facilitating AR activity (2,14,15). A direct role for co-regulatory proteins
in PC has been implicated by a number of studies. Knockout of SRC-1 in
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mice results in defective growth of the prostate (158). Additionally, SRC-1
and TIF2/GRIP1 are overexpressed in recurrent PCs (2). Overexpression of
TIF2/GRIP1, ARA55, or ARA70 increases the transcriptional activity of AR
in response to low-affinity ligands (e.g., DHEA, androstenedione, estradiol) or
to low concentrations of DHT (14,159). It is possible that phosphorylation of
these co-activators provides an alternative to overexpression as a mechanism
for regulating AR. Consistent with this, p300 mediates IL6 activation of AR,
and overexpression of p300 can overcome the ability of MEK-inhibition to
block the IL-6 simulated transactivation (160). Several co-regulators have been
identified as targets of signaling pathways, including the MAPK pathway (e.g.,
SRC-1, CBP, p300, AIB1). Rowan et al. comprehensively mapped the SRC-1
phosphorylation sites and showed that ERK can phosphorylate SRC-1 in vitro
on T1179 and S1185 (161). Furthermore, EGF potentiated ligand activation
of the progesterone receptor by SRC-1. A subsequent study from Rowan
et al. demonstrated that PKA and ERK signaling directly regulates SRC-1
phosphorylation and activity (162). Similarly, Gregory et al. showed that in an
androgen-independent PC cell line, EGF increased AR transcriptional activity
through MAPK-dependent increases in GRIP1 phosphorylation (163).

Kinase cascades other than the MAPK cascade also might modify Ar co-
regulators, in a way that could complement Ras and MAPK signaling. For
example, as described above, PC containing NE-like cells is expected to have
enhanced signaling via cAMP and PKA. CBP was first described as the partner
for the cAMP-regulated transcription factor CREB (164). Moreover, it also is
a phosphoprotein and is subject to phosphorylation by PKC, CaM Kinase, and
others (15,34,159,161,162,165–175).

In addition to chromatin-remodeling proteins, the AR also interacts physi-
cally and functionally with other transcription factors including c-Jun and Ets
family members (176–183). Chung and colleagues (184) have mapped the PSA
promoter to determine the regions that are responsible for the differential basal
gene expression between LNCaP and C4-2. They identified both the ARE in
the enhancer and a site with similarity to SP-1 family sites, near the promoter.
These data are consistent with the concept that transcription factors that can
directly bind DNA could be involved in progression to decreased androgen
dependence. Particularly noteworthy are the recent reports that gene fusions
involving Ets-family transcription factor genes play an important and early
role in PC (133,183), as Ets transcription factors are often targets of MAPK
signaling. Thus, one could imagine that these factors could be activated either
by gene fusion or by post-translational modification.

AR and co-activators are also regulated by other post-translational
modifications, such as sumoylation and methylation as well as acetylation
(171,185,186). This chapter focused on phosphorylation because our goal is
to understand the intersection between Ras signaling—which activates kinase
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cascades—and the AR. However, it is possible that the targets of phosphory-
lation could be regulators of these other processes.

7. IMPLICATIONS FOR THERAPY

Pathways that result in AR-dependent androgen-independent growth and
survival of PCs present an attractive target for therapeutic intervention. In
this review, we presented evidence that growth factors, receptors, Ras and
MAPK signaling, the AR, and AR co-regulatory molecules all participate
in the progression process. However, because each of these individually can
contribute to androgen independence, and because for each there are redundant
pathways that would circumvent any individual blockade, it seems highly
probable that interventions will need to be combinatorial.

Several inhibitors of growth factor receptors are in development, especially
inhibitors of members of the EGFR family. Use of growth factor receptors
as therapeutic targets is complicated by the functional redundancy of many
receptor types. This is further complicated by the well-established but widely
ignored observation that kinase-dead EGFRs are capable of intracellular
signaling, apparently by dimerization with other receptors or kinases (187,188).
Thus, it is not certain that an essential target (as determined with knockout
or dominant-negative methodologies) would be a useful target for a small
molecule catalytic inhibitor.

Intracellular signaling may provide effective targets, because, although
redundancy is common, some functional nodes where signaling pathways
converge have been identified. The Ras–MAPK pathway represents one of
those sites of regulatory convergence (189). It is widely believed that the
downside of targeting intracellular signaling is that the same regulatory
modules are used in multiple functions, and thus that drugs that inhibit these
pathways might display widespread mechanism-induced toxicities. However,
Sorafenib, a small molecule that inhibits Raf (in addition to other kinases) is
proving effective and well tolerated in various settings and is being approved
by the FDA for renal cell carcinoma (190–192). MEK inhibitors from Pfizer
and Astra-Zeneca are under development and also appear to be well tolerated
despite the centrality of the MAPK pathway (193,194). The sensitivity of
tumor cells to these inhibitors varies depending on which pathway is the
essential driver of tumor cell growth. Thus, melanoma cells carrying B-Raf
mutations and dependent on Raf and MAPK signaling are hypersensitive to
these inhibitors of the MAPK pathway, whereas cells dependent on other
pathways (including Ras) may show less sensitivity (84). It remains to be seen
whether tumor cells driven by pathways that are activated by overexpression
rather than mutation will be hypersensitive. However, even if they are only
partially sensitive, it could be possible to identify other inhibitors that will
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render these cells as sensitive to MAPK inhibition as if they were mutationally
activated. For example, we find that dominant-negative N17-Ras has little
effect on xenograft growth by itself, but is cytotoxic when combined with
androgen ablation. Ablation of the AR itself (in addition to just the androgen
ligand) could provide even more effectiveness. Androgen ablation strategies
include not only siRNA and antisense approaches but also exploitation of the
fact that the AR is a client protein of the chaperone Hsp90 (195). Moreover,
we also find that MEK inhibition is cytostatic rather than cytotoxic, even when
combined with androgen ablation, suggesting that a third type of intervention
will be needed to achieve cytotoxicity.

Synthetic lethality with MEK inhibitors might be achieved by identifying
pathways inhibited by dominant-negative N17-Ras that are not blocked by
MEK inhibitors. These could include the PI3K, Ral, and RASSF1 pathways.
However, other pathways also play an important role in prostate development
and are likely to be important in PC as well, such as the Hedgehog and
wnt pathways. Work from Beachey and colleagues has provided compelling
evidence for the importance of Hedgehog pathway signaling in PC, demon-
strating regression of xenografts in mice treated with the Hedgehog inhibitor
cyclopamine (196). Synergies between MEK inhibition and inhibition of these
other pathways are attractive opportunities for examination.
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1. INTRODUCTION

The specific mechanisms underlying growth promotion of prostate cancer
cells need to be determined for identification of new therapeutic target
molecules for treatment development for prostate cancer. Protein kinase
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signaling pathways are one key area of interest. Protein kinase signaling
pathways, often activated by local growth factors, may provide the critical
growth signals for premalignant lesions to progress to clinical prostate cancer
and organ-confined primary prostate cancer to progress to hormone-refractory
disseminated disease. Specifically, protein kinase signaling pathways may have
predominantly a permissive role for proliferation and survival of prostate cancer
cell clones in which the initial genetic lesions have already occurred.

This chapter will review and discuss signal transducer and activator of
transcription (STAT)5 and STAT3 signaling pathways in the regulation of
proliferation and survival of prostate cancer cells. STAT5 is the major signal
transducer downstream of prolactin (Prl) receptors and Jak2 in human prostate
cancer cells (1,2), whereas STAT3 is known as the key mediator of inter-
leukin (IL)-6 effects (3–5). Other potential molecular mechanisms and factors
underlying activation of these two key survival signaling pathways in prostate
cancer will be reviewed. Moreover, STAT5 and STAT3 as therapeutic target
proteins for prostate cancer will be discussed.

2. STAT FAMILY OF TRANSCRIPTION FACTORS

2.1. Structure and Function of STAT Proteins
The STAT family of transcription factors has seven members: STAT1,

STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6, which all are
encoded by separate genes. The STAT proteins range in size from 750 to 900
amino acids (90–115 kDa). STAT5 proteins are divided into five structurally
and functionally conserved domains (Fig. 1). The N-terminal domain (amino
acids 1–125) is well conserved and is involved in stabilizing interactions
between two STAT dimers to form tetramers that will bind to adjacent non-
consensus STAT-binding sites in DNA (6–9). Tetramer formation strengthens
STAT–DNA interaction at adjacent sites (6) and is needed for maximal
transcriptional activation of weak promoters. Next to the N-terminal domain is
the coiled-coil domain (amino acids 135–315), which consists of a four-helix
bundle (10,11). This domain facilitates multiple protein–protein interactions
(10,11) that are important for transcriptional regulation. The DNA-binding
domain (DBD; amino acids 320–480) mediates direct binding of STATs to
DNA and recognizes members of the GAS family of enhancers. The stability
of DNA binding is modified by the adjacent linker domain (amino acids 480–
575), which is important for confirming the appropriate structure of the DNA-
binding motif (12,13). The most highly conserved domain of STAT proteins is
the SH2 domain (amino acids 575–680), which mediates both receptor-specific
recruitment and STAT dimerization (14). Specifically, dimerization requires
the binding of a phosphorylated tyrosine residue of one STAT subunit to the
SH2 domain of the other subunit (13–15). Homodimers or heterodimers, but not
monomers, are competent to bind DNA. Finally, the carboxy terminus carries
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Fig. 1. The major structural features and the phosphorylation sites of mammalian STAT
proteins. STAT proteins share an overall general structure that is organized into functional
modular domains: N-terminal domain (N), DNA-binding domain (D), linker domain (L),
SH2-domain (SH2), and transactivation domain (TA). All STAT molecules have a highly
conserved tyrosine phosphorylation site (Y) at or around residue 700. Tyrosine phospho-
rylation follows ligand-induced activation and is required for dimerization and nuclear
translocation. Phosphoserine (S) at or around residue 725 is present in activated STATs 1,
3, 5a, and 5b and is involved in transcriptional regulation. This figure has been reprinted
from Chatterjee-Kishore et al. (270) with the permission from Elsevier.

a transactivation domain (TAD), which varies considerably in both length and
sequence between different STAT family members. The TAD binds critical
co-activators and is therefore directly involved in facilitating the initiation of
transcription (13,16). The nuclear localization signal is located in the DBD
and N-terminal domain in some of the STATs (17–21), whereas the export
of STATs from the nucleus has been reported to depend on residues in the
coiled-coiled domain and also in the DBD (19,22).

STAT5 comprises two distinct, but highly homologous isoforms, STAT5a
(94 kDa) and STAT5b (92 kDa) (Fig. 1), which are encoded by separate genes
(23,24). STAT5a has 20 amino acids that are unique in its C-terminal sequence,
whereas 8 amino acids in the C-terminus are specific to STAT5b. Furthermore,
STAT5b has a five-residue abbreviation of the STAT5a phosphotyrosyl tail
segment between the SH2 domain and TAD (Table 1).
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Table 1
Peptide Sequence Similarities Between STAT5a and STAT5b

Description Positions(s) Similarity (%)

N-domain 1–144 91.0
Coiled-coil domain 145–330 98.7
DNA-binding domain 331–496 97.6
Linker domain 497–592 97.9
SH2 domain 593–685 93.5
Phosphotyrosyl segment 686–701/686–706 87.5
Transactivation domain 702–794/707–786 82.5
Entire coding sequence 94.6

STAT transcription factors are implicated in a wide variety of biologic
events. Five of the STATs have a narrow activation profile: STAT1 is activated
by interferons (IFNs) and IL-6 (25,26); STAT2 is activated only by IFN-�
(27); STAT3 is activated by IL-6 family proteins (3–5); STAT4 in lymphocytes
is activated by IL-12 and IFN-� (28,29); and STAT6 is activated only by IL-4
and IL-13 (30,31). By contrast, STAT5a and STAT5b are activated by multiple
different ligands such as Prl, growth hormone (GH), erythropoietin (EPO), and
thrombopoietin (TPO) (32).

Gene-targeting studies have provided important insight into the distinct
roles of STATs in mediating biological responses (Table 2). STAT1, STAT2,
(25–27) STAT4, and STAT6 (27,30,31) are critically involved in immune
responses (Table 2). STAT3 knockouts die before gastrulation (33), and condi-
tional gene-targeting studies have revealed a critical role of STAT3 in multiple
tissues such as skin, thymus, mammary gland, liver, white blood cells, and
neuronal tissue (13). Specifically, hair cycle and wound-healing processes
(34), survival of T cells (34,35), acute-phase response of liver cells (36),
and appropriate inflammatory response of macrophages and neutrophils are
severely compromised in STAT3 mutant mice (37). Moreover, apoptosis of
mammary epithelial cells after lactation is delayed (38), whereas survival of
neuronal cells is impaired (39) in conditional STAT3 mutant mice, indicating
both positive and negative tissue-specific effects of STAT3 on apoptotic cell
death.

Importantly, the phenotypes of STAT5a/b knockout mice are not fully
functionally redundant. Specifically, STAT5a-null female mice are defective
in Prl-dependent mammary gland development (40) and STAT5a-null male
mice exhibit defects in prostate epithelium (41), which will be discussed in
more detail below. By contrast, STAT5b-null mice fail to respond effectively
to GH (42,43) and have severe anemia suggesting defective hematopoiesis
due to impaired response to hematopoietins (44). Lymphoid development
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Table 2
Functions of STAT Proteins as Revealed by Gene-Targeting in Micea

STAT protein Phenotype of
null mice

Activating ligands

STAT1 Impaired responses to
interferons (IFNs)

IFNs, IL-6

STAT2 Impaired responses to IFNs IFNs
STAT3 Embryonic lethality; multiple

defects in adult tissues
including impaired cell
survival (both positive and
negative) and impaired
response to pathogens

IL-6 family

STAT4 Impaired TH1 differentiation
owing to loss of IL-12
responsiveness

IL-12, IFN-�

STAT5a Impaired mammary gland
development owing to loss of
prolactin (Prl) responsiveness

Prl, GH, EPO, TPO,
G-CSF, Leptin,
OSM, LIF

STAT5b Impaired growth owing to
loss of growth hormone
responsiveness

GH, Prl, EPO, TPO,
G-CSF, Leptin,
OSM, LIF

STAT6 Impaired TH1 differentiation
owing to loss of IL-4
responsiveness

IL-4, IL-13

aReviewed in refs. (13), (15), and (16). IL, interleukin; TH1, T helper 1 cell; GH, growth
hormone; EPO, erythropoietin; TPO, thrombopoietin; OSM, oncostatin M; LIF, leukemia
inhibitory factor; G-CSF, granulocyte-colony stimulating factor.

and differentiation are severely impaired in STAT5a/b double-knockout
mice. Moreover, absence of STAT5a/b also abrogates T-cell receptor �-
rearrangement and peripheral CD8+ T-cell survival (45). No reports of prostate
phenotypes of STAT3, STAT5b, or STAT5a/b double-knockout mice currently
exist, which are important unresolved issues.

Considerable evidence has accumulated suggesting STAT3 and STAT5
contribution to growth of human prostate cancer. By contrast, little is currently
known about involvement of STAT1, STAT2, STAT4, and STAT6 in differ-
entiation or growth of prostate cancer. Activated STAT3 has been linked
also to head and neck cancers, mammary cancers, skin cancers, and hemato-
logical malignancies (46–49), whereas STAT5a/b has been mostly associated
with initiation (50–53) and differentiation (54–56) of breast cancer, growth of
hematological malignancies (46,57,58), and head and neck cancers (59–63).
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2.2. Genetic Location of STAT Transcription Factors
The STAT proteins are thought to have risen from a single gene, and the

distribution of STAT genes into three genetic loci suggests that the initial STAT
gene underwent several consecutive duplications. Specifically, the members of
STAT family are genetically localized to three chromosomal regions (64). The
genes encoding STAT3, STAT5a, and STAT5b map to human chromosome
17 (bands q11-1 to q22); STATs 1 and 4 map to human chromosome 2 (bands
q12 to q33); and STATs 2 and 6 map to human chromosome 12 (bands q13 to
q14-1). Additional variety in STAT action in cells is produced by differential
splicing. The extent of variable splicing has not been widely explored (15).

2.3. The Jak–STAT Signaling Cascade
Most STAT-activating cytokine receptors do not have tyrosine kinase

activity, which is provided by receptor-associated cytoplasmic proteins from
the Janus kinase (JAK) family (12,13,15,16,65). There are four JAK proteins
in mammalian cells, JAK1, JAK2, JAK3, and TYK2 (13,15,16,66). They
range in size from 120 to 130 kDa and, except for Jak3, Jaks are ubiqui-
tously expressed (67). Jak proteins share seven regions of high homology.
Jak homology domain 1 (JH1), which is the kinase domain, resides near the
carboxyl terminus of the protein. Immediately upstream of JH1 is the JH2
pseudokinase domain, which resembles the JH1 domain and has a negative
regulatory function. The amino-terminal JH domains, JH3–JH7, constitute a
FERM (four-point-one, ezrin, radixin, moesin) domain and mediate associ-
ation with cytokine receptors (12,13,15,16,66,68). The predominant Jak that
associates with STAT5a/b is Jak2, whereas Jak1 is the most important tyrosine
kinase upstream of STAT3 (12).

Ligand-induced receptor dimerization brings two JAK2 molecules close
to each other allowing the JAKs to activate each other by phosphorylating
specific receptor tyrosine motifs. STATs and other signaling molecules that
recognize these motifs, typically through their SH2 domains, are recruited
to these docking sites and are then themselves activated by JAK-dependent
tyrosine phosphorylation of a conserved tyrosine residue in the C-terminus.
Phosphorylation of a C-terminal tyrosine residue activates STAT3 (Y705)
and STAT5 (5a, Y694; 5b Y699). Once active, STATs dimerize through
a phosphotyrosine–SH2 domain interaction (10,11) (Fig. 2). Diverse protein
kinases phosphorylate STATs on serine residues, allowing additional cellular
signaling pathways to potentiate the primary STAT-activating stimulus (69).
Activation of STAT3 is supplemented by phosphorylation of a specific serine
residue of STAT3 (S727), whereas the corresponding serine phosphorylation
of STAT5 (5a, S725; 5b, S730) might have a negative role in transcriptional
activity of STAT5 (70–72).
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Fig. 2. Jak–STAT signaling pathway. Binding of the ligands to the cytokine receptor
results in activation of receptor-associated kinases of Janus kinase tyrosine kinase family.
These tyrosine kinases subsequently phosphorylate the cytoplasmic tails of the receptors
to provide docking sites for STAT proteins. STAT proteins become substrate for tyrosine
phosphorylation, and phosphorylated STAT proteins dimerize and translocate to nucleus
to bind to the promoter regions of the target genes.

STAT dimers are transported from the cytoplasm to the nucleus to bind to the
promoters of their target genes to regulate transcription. Recent studies support
the concept that non-phosphorylated STAT proteins shuttle freely between the
cytoplasm and nucleus in the absence of cytokine activation (73–76). While
non-phosphorylated STATs cycle between the cytoplasm and nucleus, dimer-
ization of STAT proteins has been suggested to preclude carrier-free nuclear
import of STATs and results in switch to carrier-dependent translocation (73).
Most STAT dimers recognize an 8- to 10-bp inverted repeat DNA element
with a consensus sequence of TTCC (C or G) GGAA, which is referred to as
a GAS element (�-IFN activation sequence) (77).
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2.4. Negative Regulators of STAT Signaling
A number of different mechanisms regulate the duration and magnitude

of STAT activation at the cytoplasmic and nuclear levels. These mechanisms
include the actions of cytoplasmic and nuclear phosphatases, the interaction
of inhibitory proteins, and covalent modifications of STAT proteins that result
in targeted degradation of the active STAT protein or inhibition of STAT
transcription.

Both cytoplasmic and/or nuclear phosphatases inactivate STAT proteins.
The protein tyrosine phosphatase (PTP), SHP-2, directly interacts with STATs
in the cytoplasm (78,79). Other known phosphatases inactivating STATs are
cytosolic PTP, PTP1B, and a nuclear phosphatase, TC-PTP (80,81). Protein
inhibitors of activated STAT (PIAS) proteins inhibit STAT protein activation
by direct association to STATs. The mammalian PIAS family members include
PIAS1, PIAS3, PIASx and PIASy, and alternative splicing variants of PIASx
(82,83). DNA binding of STAT1 and STAT3 is selectively inhibited by PIAS1
and PIAS3, respectively (82,84).

A third mechanism for down-regulation of signaling by STAT proteins
involves cytokine-inducible suppressors of cytokine signaling (SOCS) proteins
(85). There are eight members of the SOCS family, including CIS (cytokine-
inducible SH2 domain protein) and SOCS1–7. These proteins are all struc-
turally related: they possess a central SH2 domain and a conserved C-terminal
motif, termed the SOCS box (85). Individual SOCS proteins have several
different strategies to attenuate STAT signaling. These include direct binding
to JAKs to inhibit their activity, binding to receptors to block the binding of
JAKs, and competing for STAT binding to activated receptors (85).

3. REGULATION OF GROWTH AND DIFFERENTIATION
OF NORMAL AND MALIGNANT PROSTATE EPITHELIUM

BY STAT5 SIGNALING PATHWAY

3.1. Transcription Factor STAT5a/b Regulates the Viability
of Prostate Cancer Cells

The background and rationale for the studies leading to identification of
transcription factor STAT5a/b as a crucial protein for survival of prostate
cancer cells were based on the identification of STAT5a and STAT5b as the
key signaling proteins that mediate the effects of Prl in normal and malignant
prostate tissue (1,2,86). Prl, in turn, has been shown to be a powerful mitogen
and survival factor for prostate epithelium in numerous studies (86–121).
Importantly, Prl is produced as autocrine growth factor in both normal and
malignant prostate epithelial cells (2,87,88,122).
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The first step in examining STAT5a/b in the regulation of function of the
prostate gland was carried out using STAT5a knockout mice. The prostate
phenotype of STAT5a-null mice was the primary interest to analyze, because
studies of Prl signaling in the mammary gland showed that STAT5a is the
principal mediator of Prl effects in breast tissue (40,123). The prostate acinar
epithelium was defective in STAT5a knockout mice. Specifically, the epithelial
defect was characterized by acinar cyst formation, local disorganization and
shedding of the epithelial cells to the glandular lumini (41). Affected acini were
typically filled with desquamated granular epithelial cells that had become
embedded in dense coagulated secretory material inside the broken acini
(41). The defective prostate tissue architecture in STAT5a-deficient mice was
not associated with increased prostate size or morphological hallmarks of
epithelial hyperplasia, which suggested that STAT5a is rather involved in
growth promotion of prostate gland.

Analysis of the prostate phenotypes of STAT5b or STAT5ab double-
knockout mice will be important in future studies. This is because the
prostate phenotype of STAT5a-null mice was likely to be compromised by
the redundant function of other STAT family proteins, particularly STAT5b
(124,125). An example of such redundant function of STATs is in mammary
glands of STAT5a-null mice in which STAT5a is critical for normal lactoge-
nesis but STAT5b can compensate for its absence after multiple pregnancies
(124,125). Similarly, STAT5b might have compensated for the lack of STAT5a
in the prostates of STAT5a-deficient mice. In addition, because the lack of
STAT5a in this study was due to a germ-line mutation of STAT5a gene, a
long period of time was allowed for functional compensation by other STATs
to occur throughout the development of the mice. Even more specific results
on the significance of STAT5a/b in growth regulation of normal prostate
epithelium would be achieved by conditional prostate-specific targeting of
STAT5a/STAT5b/STAT5a/b.

On the basis of the prostate phenotype of STAT5a-null mice, it became
important to determine the consequences of blocking the action of STAT5a and
STAT5b in human prostate cancer cells. A dominant-negative (DN) mutant of
STAT5a, which inhibits both STAT5a and STAT5b, was created by deletion
of the TAD of STAT5a. This mutant was cloned to an adenoviral expression
vector to achieve high expression levels of DNSTAT5a/b in human prostate
cancer cells and, thus, effective inhibition of STAT5a/b (126). The results were
interesting: inhibition of STAT5a/b in all STAT5-expressing prostate cancer
cell lines (CWR22Rv1, LNCap, DU 145) induced massive apoptosis within
2–4 days as determined by several different assays such as cell morphology,
metabolic cell viability assays, DNA fragmentation, and activation of Caspases
3 and 9 (126). These initial data showing a critical involvement of STAT5a/b
in the regulation of viability of prostate cancer cells were later confirmed by
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studies by Kazansky et al., in the TRAMP mouse prostate cancer model (127).
Specifically, inhibition of STAT5a and STAT5b in TRAMP mouse prostate
tumor cells by inducible expression of a carboxy-terminally truncated STAT5b
mutant, which inhibits both STAT5a and STAT5b, decreased growth in soft
agar and tumor formation in nude mice. Future studies need to determine the
individual roles of STAT5a and STAT5b as survival factors for prostate cancer.
In addition, identification of the molecular mechanisms underlying rapid death
of prostate cancer cells when STAT5a/b is inhibited may reveal additional
therapeutic target proteins for prostate cancer and is therefore important.

3.2. Active STAT5a/b is Abundant in High-Grade Prostate Cancer
When clinical human prostate tissue sections were analyzed for active

STAT5a/b, it became clear that STAT5a/b is constitutively activated in human
prostate cancer cells, but not in the epithelium of adjacent normal prostate
glands. The first analysis was done in a material from 40 human prostate
cancer specimens of various histological grades (126). The next study focused
on determining the distribution of active STAT5a/b in clinical prostate cancers
of different histological grades. The results of this study including 114
prostate cancer samples showed that activation of STAT5a/b was strongly (p <
0.001) associated with high-grade human prostate cancer (2). The preferential
expression of active STAT5a/b in high-grade prostate cancers was confirmed
by the third study of 357 clinical prostate cancer specimens, which was
performed using tissue microarrays (128). In this independent set of prostate
cancers, active Stat5a/b was associated with high Gleason grades (p = 0.03).
Collectively, these data indicated that active STAT5a/b is particularly abundant
in high-grade prostate cancer.

3.3. Activation of STAT5a/b in Primary Prostate Cancer Predicts
Poor Clinical Outcome

The concept of involvement of STAT5a/b in clinical progression of prostate
cancer was further supported by evidence of predictive role of STAT5a/b
of early recurrence of prostate cancer (128). Specifically, active STAT5a/b
in a primary prostate tumor predicted early recurrence of prostate cancer
after the initial treatment (128). Most importantly, if only prostate cancers
of intermediate Gleason grades (3,4) were analyzed, active STAT5a/b still
remained an independent prognostic marker of early disease recurrence (128).
This result suggested that the presence of active STAT5a/b in primary prostate
cancer of intermediate histological grade is associated with progressive disease.

The distribution of active STAT5a versus STAT5b in prostate cancers of
different histological grades should be determined, and the prognostic value
of STAT5a versus STAT5b assessed. The optimal material for such a study
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would be prostate cancer specimens from patients who have not received
adjuvant therapies besides radical prostatectomy, because the different adjuvant
therapies might affect the activation of STAT5a/b. Because active STAT5
in primary prostate cancer predicted early disease recurrence which is often
hormone-refractory prostate cancer, and because STAT5a/b promotes growth
of prostate cancer cells, the contribution of STAT5a/b to androgen-independent
growth of prostate cancer needs to be evaluated. Specifically, the involvement
of STAT5a/b in androgen-independent growth of prostate cancer should be
investigated from two different directions: (1) STAT5a/b as an androgen
receptor (AR)-independent survival factor for prostate cancer cells during
androgen ablation, (2) STAT5a/b as a survival factor acting through enhancing
the transcriptional activity of AR in androgen-deprived prostate cancer. On
the basis of the finding that active STAT5 predicts poor clinical outcome
of prostate cancer, stimulation of migration, motility, and invasion of human
prostate cancer cells by STAT5a/b should be evaluated as well.

3.4. Pathways Leading to Activation of STAT5a/b in Prostate
Cancer Cells

Prl is one of the predominant peptide factors currently known to activate
Jak2–STAT5a/b in normal and malignant prostate epithelium (1,2). Prl
promotes proliferation and survival of prostate cells, and Prl is produced locally
by normal prostate epithelium and by prostate cancer (86–90,115–117).

3.4.1. Prolactin is Locally Expressed in Normal

and Malignant Prostate Epithelium

Prl is a polypeptide hormone that belongs to Prl/GH/placental lactogen (PL)
family. Prl is similar to GH (16% amino acid identity) and PL (13% amino acid
identity) in its primary structure (129). The signal peptide of 30 amino acids is
removed from the amino-terminal end of Prl prohormone by proteolytic cleavage
(130,131) producing a secretory product with a molecular weight of approxi-
mately 23,000 23KD (132,133). Prl is encoded by a single gene containing six
exons in humans and is located on chromosome 6 (6p22.2–p21.3) (134,135).
Transcription of the gene is driven by two tissue-specific promoters, a proximal
promoter that is used in the pituitary gland and a distal promoter that is used in
extrapituitary cells and tissues, including decidua, myometrium, and lymphoid
cells (136–138). A non-coding exon 1a is only expressed in extrapituitary tissues
and has a transcriptional start site 5.8 kb upstream of the pituitary start site
(136). In extrapituitary sites, exon 1a is spliced to the first pituitary exon 1b,
generating a transcript that is approximately 150 bp larger than the pituitary
counterpart (139), differing only in the 5´-untranslated region. The downstream
promoter that directs transcription in pituitary lactotrophs is under control of
the POU-homeodomain transcription factor Pit-1. Transcriptional control of
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the distal, non-pituitary start site includes two consensus binding sites for
CCAAT/enhancer-binding proteins (C/EBP) in human decidual cells (140).

The Prl protein and gene are expressed at a high level in normal and
malignant prostate epithelial cells (2,87,88,122). First, Prl protein synthesis in
rodent and human prostate epithelium was shown by immunohistochemistry
(87,88), and Prl protein was localized to the secretory granules of prostate
epithelial cells by immuno-electron-microscopy (88). These results suggested
a secretory route of Prl protein from the prostate epithelial cells. Typically, Prl-
producing cells were single epithelial cells dispersed throughout the epithelium
or clusters of epithelial cells distributed along the prostate ducts (87,88) resem-
bling neuroendocrine cells (141). Expression of the Prl gene was detected by
in situ hybridization and reverse transcription (RT)-PCR in normal prostate
(87,88), and later, by Xu et al. (122) using RT-PCR in DU-145 human prostate
cancer cell line grown as xenograft tumors in nude mice. Studies focused on
clinical human prostate cancer specimens showed that Prl protein expression is
associated with high histological grade of human prostate cancer (2). Autocrine
Prl in prostate cancer may be the factor responsible for constitutive activation
of STAT5a/b in human prostate cancer and, therefore, would also possibly
serve as a therapeutic target protein for prostate cancer. Future studies should
determine the promoter of Prl gene that drives Prl gene expression in normal
and malignant prostate cells. This will allow identification of actors regulating
Prl gene expression in prostate cancer.

3.4.2. Prolactin Receptors Are Expressed in Normal

and Malignant Prostate Tissue

Prl exerts its biological actions via membrane-bound receptors (142,143).
The human Prl-receptor (PrlR) gene is located on chromosome 5 (p13–14) and
contains 11 exons (144,145). The PrlR protein is a glycosylated, single-pass
transmembrane protein with the N-terminus in the extracellular space. The
PrlR gene in both rodents and humans gives rise to three PrlR isoforms, a long,
an intermediate, and a short form (144,145). The different PrlR isoforms have
strictly identical extracellular (ligand-binding) domains and differ only by the
length of their cytoplasmic tail (146). There are no known enzymatic motifs
intrinsic to the cytoplasmic domain of PrlRs. In both rat prostate and human
prostate, specific Prl-binding sites have been demonstrated in a number of
studies over the years (92,93,101,147–151). After the cDNA encoding the PrlR
was cloned (152), the expression of both the short (42–44 kDa) and long (82–95
kDa) PrlR isoforms were identified in normal rat and human prostate at protein
and mRNA levels (86,87). Specifically, PrlR proteins in prostate are primarily
expressed in epithelial cells, in which the major immunohistochemical reaction
is localized to the apical surface of the cells (86,87). This localization would
allow direct stimulation of the epithelium by autocrine/paracrine Prl. A study
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by Leav et al. (93) demonstrated PrlR expression in clinical human prostate
cancer specimens. In addition to human prostate cancer samples, PrlRs are
expressed in human prostate cancer cell lines DU-145, LnCaP, PC-3, and
CWR22Rv1 (122,153).

3.4.3. Prolactin Promotes Growth of Normal and Malignant

Prostate Epithelium

Involvement of Prl in development and growth of normal prostate and
prostate neoplasia has been established and continues to be a subject of active
research. In fetal human prostate, receptors for Prl are expressed at a high
level (93), and Prl induces growth of the developing prostate gland in rodents
(94,154,155). Targeted disruption of the Prl gene in mice caused significant
reduction in prostate size (95), whereas aromatase knockout mice, which are
deficient of estrogens but have high serum testosterone and Prl levels, had
enlarged prostates (96). In mature prostate gland, Prl regulates accumulation
and secretion of citrate, which are physiological functions of prostate. Specif-
ically, Prl stimulates metabolic events related to citrate production and zinc
uptake of prostate epithelium (92,99,100,102,156–160).

Transgenic mice overexpressing Prl developed hyperplastic prostate
enlargement (115). Importantly, the development of the hyperplasia
was later shown not to be dependent on serum androgen levels (117).
Moreover, induction of preneoplastic lesions in prostate epithelium by
chemical carcinogens was enhanced by hyperprolactinemia in rats (109),
and hyperprolactinemia-induced increases in weight, nucleic acid content,
and protein content of prostate have been reported in a number of studies
(101,109,112,113,161–164). Surprisingly, no specific prostate phenotype was
found in mice deficient of PrlRs (165). However, it is important to note that
the lack of the expected phenotype in the gene deletion models may be due
to the redundant regulatory mechanisms that become active during organ
development.

Shown by organ cultures of normal and malignant prostate tissues, Prl
directly stimulates proliferation of prostate epithelial cells (87,89) and inhibits
apoptosis (90). Direct growth-promoting effects of Prl have been shown also
for human prostate cancer cells (118,153). The demonstration that Prl directly
affects growth of prostate cells is important because a number of preceding
in vivo studies suggested Prl action on prostate epithelium only through
enhancement of androgen action (100,119–121,161,164,166,167) and through
secondary endocrinological changes (168).

Autocrine Prl–PrlR–Jak2–STAT5a/b signaling pathway potentially provides
prostate cancer cells with the ability to survive in a growth environment lacking
androgens. Interestingly, during estrogen, antiestrogen, antiandrogen, or GnRH
analog therapy for prostate cancer, Prl levels can increase and are predictive of
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poor prognosis (169). Also, locally produced Prl by prostate epithelium (87,88)
may be the major source of Prl that is available for prostate cancer cells, and
may also explain the limited success of adjuvant therapies of prostate cancer
with inhibitors of pituitary Prl secretion (170,171).

3.5. Other Potential Pathways Leading to Activation of STAT5a/b
in Prostate Cancer

Mechanisms that are responsible for constitutive activation of STAT5a/b in
prostate cancer other than autocrine Prl secretion are virtually unknown. In
addition to locally produced Prl, constitutive activation of STAT5 in malignant
prostate epithelium might be due to amplification of STAT5a/b genes. Specifi-
cally, chromosome 17q, where STAT5a and STAT5b are located, is frequently
altered in both hereditary and incidental prostate cancer (172–182). Chromosome
17q showed allelic imbalance in prostate cancer in eight studies (183–190),
and gains in chromosome 17q were detected in five studies (185–188,190).
Moreover, three large studies linked a prostate cancer susceptibility gene to
chromosome 17q (17q21) (191–193) suggesting involvement of genes in this
region in inherited form of prostate cancer. Moreover, STAT5a/b might be
activated in prostate cancer cells by activating mutations of Jak2 (194–196)
or by tyrosine kinases such as Src (47,197), Bcr-Abl (198), or Tel-Jak (199).
In addition, decrease of STAT5a/b phosphatases or inhibitory proteins of
STAT5a/b (PIAS) may result in constitutively active STAT5a/b in malignant
prostate epithelium. GH, which is one of the principal activators of STAT5b
in a number of tissues, might be as well involved in activating STAT5a/b
in malignant prostate epithelium (200–205). However, no evidence of direct
effects of GH on stimulation of growth of prostate cancer cells currently
exists. Finally, there are no reports on contribution of other local growth
factors such as epidermal growth factor (EGF) (206–208) and fibroblast growth
factor (FGF) (172,209) on STAT5a/b activation in prostate cancer cells.

4. REGULATION OF PROSTATE CANCER CELL VIABILITY
BY INTERLEUKIN-6–STAT3 SIGNALING PATHWAY

4.1. Regulation of Prostate Cancer Cell Growth by STAT3
The oncogenic role of STAT3 has been well documented in various tumors,

most frequently in multiple myeloma (for a more detailed review, see ref.
173). Nuclear translocation and activation of STAT3 has been observed in
areas of chronic inflammatory disease such as colitis or viral hepatitis. Inves-
tigation of early lesions that occur during early prostate carcinogenesis may
therefore uncover novel signal transduction mechanisms that include activation
of STAT3 by other growth factors as well as interactions between STAT3 and
other signaling proteins (173).
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The contribution of Stat3 to growth of established prostate cancer is more
complex. Specifically, it is unclear to some extent whether STAT3 promotes or
inhibits growth of prostate cancer cells. Different methodological approaches
for investigating the role of STAT3 in prostate cancer may have contributed
to the controversy. Gao’s group has established a model based on stable trans-
fection of IL-6 cDNA in LNCaP cells (174). It was shown that there was
an increased phosphorylation of STAT3 and mitogen-activated protein kinase
(MAPK) associated with acquisition of a growth advantage in LNCaP cells
stably expressing IL-6. Moreover, LNCaP cells that overexpressed IL-6 gained
the ability to proliferate in an androgen-independent manner. Because the
major problem in prostate cancer is development of resistance to therapy with
androgen ablation or hormonal antagonists, the LNCaP subline generated by
stable transfection of IL-6 cDNA is an excellent model for studies of tumor
progression toward therapy resistance. STAT3 activation in prostate cancer was
studied by other researchers in non-transfected cells after stimulation with IL-
6. Findings similar to those of Gao’s group were reported by some but not all
investigators (175,176). Specifically, IL-6 caused growth retardation of LNCaP
cells and this was associated with induction of STAT3 phosphorylation. These
controversial results have not been clarified yet. In another study, LNCaP cells
stably transfected with a DN STAT3 showed a proliferative response (177).
By contrast, two studies have implicated STAT3 in the promotion of prolif-
eration and inhibition of apoptosis in the DU 145 cell line (178,179). These
studies, using an antisense approach, showed that STAT3 acts as a positive
growth factor required for cell survival. Moreover, analysis of JAK/STAT3
activation in a LNCaP derivative generated after chronic treatment with IL-6
(LNCaP–IL-6+) and in CWR22Rv1 cells derived from the relapsed xenograft
CWR22R revealed lack of STAT3 phosphorylation after stimulation with IL-6
(180,181). Taken together, these data from several laboratories indicate that
there is a complex and incompletely understood relationship between IL-6,
activation of the JAK/STAT3 pathway, and cell growth in prostate cancer.
Development of new experimental models and additional studies are needed to
obtain more information on mechanisms involved in the regulation of STAT3
phosphorylation and prostate cancer cell growth and survival.

STAT3 phosphorylation has been investigated by several researchers in
clinical prostate cancer by immunohistochemistry. Compared with benign
tissue, nuclear expression of phosphorylated STAT3 was increased in cancer
(179,182,210). However, activation of STAT3 in primary prostate cancer was
not associated with clinical outcome in a study including 357 primary prostate
cancers (128) with 30-year clinical follow-up data (Nevalainen, unpublished
results). In the same material, active STAT5a/b in primary prostate cancer
predicted poor clinical outcome (128). A study in breast cancer showed that
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patients who presented with increased nuclear expression of activated STAT3
had a survival benefit (211).

4.2. Pathways Leading to Activation of STAT3 in Prostate Cancer
Cells: Interleukin-6

The major activator of STAT3 in prostate cancer is IL-6 (3–5). IL-6 is
a pleiotropic cytokine of molecular weight between 21 and 28 kDa. IL-6 is
composed of four long helices and an additional mini helix. One long loop
is joining A and B, another one C and D helices, and there is a short loop
between B and C helices (212). IL-6 helices are straight whereas the A helix
of the IL-6-related cytokines oncostatin M (OSM) and leukemia inhibitory
factor (LIF) are kinked (213). This structural finding has implications on differ-
ential recruitment of cytokine receptors and will be discussed in more detail
below.

4.2.1. IL-6 Production in Prostate Cells

There are several positive and negative factors that determine expression
of IL-6. IL-6 gene expression is up-regulated by nuclear factor NF-�B,
prostaglandin E2, activating protein-1, and the homeobox gene GBX2. By
contrast, vitamin D, retinoblastoma (Rb), and steroid receptors are known as
IL-6 repressors. NF-�B is a major positive regulator of IL-6, and its expression
in prostate cancer is higher than in normal prostate tissue (214). Increased levels
of cyclooxygenase-2 and prostaglandin E2 may be responsible for up-regulation
of IL-6 in chronic inflammation areas. Contribution of NF-�B and members
of the activating protein-1 complex JunD and Fra-1 to increased expression of
IL-6 has been demonstrated in prostate cancer cells (215). Mutations of the
binding sites for those factors in the IL-6 gene promoter were shown to lead
to a significant down-regulation of IL-6. The GBX2 expression is also higher
in malignant prostate tissue compared with benign prostate tissue and may
therefore contribute to IL-6 elevation in prostate cancer (216).

High IL-6 levels were measured in supernatants from PC-3 and DU 145 cells
that are AR negative (217). Studies carried out in osteoblasts have demonstrated
that steroids may decrease the expression of IL-6 and its receptor (218,219).
Lack of AR expression may be a possible explanation for high IL-6 expression
in PC-3 and DU 145 cells and, conversely, for the absence of IL-6 in the LNCaP
cell line, which is AR positive. An LNCaP subline, which was generated in
the presence of exogenous IL-6, expresses IL-6 mRNA and protein, in contrast
to parental cells that do not produce IL-6 (220). IL-6 is expressed in human
prostate tissue expression has been shown by immunohistochemistry In benign
tissue, IL-6 immunoreactivity was confined to basal cells, whereas glandular
cells were weakly positive (221). By contrast, IL-6 levels were high in the
supernatants obtained from prostate stromal cells, which suggests a possible
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paracrine growth-regulatory loop in prostate tissue. Co-localization studies are
needed to clarify the relationship between IL-6 and AR expression in clinical
human prostate cancer.

4.2.2. IL-6 Receptors in Prostate Cancer

The IL-6 receptor (IL-6R) consists of two subunits: gp80 or IL-6R�, which
is cytokine-specific, and gp130, which is shared by IL-6 and related cytokines.
IL-6 binds first to IL-6R� (222), which then recruits the signal-transducing
subunit gp130. The association of gp130 with IL-6 and IL-6R� leads to the
formation of the high-affinity IL-6R complex, to the homodimerization of two
gp130 subunits, and to signal transduction. Signaling through gp130 can be
enhanced by a soluble receptor form that is generated by limited proteolysis
of the membrane-bound receptor or translation of alternatively spliced RNA
(223,224). The responsiveness of a given cell type to IL-6 is mainly determined
by expression of �-subunits or the presence of soluble receptors. IL-6Rs are
phosphorylated rapidly at tyrosine residues by JaK1 and JaK2, and this step is
followed by nuclear translocation and phosphorylation of STAT3 (225).

IL-6R subunits are ubiquitously expressed in benign and malignant prostate
tissue (221). In addition, expression of IL-6 and its receptor has been quantified
in benign and malignant tissue extracts, and the expression levels are increased
in early stages of prostate carcinogenesis, suggesting that IL-6 regulates cellular
events during early stages of malignant transformation (226). Moreover, high
IL-6 levels are measured in sera from patients with metastatic disease. In
conclusion, prostate cancer cells are a source of IL-6 that acts through its
respective receptors.

4.2.3. Regulation of Prostate Cancer Cell Growth by IL-6

Clinical observations suggest that there is an association between serum
IL-6 and prostate cancer morbidity (217,227). Serum levels of IL-6 higher
than 7 pg/ml were considered a bad prognostic factor in prostate cancer
(228). This initial work served as the rationale for experimental studies on
IL-6 signaling in prostate cancer. However, the results on the effects of IL-
6 on growth and survival of prostate cancer cells have been controversial
(203,204,229). This could be in part explained by activation of several different
signaling pathways by IL-6 in prostate cancer. Specifically, treatment with IL-6
could cause either exclusive or non-exclusive phosphorylation of intracellular
cascades of JaK/STAT, p42/p44 or p38 MAPK, or phosphatidylinositol 3-
kinase (PI3K) (230). Under certain experimental conditions, observed growth
stimulation might be caused by interaction between the IL-6R and Her-2 that
leads to activation of the MAPK signaling (231). Besides affecting cell growth
and apoptosis, IL-6 is implicated in a reversible regulation of neuroendocrine
phenotype of prostate cancer (232–234). LNCaP cells show typical processes
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and elongations after treatment with IL-6 or compounds that increase intracel-
lular cAMP or when cultured in steroid-depleted culture conditions. Morpho-
logical changes were paralleled with expression of neuroendocrine markers
chromogranin A and neuron-specific enolase or peptides such as bombesin or
serotonin that influence growth of adjacent epithelial cells. Neuroendocrine
differentiation was also induced in PC-3 cells by stable transfection with consti-
tutively active STAT3 (235). Presence of high levels of neuropeptides in sera
of prostate cancer patients is in most cases associated with advanced prostate
cancer grade or stage.

To mimic conditions in prostate cancer patients, LNCaP cells were treated
with IL-6 for several months (220). In the newly generated LNCaP subline,
exogenous IL-6 did not cause growth inhibition. Instead, LNCaP–IL-6+ cells
exhibited growth advantage in vitro and in vivo when grown as xenograft
tumors in nude mice. Two independent experiments demonstrated that LNCaP–
IL-6+ tumor volumes were significantly higher than tumors of the parental
LNCaP cells. Moreover, cyclin-dependent kinases that govern cell cycle
progression were expressed at a higher level in LNCaP–IL-6+ cells compared
with parental LNCaP cells (236), whereas the tumor suppressors p27 and pRb
were undetectable. IL-6 acts as an autocrine growth factor through the p42/p44
MAPK in LNCaP–IL-6+ cells, in contrast to paracrine inhibition observed in
the parental cells. Increased tumorigenicity in vivo was also recently reported
for the LNCaP derivative generated after co-culture with stromal cells that
produce IL-6. Specifically, IL-6 caused indirect effects through up-regulation
of vascular endothelial growth factor (VEGF) and its receptor VEGFR-2 in
LNCaP–IL-6+ (237). The presence of VEGF and VEGFR-2 in prostate cancer
cells and partial inhibition of proliferation of these cells by anti-VEGFR-2
antibodies suggested that VEGF autocrine loop was developed in conditions
in which IL-6 levels were increased. IL-6 has been shown to act as a positive
growth factor also in primary cultures of prostate cells and in a cell line
derived from prostate epithelial neoplasia (176,237). The autocrine IL-6 loop
is also present in DU 145 and PC-3 cells (238). In PC-3 cells, endogenous IL-6
promoted cell survival through phosphorylation of PI3K (175). In summary,
most studies performed with different prostate cancer models suggest that IL-6
is a potent growth factor in prostate cancer.

4.3. Other Potential Pathways Leading to Activation of STAT3
in Prostate Cancer

IL-6-related cytokines such as IL-11, OSM, LIF, or ciliary neurotrophic
growth factor may activate STAT3 signaling pathway in prostate cancer cells.
The IL-11 receptor levels are increased in prostate cancer, and this could in part
explain constitutive activation of STAT3 observed in prostate cancers (182). In
addition, the OSMR is expressed in several different prostate cancer cell lines,
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and the highest OSMR mRNA levels were measured in DU 145 cells (239).
OSM was able to signal through the OSMR–gp130 or LIFR–gp130 complex
without a specific �-subunit. The name “oncostatin” is, however, misleading
in prostate cancer because it is a growth-stimulatory factor in contrast to its
function in breast cancer (240). In contrast to DU 145 cells, growth stimu-
lation of androgen-independent CWR22Rv1 human prostate cancer cells by
either IL-6 or OSM was not associated with activation of STAT3 (181).
Instead, there was increased phosphorylation of the p38 MAPK and PI3K
in CWR22Rv1 cells. An immunohistochemical study indicated that the OSM
autocrine/paracrine loop exists in prostate cancers with increased expression
of the OSMR in prostate cancers of higher Gleason grades (241). By contrast,
LIFR was detectable in prostate cancers of lower Gleason grades.

4.4. Functional Interaction of STAT3 Signaling with Androgen
Receptor in Prostate Cancer

AR expression continues during androgen deprivation therapy of prostate
cancer. Depending on how androgen action is inhibited in the prostate
cancer patients, the AR may be activated by non-androgenic steroids, adrenal
androgens, and hormonal antagonists (242). Another mechanism of AR
activation in hormone-refractory prostate cancer is the membrane receptors
with intrinsic kinase activity that leads to activation of intracellular kinases
and may result in a ligand-independent activation of the AR. Sawyers’ group
has demonstrated that ligand-independent activation of the AR by Her-2/neu is
associated with tumor progression in vivo (243). On the basis of these exper-
imental results, novel experimental treatments with an aim to down-regulate
AR expression were proposed. A potential limitation of this type of therapy
is the inability to distinguish between AR–cofactor interactions responsible
for growth versus differentiation. In addition, long-term consequences of AR
depletion will need to be evaluated.

Because IL-6 expression is elevated in prostate cancer, it was reasoned that
this pluripotent cytokine may also trigger ligand-independent activation of the
AR. IL-6-induced activation of the AR was first demonstrated by Hobisch and
associates and confirmed by other researchers (244–248). Treatment of DU 145
cells with IL-6 causes a ligand-independent activation of the AR. Similarly,
IL-6 induced prostate-specific antigen (PSA) expression in the absence of
androgens in LNCap cells (244). The sequences of the AR required for inter-
action with IL-6 are located in the N-terminal region of the AR receptor.
Activation of transcriptional activity of AR by IL-6 occurs through recruitment
of the co-activators p300 and SRC-1. Two studies demonstrated increased
expression of SRC-1 in therapy-resistant prostate cancer. Another approach for
therapy intervention in prostate cancer may be based on blocking interactions
between specific co-activators and the AR. Importantly, the co-activator p300



276 Culig et al.

was demonstrated to be able to induce expression of AR target genes in the late
passages of LNCaP–IL-6+ cells that do not express the AR (249). Collectively,
these observations are of importance for better understanding of the molecular
mechanisms underlying the expression of AR-target genes in prostate cancer
tissues from patients who failed endocrine treatment.

However, according to the report by Coetzee’s group, the expression of
PSA was diminished by IL-6, thus suggesting a negative regulation of the
AR by IL-6 (250). These controversial findings might be partly explained by
differential activation of the PI3K pathway by IL-6 in LNCaP sublines or
LNCaP cells of different passage numbers (230). In addition to IL-6, OSM
was reported to activate the AR in DU 145 cells (239). In contrast to IL-6-
induced AR activation, non-steroidal antiandrogens were not able to inhibit
OSM-induced AR activity. Several experimental approaches demonstrated that
there is a physical interaction between STAT3 and the N-terminal region of the
AR that is IL-6 dependent (251,252). Consistent with these findings, treatment
of cells with the DN STAT3 down-regulated AR activation. Thus, STAT3 is
one of the numerous co-activators of the AR.

5. TRANSCRIPTION FACTORS STAT5 AND STAT3
AS THERAPEUTIC TARGET MOLECULES

FOR PROSTATE CANCER

In those prostate cancers in which STAT5a/b or Stat3 promotes growth,
Prl–STAT5a/b and IL-6–Stat3 signaling pathways can be inhibited by several
different approaches. In addition to locally delivered antisense Oligodeoxy
nucleotides (ODNs) or siRNAs, inhibition of STAT5a/b or STAT3 can be
achieved by small-molecule inhibitors for STAT5a/b/STAT3. Specifically,
STAT action provides multiple levels for rational drug design: dimerization of
STATs can be inhibited by targeting the SH2 domain, transactivation of STATs
can be inhibited by targeting the C-terminal TAD, and DNA-binding can be
blocked by targeting the DBD of STATs. A number small-molecule inhibitors
for STAT3 have already been developed (253–258). Moreover, PrlR, which
activates STAT5a/b in prostate cancer cells, provides an additional molecular
target for pharmacological inhibition of STAT5a/b signaling pathway in
prostate cancer. This may be achieved by a specific PrlR antagonist that inhibits
PrlR dimerization, developed by Goffin’s laboratory (259) or by phosphory-
lated Prl (122). The specific mechanism of action of phosphorylated Prl is at
present not entirely clear and may involve induction of the expression of DN
PrlRs (260). A chimeric anti-IL-6 antibody CNTO 328 has been developed and
shown to be effective in inhibiting growth of PC-3 prostate cancer xenograft
tumors in nude mice (261,262). Reduction in IL-6 levels may be achieved also
by inhibition of NF-�B activity by the proteasome inhibitor PS-341. Targeting
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the IL-6-STAT3 signaling pathway may be also achieved by the IL-6 superan-
tagonist SANT7, a compound that prevents signal transduction by abrogating
the complex of the gp80/gp130/IL-6. This drug has been tested in myeloma
models and its efficacy in vivo was potentiated by combination with dexam-
ethasone (263). Finally, to overcome adverse effects of systemic drugs, novel
approaches for prostate cancer-specific delivery of pharmacological agents are
under development in various laboratories (264–269). These specific delivery
methods will potentially be applicable for specific pharmacological inhibition
of STAT5a/b/STAT3 in prostate cancer cells.
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1. INTRODUCTION

Prostate cancer is the most commonly diagnosed cancer and the second
leading cause of cancer death in American men. Prostate cancer is a very hetero-
geneous disease. Development and progression of this disease involve multiple
genes and gene networks. This heterogeneity makes it very difficult to define
any one individual therapeutic option. The treatment of prostate-confined
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cancers typically includes radical prostatectomy, external beam radiotherapy,
or brachytherapy. Because most prostate cancers depend on androgens for
growth and survival, androgen ablation therapy has been a standard treatment
of advanced (metastatic) prostate cancer. However, the majority of prostate
cancers evolve into androgen-refractory or androgen-depletion independent (1)
disease, from which most patients eventually die.

It is conceivable that androgen-independent pathways may compensate
for the mitogenic and/or anti-apoptotic impact of androgens on the growth
and survival of androgen-depletion independent prostate cancer. Emerging
evidence suggests that androgen-independent activation of the androgen
receptor (AR) plays an essential role in proliferation and progression of prostate
cancer under androgen-deprivation conditions (2,3). Loss of heterozygosity
(LOH) at 10q23 and/or deletions and mutations in the tumor suppressor gene
PTEN are one of the most common somatic genetic alterations in prostate
cancer (4). Although it has been demonstrated that PTEN can function as
a protein phosphatase, the tumor suppressor function of PTEN is primarily
mediated by its lipid phosphatase activity that antagonizes the phosphatidyli-
nositol 3-kinase (PI3K)/Akt pathway. Loss of PTEN results in a constitutive
activation of Akt. Activated Akt, in turn, activates or inhibits a number of
downstream targets, therefore favoring proliferation and survival of cancer
cells.

2. PTEN AS A NEGATIVE REGULATOR OF THE PI3K/AKT
PATHWAY

2.1. PI3K/Akt Function as an Oncogenic Pathway
PI3K possesses two subunits, the p85 regulatory subunit and the p110

catalytic subunit. Activation of receptor tyrosine kinases by mitogenic or
survival factors results in the activation of PI3K. Activated PI3K catalyzes the
phosphorylation of the inositol ring of phosphatidylinositol-4,5-phosphatase
[PtdIns(3,4,5)P3] at the D3 position, which leads to the production of the intra-
cellular second messenger PtdIns(3,4,5)P3 (5). One of the critical downstream
targets of PI3K is Akt/PKB, a serine/threonine protein kinase that plays an
essential role in proliferation, apoptosis, and differentiation. Binding of growth
factor receptors (GFRs) to their cognate ligands results in the activation of
PI3K and production of PtdIns(3,4,5)P3 in the plasma membrane, where
PtdIns(3–5)P recruits Akt and PDK1 to the plasma membrane via an interaction
between the phosphoinositide and the pleckstrin homology (PH) domains of
Akt or PDK1. Once recruited into the plasma membrane, Akt is phosphorylated
and activated by PDK1 and possibly PDK2 at threonine 308 and serine 473
(6–10). Akt promotes cell growth and survival via inactivation or activation of
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a number of tumor suppressor or oncogenic proteins such as FOXO proteins,
BAD, TSC2, GSK3, MDM2, p21, and the AR (11–17).

2.2. PTEN Acts Primarily as a Lipid Phosphatase for Tumor
Suppression

The PTEN gene encodes a protein with intrinsic sequence similarity to
protein phosphatase. In vitro studies have suggested that PTEN acts as a dual-
specificity phosphatase with activities of both serine/threonine phosphatase
and tyrosine phosphatase (18). Surprisingly, PTEN also functions as a lipid
phosphatase against a phosphate at the D3 position in PtdIns(3,4,5)P3 (19).
Importantly, mutated alleles of PTEN derived from human tumors and Cowden
disease, an inherited genetic disease with increased susceptibility to cancer,
often retain their protein phosphatase activity but lose their lipid phosphatase
activity (20,21). These findings suggest that the lipid phosphatase activity
of PTEN, rather than its protein phosphatase activity, is important for its
tumor suppressor function. As summarized in Table 1, the PTEN gene is
deleted or mutated in a number of prostate cancer cell lines (22,23). Because
of loss of PTEN, Akt becomes constitutively active in PTEN-null prostate
cancer cells (24,25). Inhibition of Akt by treatment of cells with PI3K antag-
onists or transfection of cells with wild-type PTEN induces growth arrest or
apoptosis in PTEN-null prostate cancer cells (21,25,26). However, no such
effect is observed when a mutated form of PTEN (PTEN-G129E), which
lacks the lipid phosphatase activity, but retains protein phosphatase activity,
is expressed (25). These findings suggest that constitutively activated Akt is
important for the growth and survival of these PTEN-null prostate cancer

Table 1
PTEN Status and Akt Activation in Prostate Cancer Cell Lines

Cell line PTEN Del/Muta PTEN protein Akt activation References

LNCaP Nonsense Mut No High (21,23)
PC-3 Deletion No High (21,23)
DU145 Met to Leu High Weak (21,23)
CWR22rv1 NDb High Weak (c)
LAPC-4 NDb High Weak (23,c)
LAPC-9 NDb No High (23)
BPH-1 NDb Low Weak (c)
RWPE-1 NDb Low Weak (c)
WPE1-NA22 NDb Moderate Weak (c)
WPE1-NB26 NDb Low Weak (c)

aDel/Mut: deletion/mutation; bnon-determined; cunpublished data from H.H. and D.J.T.
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cells. Restoration of PTEN in PTEN-null prostate cancer cells also represses
their growth in soft agar and in nude mice (27). A number of downstream
effector proteins have been identified in mediating the inhibitory effects of
Akt on cell growth and survival. Inhibition of PI3K by transfection of PTEN
or treating cells with chemical inhibitors such as wortmannin or LY294002
results in an increased expression of p27Kip1 and G1 arrest in prostate cancer
cells (26,28,29). The mechanisms underlying PTEN-mediated cell cycle arrest
or apoptosis are quite complex. Activation of Akt or loss of PTEN can lead to
upregulation of Skp2, an E3 ubiquitin ligase that targets p27Kip1 for proteasome
degradation (30). Elevated levels of p27Kip1 protein are caused, in part, by
increased expression of p27Kip1 messenger RNA due to activation of FOXO
transcription factors such as FOXO1 and FOXO3a in prostate cancer cells
(28,31). The pro-survival effect of PTEN loss has been linked to the over-
expression of an anti-apoptotic protein Bcl-2. Bcl-2 is frequently overexpressed
in the androgen-depletion independent prostate cancer (32). Activation of the
AR by physiological concentrations of androgens represses expression of Bcl-2
in prostate and breast cancer cells (33,34). By contrast, depletion of androgens
results in increased expression of Bcl-2 in androgen-depletion independent
prostate cancer cells in vitro (25,33). Therefore, androgen deprivation could
provide one explanation for the overexpression of Bcl-2 in androgen-depletion
independent prostate tumors. Another mechanism appears to involve the loss
of PTEN. It has been demonstrated that overexpression of Bcl-2 is inversely
correlated with loss of PTEN protein in advanced prostate tumors (25). Indeed,
ectopic expression of PTEN suppresses expression of Bcl-2 in prostate cancer
cells, and requires the lipid phosphatase activity of PTEN and inhibition of Akt-
mediated phosphorylation and activation of cAMP-responsive element-binding
(CREB) protein (25). Importantly, PTEN-mediated suppression of Bcl-2 plays
an essential role in the chemosensitivity induced by PTEN in prostate cancer
cells (25).

2.3. Interaction Between PI3K/Akt and Androgen Signaling
in Prostate Cancer

Androgens are critical for the growth and maintenance of prostate cells (35).
Androgens are also major risk factors for prostate cancer (36,37). Besides their
well-documented mitogenic effects, androgens also inhibit apoptosis in both
normal and malignant prostatic epithelial cells (38). Although the mechanism
by which androgens function as survival factors in prostate cancer is largely
unknown, progress has been made recently. Androgens protect prostate cancer
cells from death induced by the cancer chemotherapeutic agent etoposide (39).
They also inhibit death of prostate cancer cells mediated by tumor necrosis
factor � (TNF�) or Fas activation (40). The PI3K/Akt pathway plays a critical
role in the survival of PTEN-mutated prostate cancer cells. Inhibition of this
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survival pathway by PI3K inhibitors (LY294002 or wortmannin) or ectopic
expression of PTEN induces apoptosis in the LNCaP cell line (26,41,42).
Importantly, these studies demonstrate that death of prostate cancer cells is
blocked by pretreatment of cells with androgens. Logical targets for these
effects include Akt and PTEN. However, neither Akt activity nor PTEN
function is affected by androgens (26,40). These data suggest that downstream
effectors of the PTEN/Akt pathway may be targets for androgen action on
proliferation and apoptosis in prostate cancer cells. Recently, it has been
demonstrated that androgens through the AR can abrogate the transcriptional
activity of FOXO1, thereby inhibiting its pro-apoptotic function in prostate
cancer cells (43). This effect can be blocked by the activation of the AR
(42,43). Mechanistically, androgens induce the proteolytic cleavage of FOXO1
and abolish the function of FOXO1 in prostate cancer cells. Importantly, this
effect can be prevented by anti-androgens (43).

3. DEREGULATION OF PTEN AND THE PI3K/AKT PATHWAY
IN PROSTATE CANCER

3.1. Genetic Alterations in PTEN
The PTEN gene maps to the 10q23.3 locus (22). Many prostate tumors

exhibit a significant allelic loss, termed loss of heterozygosity (LOH) in
chromosome 10q. Approximately 16% of localized prostate tumors have LOH
in the PTEN locus, whereas advanced prostate tumors have over 60% (44–46).
Several studies have combined mutation screening with LOH analysis to
determine the rate of biallelic loss of PTEN. Biallelic inactivation of PTEN in
prostate cancer was found to range from 2 to 20% (45,47). However, the rate
of biallelic loss of PTEN increases to greater than 80% in metastatic prostate
cancer. Monoallelic or biallelic loss of PTEN is also very prevalent in prostate
cancer cell lines and xenografts, including PC-3, LNCaP, and LAPC9 (24,48).
The allelic loss of PTEN involves large deletions and small mutations. Unlike
other tumor types, detailed mutation screening for PTEN has not been carried
out systematically in prostate cancer. In the few studies done, missense and
frameshift mutations have been detected, and all mutations described thus far
result in a truncated protein (49).

3.2. Epigenetic Inactivation of PTEN
Loss of function or inactivation of PTEN can also be attributed to epigenetic

mechanisms that involve gene methylation and post-translational modifica-
tions. Among the epigenetic inactivation of tumor suppressor genes, promoter
methylation is one potential mechanism. A reduction or loss of PTEN protein
expression in the absence of corresponding mutations has been described (23).
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Treatment of prostate cancer cell lines with 5-azadeoxycytidine, whose incor-
poration into replicating DNA leads to hypomethylation, was able to restore
the levels of PTEN protein in cells, suggesting that promoter methylation of
the PTEN gene may be one mechanism of its inactivation in prostate tumors,
although the details by which this may be accomplished have not been fully
addressed. Moreover, oxidative stress may affect cell proliferation and survival.
H2O2 induces an increase in phosphorylation of Akt (50), although the exact
mechanism is not clear. Interestingly, it has been demonstrated that H2O2 can
cause inactivation of PTEN via the formation of a disulfide bond between
cysteine 71 and cysteine 124, which is the active site of the lipid phosphatase
activity of PTEN (51). Furthermore, the function of PTEN is also regulated by
the rate of protein turnover. The PTEN protein is composed of an N-terminal
dual-specificity phosphatase domain and a C-terminal regulatory domain
containing a C2 lipid-binding domain (for membrane insertion), two PEST
domains (for protein stability), and a PDZ-binding motif (for protein–protein
interaction) (52). The function of PTEN protein is regulated by phosphory-
lation. The C-terminal domain of PTEN is rich in putative phosphorylation
sites. Three amino acid residues, serine 380, threonine 383, and threonine 383,
are the major sites of phosphorylation in PTEN (53). Phosphorylation of these
site leads to a decrease in the activity of PTEN (53). CK2 appears to be the
protein kinase responsible for the phosphorylation of PTEN (54). Phosphory-
lation of the PTEN protein also affects its stability. Unphosphorylated PTEN,
while having a higher functionality, is more sensitive to degradation via a
proteasome-dependent pathway (53).

3.3. Overexpression of Akt

The Akt family is composed of three members, including Akt1, Akt2, and
Akt3. Akt1 and Akt2 are amplified in pancreatic, ovarian, and gastric tumors
(55,56). No amplification of these loci has been reported in prostate cancer.
However, activation of Akt has been observed in prostate tumors by means of
immunohistochemistry. Some studies have shown that Akt is phosphorylated
at serine 473 in almost all prostatic intraepithelial neoplasia (PIN) lesions
and invasive prostate tumors. By contrast, other studies have shown that the
intensity of phosphorylation of Akt at serine 473 is correlated with high pre-
operative levels of prostate-specific antigen (PSA) in the serum (57) and is
significantly higher with Gleason scores 8–10 than in PIN lesions (58,59).
However, whether the elevated phosphorylation of Akt at serine 473 is caused
by loss of PTEN or increased activation of PI3K by upstream factors such
as Her2/Neu amplification (60) or increased expression of insulin-like growth
factor (IGF) (61) in prostate cancer is unknown.
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3.4. Alterations in PI3K
In addition to the intrinsic activity of PI3K in regulating oncogenic pathways,

the gene encoding the catalytic subunit of the type I PI3K� (PIK3CA or p110)
has been found to be amplified frequently in ovarian, breast, liver, and brain
tumors (62,63). The PI3KCA gene is also frequently mutated in these cancers.
However, neither amplification nor activating mutations have been reported in
prostate cancer to date.

4. FOXO PROTEINS: CRITICAL DOWNSTREAM TARGETS
OF THE PI3K/PTEN/AKT PATHWAY

4.1. The FOXO Transcription Factors Function as Tumor
Suppressors in Prostate Cancer

Mutations in the insulin receptor or PI3K result in an extended lifespan in
Caenorhabditis elegans, and this is reversed when DAF-16, the C. elegans
ortholog of FOXO, is mutated (64,65). These findings suggest that FOXO
factors play critical roles downstream of the PI3K/Akt pathway. Indeed,
mammalian FOXO proteins are phosphorylated directly by Akt (11,66–68). Akt
phosphorylates FOXO proteins in vitro and in vivo and abrogates their cellular
functions. FOXO transcription factors play important roles in regulating many
cellular functions, including proliferation, cell survival, DNA damage, and
oxidative stress. FOXO factors mediate G1 cell cycle progression by upregu-
lation of the cyclin-dependent kinase inhibitor p27KIP1 and downregulation of
the D-type cyclins including D1 and D2 (28,69–71). Moreover, these factors
affect transition from M to G1 of the cell cycle by directly regulating expression
of mitotic genes such as cyclin B and polo-like kinase (Plk) (72). Furthermore,
FOXO transcription factors modulate the expression of several other genes
that are involved in the cell cycle including Wip1, EXT1, and cyclin G2 (73).
Expression of the DNA damage response gene gadd45-� and expression of
free-radical scavenger proteins such as catalase and superoxide dismutase are
also regulated by FOXO transcription factors, suggesting important roles in
surveillance of DNA damage and oxidative stress (50,73,74). A number of pro-
apoptotic proteins such as Fas ligand (FasL), Bim, TRAIL, the IGF-binding
protein-1 (IGFBP1), NIP3, and legumain are transcriptionally regulated by
members of the FOXO subfamily (11,75,76). On the basis of these findings, it
has been proposed that the FOXO transcription factors provide nodal points for
diverse cell-signaling pathways, thereby modulating multiple cellular functions
including differentiation, metabolism, proliferation, and survival (77).

The cellular functions of the FOXO factors as demonstrated by the aforemen-
tioned in vitro studies have been investigated also in vivo. FOXO1a, FOXO3a,
and FOXO4 have been disrupted in mice. FOXO1-null embryos die on
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embryonic day 10.5 from a major defect in vascular development, suggesting a
crucial role of FOXO1 in angiogenesis (78,79). FOXO1 possesses an intrinsic
capability of inducing expression of several genes involved in blood vessel
destabilization and remodeling such as angiopoietin-2, sema 3C, and slit-2
(80), and this function can be inhibited by angiopoietin-1, an essential regulator
of vascular development, in an Akt-dependent manner. In contrast to FOXO1,
both FOXO3a- and FOXO4-null mice are viable and grossly indistinguishable
from control littermates (78,81). However, aged FOXO3a knockout female
mice exhibit a distinctive ovarian phenotype of global follicular activation,
oocyte death, and infertility. No histological changes in FOXO4-null mice have
been identified (78). Thus, these studies demonstrate that the physiological
roles of the FOXO genes are functionally diverse in mammals.

4.2. Deregulation of FOXO Proteins During Tumorigenesis
in Prostate Cancer

The potent cellular functions of the FOXO factors stipulate that these
proteins are strictly regulated so that they exert their activities exclusively
upon demand. A primary regulatory mechanism of FOXO proteins is mediated
by Akt-dependent phosphorylation. Akt inhibits the tumor suppressor function
of the FOXO factors via phosphorylation, which leads to nuclear expor-
tation, together with the chaperone protein 14-3-3 (11,66–68,82–84). The Akt-
mediated nuclear exportation is suspended in cells under oxidative stress (85).
This effect appears to be mediated by Jun N-terminal kinase (JNK)-promoted
phosphorylation of 14-3-3 (86). Nuclear-to-cytoplasm trafficking of FOXO3a
is also regulated by inflammatory factors such as TNF�. Activation of I�B
kinase � (IKK�) by TNF� results in the nuclear exportation and loss of function
of FOXO3a (87). In addition to excluding FOXO factors from the nucleus,
Akt-dependent phosphorylation also plays a critical role in the proteasome
degradation of FOXO1 and FOXO3a (88–90). Ubiquitin-dependent proteasome
degradation of FOXO1 is mediated by its interaction with Skp2, the substrate-
binding component of the Skp1/Culin1/the F-box protein (SCFSkp2) ubiquitin
E3 ligase complex (91). This effect of Skp2 requires Akt-specific phosphory-
lation of FOXO1 at serine 256. Moreover, activation of Akt due to loss of PTEN
leads to upregulation of Skp2 (30). Therefore, both Skp2 and Akt play central
roles in destruction of the FOXO1 protein (Fig. 1). The potential for translating
these findings into cancer therapy is underscored by the observation that Akt-
mediated phosphorylation of FOXO proteins is reversible. PTEN expression
or treatment with PI3K inhibitors results in a loss of Akt-dependent phospho-
rylation of FOXO1, thereby inducing cell death in PTEN-mutated prostate
cancer cells. The proteasome inhibitor, Bortezomib (Velcade), is currently in
clinical use for the treatment of multiple myeloma. A phase I clinical trial
of Bortezomib in prostate cancer has been completed. However, the results
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Fig. 1. Signaling pathways that regulate the ubiquitin-dependent degradation of FOXO1
protein. Binding of growth factor receptors (GFRs) to their cognate ligands, such as
survival factors, results in the activation of phosphatidylinositol 3-kinase (PI3K) and
phosphorylation of lipid phosphatidylinositol at the D3 position (PtdIns-3). This process in
non-malignant cells is counterbalanced primarily by the lipid phosphatase function of the
tumor suppressor gene PTEN. Recruitment of Akt and PDK1 kinases by their binding to
the phosphatidylinositol triphosphate PI(3–5)P3 via the pleckstrin homology (PH) domain
results in the phosphorylation of Akt. Activated Akt phosphorylates the FOXO1 protein at
serine-256 and induces increased expression of Skp2, a key component of Skp1/Cullin1/
F-box protein (SCF) E3 ligase complex. Elevated levels of Skp2 and phosphorylation
of FOXO1 at serine-256 are two key events that are required for the ubiquitination and
degradation of FOXO1. Amplification of PI3K and Akt, loss of PTEN, and overexpression
of Skp2 often seen in a wide range of tumor types may lead to the degradation and loss
of tumor suppressor function of FOXO1. Image modified with permission from ASBMB
Today May 2005: 10–11.

are less promising than that in multiple myeloma (92). Thus, greater efficacy
of Bortezomib may require a specific molecule or pathway for targeting.
Given that Skp2 is overexpressed frequently in a number of human cancers
including prostate cancer, breast cancer, lymphoma, small-cell lung cancer,
oral squamous cell carcinoma, and colorectal carcinoma (93–96), it would be
worthwhile to investigate whether Bortezomib has effective anti-cancer activity
in tumors that exhibit high levels of Skp2 and low levels of FOXO1.
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Recent studies indicate that the FOXO factors are also regulated by protein
acetylation/deacetylation. The acetylases CREB-binding protein (CBP) and
p300 have been shown to be transcriptional coactivators of the FOXO factors
in mammals and C. elegans (97,98). However, whether the effect of the
acetylase activities of CBP and p300 is mediated by their specific acety-
lation of FOXO proteins or by their acetylation of histones as well as other
transcription cofactors in general has not been determined. The silent infor-
mation regulator-2 (Sir2), a protein deacetylase, extends the lifespan of the
nematode in a manner that requires the FOXO transcription factor DAF-16 (99).
Activation of the mammalian homolog of Sir-2, SIRT1, under stress counteracts
the CBP and/or p300-mediated acetylation of FOXO1, FOXO3a, and FOXO4.
This attenuates FOXO-induced apoptosis and potentiates FOXO-induced cell
cycle arrest (85,100,101). CBP binds to and acetylates the positively charged
lysine residues in the DNA-binding domain of FOXO1, thereby attenuating
the ability of FOXO1 to bind to its cognate DNA sequence (102). By contrast,
SIRT1 binds to and deacetylates FOXO1 at residues acetylated by CBP, thus
increasing the expression of the anti-oxidative gene manganese superoxide
dismutase (MnSOD) and the cell cycle inhibitor p27KIP1 (103). Therefore,
the interaction between FOXO and SIRT1 appears to tip FOXO-dependent
responses away from apoptosis and toward stress resistance. Alterations in the
expression of CBP and p300 are often observed in prostate cancer specimens
(104–106). Therefore, it will be important to determine how the functions of
FOXO proteins are affected by the expression of these acetylases in prostate
cancer cells.

5. PROSTATE CANCER MOUSE MODELS WITH LOSS
OF PTEN OR OVEREXPRESSION OF AKT

5.1. Conventional Knockout of PTEN in Mice
The concept that PTEN functions as a tumor suppressor gene in the prostate

is further supported by findings in mouse studies. Conventional homozygous
deletion of the PTEN gene results in developmental defects and embryonic
lethality (107,108). By contrast, mice with heterozygous deletions of PTEN
develop PIN with almost 100% penetrance (107). However, no progression to
invasive prostate cancer was observed in these mice. Nonetheless, whether loss
of one allele of the PTEN gene can promote formation of metastatic prostate
cancer in aged mice is unclear because tumors develop in other organs such
as intestines, mammary, thyroid, and endometrial and adrenal glands, which
kill the mice before cancer is detected in the prostate. Moreover, mice with
heterozygous PTEN in combination of homozygous deletion of p27KIP1 develop
prostate cancer within 3 months with 100% penetrance (109). However, contra-
dictory results were reported in an independent study where deletion of both
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alleles of p27KIP1 diminished the tumor progression, even though deletion of
one allele of p27KIP1 accelerated tumor formation in the PTEN heterozygous
prostate (110). Whether this discrepancy is due to the differences of mouse
strains used in these studies is unknown. Other examples of a synergism
between loss of PTEN and other genes in the development of prostate cancer
from PIN lesions are found where one allele of PTEN is lost in conjunction
with a deletion of Nkx3.1, Ink4a/p19arf, or TSC2 (111–113).

5.2. Conditional Knockout of PTEN in the Mouse Prostate
The tumor suppressor function of PTEN is further suggested by condi-

tional knockout of the PTEN gene in the mouse prostate. A mouse line
with floxed alleles of PTEN was generated (114). Prostate-specific deletion
of PTEN was achieved by crossbreeding of PTEN-floxed mice with trans-
genic mice (PB4-Cre) expressing a Cre recombinase driven by a composite
prostate-specific probasin promoter (115). Mice lacking both alleles in the
prostate developed PIN lesions much earlier than PTEN heterozygous mice,
and importantly invasive and metastatic prostate cancer was documented in
those mice (116,117). Similar results were seen in mice where the PTEN
gene was homozygously deleted by intercrossing the PTEN-floxed mice with
transgenic mice of PSA- or mouse mammary tumor virus (MMTV)-driven Cre
recombinase (118,119). Thus, these studies suggest that PTEN plays a critical
role in the initiation and progression of prostate cancer. They also support
findings in human prostate cancer, although inactivation of PTEN is more
often seen in metastatic prostate cancer than in primary prostate cancer.

5.3. Transgenic Expression of Akt in the Mouse Prostate
The importance of Akt activation in the development of prostate cancer has

also been assessed directly in an Akt transgenic mouse model, where a myris-
toylated and therefore constitutively activated form of human Akt1 was specif-
ically expressed in the mouse prostate using the rat probasin promoter (120).
Overexpression of Akt resulted in the development of histological features
similar to the PIN lesion in the mouse prostate. However, the PIN phenotype in
Akt transgenic mice did not progress to cancer with aging. Whether the pheno-
typic differences observed between Akt overexpression and PTEN deletion
are due to the strain differences used by these different studies or reflect the
biological differences between activation of Akt and loss of PTEN is unknown.
Intriguingly, it has been shown recently that activation of Akt1 inhibits invasion
in some cancer cells including breast cancer (121). Whether loss of PTEN in the
prostate leads to the activation of Akt-independent pathways that antagonizes
the inhibitory effect of Akt on cancer invasion remains to be elucidated.



302 Huang and Tindall

6. SUMMARY

Prostate cancer continues to be a major cause of cancer-related mortality
in the USA. Genetic and biochemical studies demonstrate that loss of the
tumor suppressor gene PTEN by means of mutations, deletions, and epigenetic
mechanisms plays an essential role in the development and progression of
prostate cancer. Activation of Akt due to inactivation of PTEN promotes growth
and survival by inactivation of a number of tumor-suppressing molecules
such as FOXO proteins, BAD, and p27KIP1 or activation of a number of
tumor-promoting molecules such as the AR and MDM2. All these findings
provide promise for the discovery of options for the prevention, diagnosis, and
treatment of prostate cancer.
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1. INTRODUCTION

Prostate cancer (PC) is a common and clinically heterogeneous disease
with marked variability in progression. This chapter focuses on the recently
identified novel TMPRSS2–ETS gene fusions in PC (1–3). Hematological
malignancies are often characterized by balanced, disease-specific chromo-
somal rearrangements (i.e., balanced translocations). The prototypic example
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is the malignant transformation of white blood cells to Chronic Myeloid
Leukemia (CML) through a balanced translocation between chromosomes
9 and 22 resulting in the novel tyrosine kinase fusion protein BCR–ABL.
Until recently, most solid tumors had been characterized only by non-specific
chromosomal aberrations. By applying a new bioinformatics approach called
Cancer Outlier Profile Analysis (COPA), Tomlins et al. identified a common
translocation in PC, involving the tightly androgen-regulated gene TMPRSS2
(21q22.3) and ETS transcription factor family members, either ERG (21q22.2)
or ETV1 (7p21.2) (1). This translocation is detected in invasive PC and in
approximately 20% of the precursor lesion, high-grade prostatic intraepithelial
neoplasia (PIN) (4), but not in bening prostate tissue or prostatic atrophy (4).
Significant associations with common morphological features and gene fusion
have also been identified (5). After logistic regression analysis five morpho-
logical features were independently associated with positive TMPRSS2-ERG
fusion status: blue-tinged mucin, cribriform pattern, macronucleoli, intraductal
tumor spread, and signet-ring cell-like features. The association between
phenotype and TMPRSS2-ERG fusion suggest that there are molecular alter-
ations associated with gene fusion PC. A previous role of ETS genes in PC
progression has been suggested based on the over-expression of ERG and ETV1
at the transcript level. TMPRSS2 is one of the most highly androgen-regulated
genes. The critical fusion of TMPRSS2 and ETS family members defines a
novel and significant class of PC that, according to emerging data, may be
at a higher risk of disease progression (2,6,7). This chapter will provide an
overview of this exciting development in our understanding of PC biology from
the initial discovery to the potential applications in the clinical management
setting.

2. DISCOVERY OF TMPRSS2–ETS GENE FUSION PC

The key to discovering the TMPSS2–ETS gene fusion was to develop a
simple statistical approach to identifying oncogene profiles from expression
array data sets and recognizing that this process also identified genes commonly
associated with known genomic translocations. Tomlins et al., sought to
identify to discover oncogenes as using publicly available microarray data.
The goal was to identify previously described oncogene such as her-2-neu or
EGFR—where overexpression is observed in only a subset of tumors from
patients with breast or lung cancer, respectively—and importantly to discover
novel oncogenes. The method called Cancer Outlier Profile Analysis (COPA)
was developed based on the idea that evaluating variance in a data set using
the median instead of the mean would maintain the peaks of outliers. COPA
has three steps (1,8). First, gene expression values are median centered, setting
each gene’s median expression value to zero. Second, the median absolute
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Fig. 1. Cancer Outlier Profile Analysis (COPA) evaluates variance in a data set using
the median instead of the mean in order to maintain the peaks of outliers. The first to
steps of COPA are presented here. First, gene expression values are median centered,
setting each gene’s median expression value to zero. Second, the median absolute deviation
(MAD) is calculated and scaled to 1 by dividing each gene expression value by its MAD.
This approach was used instead of centering data around the mean because it has less
effect on the tails or outliers. In the third step (not shown), the 75th, 90th, and 95th
percentiles of the transformed expression values are tabulated for each gene and then
genes are rank-ordered by their percentile scores, leading to a prioritized list of outlier
profiles.

deviation (MAD) is calculated and scaled to 1 by dividing each gene expression
value by its MAD (8, Fig. 1). This approach was used instead of centering
data around the mean because it has less effect on the tails or outliers. Third,
the 75th, 90th, and 95th percentiles of the transformed expression values are
tabulated for each gene and then genes are rank-ordered by their percentile
scores, leading to a prioritized list of outlier profiles.

By applying COPA, 132 gene expression data sets representing 10,486
microarray experiments were interrogated for outlier genes (1). Examples of
known genes that are overexpressed in a subset of a particular tumor type
were identified, such as the oncogene her-2-neu and E-Cadherin (CDH1).
Interestingly, genes such as RUNX1T1 (ETO) and PBX1 also scored high on
COPA. These two genes are known to be associated with the AML-ETO and
E2A-PBX1 gene translocations in acute myeloid leukemia (AML) and acute
lymphoblastic leukemia, respectively. Both of these translocations only occur
in a subset of the cases (i.e., outlier cases). Two genes consistently scored
high in PC microarray experiments, ERG and ETV1. Both of these genes are
members of the ETS family of transcription factors. They were overexpressed
in the majority (50–70%) of PCs and were mutually exclusive across several
independent gene expression data sets, suggesting that they may be functionally
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Fig. 2. Anatomy of the TMPRSS2 to ETS Family Gene Fusions Identified in Prostate
Cancer. Adapted from ref. 1.

redundant in PC development (1). Because the ETS family of transcription
factors has previously been seen in the genomic translocation of the Ewing’s
family tumors, AML and other rare tumors, the possibility that they were
part of a translocation in PC was explored. When the ERG cDNA transcript
was evaluated exon by exon, overexpression was seen at the distal (3´ end)
but not the proximal portion (5´ end). By sequencing the cDNA transcripts,
fusions of the 5´-untranslated region of TMPRSS2 (21q22.3) with the ETS
transcription factor family members, either ERG (21q22.2), ETV1 (7p21.2) (1),
and more recently ETV4 (3), were identified, suggesting a novel mechanism
for overexpression of the ETS genes in PC (1, Fig. 2).

3. ETS FAMILY OF TRANSCRIPTION FACTORS AND PC

The ETS family of transcription factors consist of 30–40 genes that bind to
DNA in a site-specific manner and mediate transcriptional activation and/or
repression of other genes. The ETS family members are defined by an 87-
amino-acid domain that is necessary and sufficient for this site-specific DNA
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binding, and this domain is flanked by protein–protein interaction domains that
mediate transcriptional activation and/or repression. Some ETS genes have
auto-inhibitory domains that block DNA binding in the absence of co-factors.
Thus, ETS transcription factors appear to bind to promotor/enhancer elements
of target genes leading to transcription activation and/or repression (for review
of this topic, see refs. (9,10)). Although ETS target genes have been identified
for many of the ETS family members, their exact role in transcription regulation
is not well understood in vivo (11). Only a few studies have specifically
examined the role of ETS genes in prostate tissues. Gavrilov et al. described
the protein expression of several ETS family members in prostate tissue
samples using immunohistochemistry (12). They reported nuclear expression
of Elf-1 and Fli-1 in 16/25 and 20/25 of high-grade PCs, respectively. Inter-
estingly, ERG expression was only observed in 44% (11/25) of PC samples
tested, of which 7 were with Gleason score 7 or above. Recent work from
Petrovics et al. identified ERG as the most frequently overexpressed oncogene
in the transcriptome by using a combination of expression array analysis and
quantitative real-time RT-PCR on 114 PC samples isolated with laser capture
microdissection (13). High ERG expression was identified as a predictor of
higher prostate-specific antigen (PSA).

4. TMPRSS2 AND PC

The TMPRSS2 gene located on chromosome 21 encodes a serine protease.
TMPRSS2 is a type II integral membrane protein similar to hepsin, which
is also frequently upregulated in PC (14). Lin et al. identified TMPRSS2 as
the most up upregulated gene in the LNCaP PC cell line after exposure to
androgens (15). TMPRSS2 expression was not affected by androgen stimu-
lation in the androgen-unresponsive PC-3 and DU 145 cell lines. Human PC
xenografts that were either androgen dependant or independent demonstrated
TMPRSS2 expression. In situ hybridization demonstrated that TMPRSS2 RNA
was expressed in the basal cell compartment of normal prostate epithelium
and in PC. Vaarala et al. confirmed this observation independently demon-
strating higher RNA levels in PC when compared with benign prostate tissue
(16). Vaarala et al. further demonstrated that TMPRSS2 is expressed at higher
levels in high-grade PC and in hormonally treated PC. These data support
the view that TMPRSS2 may be associated with PC progression. Immuno-
histochemical studies by Afar et al. identified TMPRSS2 protein expression
in the cytoplasm of normal prostate epithelium and PC (17). Interestingly,
in mice lacking TMPRSS2 (tmprss2−/−), there is no discernable phenotype
suggesting that the dysregulation alone is insufficient to affect prostate
pathophysiology (18).



314 Rubin

5. TMPRSS2–ETS FUSION IN PC

The identification of this fusion between the prostate-specific, strongly
androgen-regulated gene TMPRSS2 (21q22.3) to ERG (21q22.2) or ETV1
(7p21.2) was a surprising discovery. Using other methods to validate these
findings [i.e., RT-PCR or fluorescence in situ hybridization (FISH)] in human
PC samples, the TMPRSS2–ETS translocation has been seen in approximately
50–70% of all cases examined (1–4,7,19,20). Because TMPRSS2 is regulated
by androgens, a series of cell line experiments was performed to demonstrate
that exposure to androgen would specifically regulate the fused ETS family
member. In the PC cell line VCaP (21) with the TMPRSS2–ERG translo-
cation, exposure to a dose of synthetic androgen specifically increased ERG
expression. In the LNCaP PC cell lines without an ERG translocation, exposure
to synthetic androgen did not alter ERG expression. Therefore, it appears that
the TMPRSS2–ETS gene fusion is acting as a novel androgen responsive
oncogene.

6. TMPRSS2–ERG GENE FUSION

The most common gene fusion is TMPRSS2:ERG found in approximately
50% of the surgical-based cohorts studied to date (2,4,7,19,20). As both of
these genes lie in close proximity on chromosome 21, 100K oligonucleotide
Single Nucleotide Polymorphism (SNP) arrays could be used to characterize
an intronic deletion observed by FISH analysis. By interrogating 30 PC
samples, including cell lines, xenografts and hormone naïve and hormone
refractory metastatic PC samples, genomic loss between ERG and TMPRSS2
on chromosome 21q23 could be readily visualized (Fig. 2A–C from ref. (2)).
The rearrangement status for TMPRSS2:ERG and TMPRSS2:ETV1 was deter-
mined for these 30 PC by FISH and/or PCR (Fig. 2A, gray and light blue bar).
None of the samples tested demonstrated a TMPRSS2:ETV1 rearrangement.
Discrete genomic loss was observed in TMPRSS2:ERG rearrangement positive
samples involving an area between TMPRSS2 and the ERG loci. The extent
of these discrete deletions was heterogeneous. For a subset of samples 45%
(5 of 11) the deletion occurs in proximity of ERG intron 3. For a majority of
samples 64% (7 of 11) the deletion ends in proximity of the SNP located on
TMPRSS2 (the next SNP in the telomeric direction is about 100K bp distant).
The VCaP cell line shows copy number gain along the entire chromosome
21. Interestingly, for TMPRSS2:ERG rearrangement-positive tumors, 71% (5
of 7) hormone refractory PC demonstrate a deletion between TMPRSS2 and
the ERG loci whereas deletion was only identified in 25% (1 of 4) hormone
naïve metastatic PC samples (ULM LN 13). There is significant homogeneity
for the deletion borders with two distinct sub-classes, distinguished by the
start point of the deletion—either at 38.765 Mb or at 38.911 Mb. None of the
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standard PC cell lines [PC-3, LNCaP, DU-145, or CWR22 (22Rv1)] demon-
strated the TMPRSS2:ERG or TMPRSS2:ETV1 fusion. Several of the LuCaP
xenografts demonstrate TMPRSS2:ERG fusion with deletion including LuCaP
49 (established from an omental mass) and LuCaP 93, both hormone-insensitive
[androgen receptor (AR)-negative] small-cell PCs. The VCaP cell line derived
from a hormone refractory PC demonstrated significant copy number gain on
chromosome 21 (2, Fig. 2A–C).

These findings are particularly intriguing when one considers the 9:22
translocation identified in CML. The Bcr–Abl translocation involving chromo-
somes 9 and 22 is believed to cause the malignant transformation to CML.
Evidence for this includes mouse models overproducing the fusion protein
(BCR–ABL), which lead to the development of a murine leukemia that
sometime resembles CML (22) and can be reversed by lowering the expression
of BCR–ABL (23). The clinical prognosis of CML is heterogeneous with
significant differences in clinical features including the rate of progression to
blast crisis transformation.

The surprising development in CML was that in addition to the Bcr–Abl
translocation, a subset of cases harbor a deletion of the derivative chromosome
9 involved in the reciprocal translocation (24–28). Multiple studies have now
confirmed that these deletions are large, show varying breakpoints, and occur at
the time of the translocation (i.e., an early event). The presence of the deletion is
associated with poor prognostic outcome (24,25). Therefore, even if it appears
that CML with a common translocation should be a homogenous disease
with similar clinical course, the presence of this deletion may explain for the
considerable genetic heterogeneity. The mechanism is not understood (29). The
deletion might be associated with a predisposition for genetic instability. The
deletion might alter the activity of the Bcr–Abl fusion protein. The deletion
might also be associated with loss of another gene leading to either entire loss
of activity (“two-hit” model) or decreased expression (haploinsufficiency).

The high percentage of TMPRSS2:ERG fusion PCs suggests that ERG is the
most common fusion partner. The hospital-based studies to date suggest that at
least 50% of PCs harbor the TMPRSS:ERG gene fusion. With the recent identi-
fication of a third molecular subtype (TMPRSS2:ETV4), one can anticipate
finding other translocation partners, such as FLI1, based on expression array
data. This would be similar to observation in the Ewing’s family tumors, where
approximately 85% of tumors harbor a tumor-associated t(11;22)(q24;q12)
rearrangement resulting in the juxtaposition of the EWS gene (Ewing’s Sarcoma
Gene) on chromosome 22 with the FLI1 gene on chromosome 11. Four other
ETS family members have been identified as translocation partners of EWS.
The second most common ETS translocation partner is ERG seen in approx-
imately 10% of cases (30). Finally, the identification of the TMPRSS2:ETS
gene fusion in PC suggests that distinct molecular subtypes may further define
risk of disease progression.
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7. TMPRSS2–ETS GENE FUSION PC AND DISEASE
PROGRESSION

Currently, there is limited information regarding the association between
gene fusion PC and disease progression. Because TMPRSS2–ETV1 and
TMPRSS2–ETV4 fusion PCs are so infrequent, the following comments
apply only to TMPRSS2–ERG fusion PC, which appear to behave in a

Fig. 3. A-C. Genomic deletions on chromosome 21 between ERG and TMPRSS2.
Interrogating high density 100K SNP arrays (∼110.000 loci on the genome) on a panel of
30 Prostate Cancer (PCA) samples, we observed a commonly deleted area on chromosome
21q22.2-22.3, spanning the region between ERG and TMPRSS2. A. Samples, including
6 cell lines, 13 xenografts and 11 metastatic PCA samples, were characterized for
TMPRSS2:ERG and TMPRSS2:ETV1 status (gray bars for negative and blue bar for positive
status), by qPCR and/or by FISH. B. Magnification of the green framed box in A. Signal
intensity on the right side is proportional to copy number intensity of a hormone refractory
metastatic PCA sample (MET6-9). Interestingly, for TMPRSS2:ERG rearrangement positive
tumors, the 71% (5 of 7) hormone refractory PCA demonstrate a deletion between TMPRSS2
and the ERG loci whereas deletion was only identified in 1 of 4 hormone naïve metastatic
PCA samples (ULM LN 13). C. Magnification of the black framed box in A. SNP data
include 25 loci along ERG, distributed from the gene promoter to intron 5 and 1 SNP
on the 3’UTR of TMPRSS2. There is significant homogeneity for the deletion borders
with two sub-classes, distinguished by the start point of the deletion—either 38.765 Mb or
38.911 Mb).
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more aggressive manner. Perner et al. explored for an association between
rearrangement status and clinical and pathological parameters (2). Interest-
ingly, TMPRSS2–ERG rearrangement with deletion was observed in a higher
percentage of PC cases with advanced tumor stage (pT) (p = 0.03), and the
presence of metastatic disease in regional pelvic lymph nodes (pN0 versus
pN1−2) (p = 0.02). TMPRSS2:ERG-rearranged PC with deletions demonstrated
a statistical trend for higher PSA biochemical recurrence when compared with
translocation negative PC. Wang et al. also reporting on a radical prostatectomy
series identified a significant association between gene fusion and higher tumor
stage (i.e., seminal vesicle invasion) (7).

Perhaps the strongest evidence to date to suggest an association between
TMPRSS2–ERG fusion PC and more aggressive disease is from Demichelis
et al. study on a population of men diagnosed with incidental PC and followed
for up to 30 years on a watchful waiting protocol (6). The Örebro Watchful
Waiting cohort represents a treatment naïve population drawn from a strictly
defined catchment area for 190,000 inhabitants living in Örebro (31–35). The
frequency of TMPRSS2:ERG gene fusion in this watchful waiting population
is lower than the 55% (16/29) reported by Tomlins et al. (1) and 78%
(14/18) reported by Soller et al. (20). These differences might be explained
by the lower percentage of high-grade cases in this watchful waiting cohort
as compared to the other non-population based studies. In this report on a
population-based cohort of men with localized PCs followed by expectant
(watchful waiting) therapy, the TMPRSS2:ERG gene fusion was identified
in 15% (17/111) of the tumors. There was a statistically significant associ-
ation between TMPRSS2:ERG gene fusion and PC-specific death (cumulative
incidence ratio = 2.7, p < 0.01, 95% confidence interval = 1.3–5.8) (Fig. 4A-C).
Quantitative RT-PCR demonstrated high ERG expression to be associated
with TMPRSS2:ERG gene fusion (p < 0.005) supporting the view that the
transcription factor ERG is acting as an oncogene in this gene fusion. These
data support the observation that TMPRSS2:ERG gene fusion PC have a more
aggressive phenotype, possibly mediated through increased ERG expression.

Interestingly, high ERG expression has been associated with poor clinical
outcome in AML (36) but was seen as protective in the only other PC study (13)
examining ERG, where high levels of ERG transcription were associated with
a lower incidence of PSA biochemical failure (13). The findings by Petrovics
need to be viewed with caution because PSA relapse or biochemical failure
is a poor surrogate endpoint for clinically meaningful endpoints including
clinical relapse and death as demonstrated by three recent studies. In a single
institution study of men diagnosed with clinically localized PC in the pre-
PSA screening era, Porter et al. observed 45.5% PSA biochemical failure in a
radical prostatectomy series, but PC-specific death occurred in 18.5% of the
population with a follow-up time of up to 25 years (37). Carver et al. recently
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Fig. 4. A-C. The FISH assay detects the characteristic hybridization pattern associated
with TMPRSS2:ERG gene fusion, which is associated with disease progression. A-B). For
analyzing the ERG rearrangement on chromosome 21q22.2, a break apart probe assay was
applied, consisting of the biotin-14-dCTP labeled BAC clone RP11-24A11 (eventually
detected with cy3-avidin to produce a red signal) and the digoxigenin-dUTP labeled BAC
clone RP11-137J13 (eventually detected with FITC-antidigoxygenin to produce a green
signal), spanning the neighboring centromeric and telomeric region of the ERG locus,
respectively. All BAC clones were obtained from the BACPAC Resource Center, Children’s
Hospital Oakland Research Institute (CHORI), Oakland, CA. Prior to tissue analysis, the
integrity and purity of all probes were verified by hybridization to normal peripheral
lymphocyte metaphase spreads. Tissue hybridization, washing, and fluorescence detection
were performed as described previously (Garraway et al., 2005; Rubin et al., 2004). Using
this multicolor FISH probe system, a nucleus without ERG rearrangement demonstrates two
pairs of juxtaposed red and green signals. Juxtaposed red-green signals sometimes form a
yellow fusion signal (B, arrow). A nucleus with an ERG rearrangement shows replacement
of one juxtaposed red-green signal pair with a single red signal for the translocated allele
(B). This hybridization pattern is consistent with a deletion of ∼2.8 Mb of genomic DNA
encompassing the telomeric portion of the ERG probe. A break apart assay is in general
significantly easier to interpret as compared to a fusion assay and will detect rearrangement
in all cases. Thus, a break apart assays is more specific and much faster to evaluate
(Bridge et al., 2006). The samples were analyzed under a 100x oil immersion objective
on an Olympus BX-51 fluorescence microscope equipped with appropriate filters, a CCD
(charge-coupled device) camera and the CytoVision FISH imaging and capturing software
(Applied Imaging, San Jose, CA). Evaluation of the tests was independently performed
by two pathologists (SP and J-M M) both with experience in analyzing interphase FISH
experiments. For each case, we attempted to score a minimum 100 nuclei per case. C) In a
cumulative incidence regression model, we evaluated TMPRSS2:ERG as a determinant for
the cumulative incidence or metastases or prostate cancer-specific death. We observed a
significant difference in survival in favor of TMPRSS2:ERG gene fusion negative cases. The
cumulative incidence ratio (CIR = 2.7, P < 0.01, 95% CI = 1.3 to 5.8) was performed using
the weighted estimating equation as implemented in cmprsk R library (Team, 2004). Other
statistical analysis was performed using SPSS 13.0 for Windows (SPSS Inc., Chicago, Il).
.
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reported that in a population of high-risk men with T3 PC who underwent
radical prostatectomy, 36% with PSA biochemical failure subsequently went
on to have clinically relevant disease progression (38). Ward et al. found
that in a population of 3897 radical prostatectomy patients, only 8.3% of
the men with PSA biochemical failure died of PC with a median follow-
up time of 10 years (39). PSA failure is thus associated with PC-specific
death, but the majority of men with PSA biochemical failure will die of other
causes. Therefore, the strongest data in initially untreated PCs is that there is
a significant association between TMPRSS2–ERG gene fusion status and PC
disease progression. Emerging work from multiple investigators is attempting
to validate these findings.

8. SUMMARY

The TMPRSS2:ERG gene fusion is the most common of the three reported
TMPSS2–ETS gene fusions. It is seen in approximately 50–70% of PC taken
from hospital-based surgical cohorts. In a lower risk Watchful Waiting cohort,
the incidence was approximately 15%. This supports other evidence that gene
fusion is associated with higher tumor stage and a more aggressive disease
progression. The gene fusion is seen only in PC and 20% of high-grade PIN
but not benign prostate glands or atrophy suggesting that it is an early event
in the development of invasive PC. In addition, this study supports the critical
role of ERG as an oncogene in PC.

The discoverAy of the common TMPRSS2:ETS gene fusions in PC using
COPA suggests that other translocations may be identified in common
epithelial tumors. The combination of an organ specific promoter such as
TMPRSS2 for PC fused to an oncogene may also be a common theme in
carcinogenesis. Strategies for the development of diagnostic tests and targeted
therapy are underway, perhaps leading to rational drug development similar to
the development of imatinib (STI571, Gleevec) therapy for CML.
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1. INTRODUCTION

Advances in the treatment of prostate cancer with radiation are the direct
result of improved diagnostic accuracy, integration of imaging with treatment
delivery, and enhanced precision in radiation dose distribution. The optimal
approach is multidisciplinary, requiring the participation of urologists, radiation
oncologists, and medical oncologists as patients are stratified on the basis of
disease extent and prognosis, acceptance of risks and benefits, and consid-
eration of changes in quality of life. Patients may select among several
radical prostatectomy or radiation therapy options. Combinations of treatment
modalities are frequently used. Radical prostatectomy may be followed by
post-operative radiation therapy or androgen deprivation in conjunction with
external radiation therapy for the treatment of patients at high risk for
local disease recurrence. Furthermore, systemic treatments using neoadjuvant
androgen deprivation therapy and chemotherapy are under investigation. Here,
we will focus on the clinical considerations for application of currently
available radiation therapy technology for patients with disease confined to the
prostate and adjacent tissues.

With the advent of prostate-specific antigen (PSA) testing, prostate cancer
is frequently diagnosed in men at early stages in which the tumor is
organ confined and potentially curable by radical surgery, conformal external
radiation, or brachytherapy (1–4). Radical prostatectomy offers an excellent
treatment for younger men (<65 years old) presenting with organ-confined
disease and low to intermediate risk factors (5). High-risk factors may include
PSA > 30 ng/dl, Gleason’s grade > 7, and clinical stage > II. Such patients may
be more appropriately treated with radiation therapy. Furthermore, patients with
pre-existing medical conditions such as obesity, diabetes mellitus, or cardiovas-
cular diseases are generally not candidates for radical prostatectomy because
of increased surgical morbidity. The accepted risks of surgery include higher
incidences of incontinence and impotence, leading some men in the younger
age group to select radiation therapy, based on quality of life considerations.

Although there are no suitable randomized clinical trials to directly compare
surgical to radiation therapy options, data gleaned from selected retrospectively
reviewed series support radical prostatectomy for long-term local tumor control
(15 year follow-up), while radiation therapy provides comparable intermediate-
termlocal control (10year follow-up)withbetterqualityof life (6–8).Local tumor
control impacts cancer cure, and failure to achieve local control in the treatment
of prostate cancer has been correlated to the development of metastases (9,10).

Patients who undergo radical prostatectomy also receive the benefit of
pathological examination of the surgical specimen to determine fidelity of
margins of resection and the absence or presence of extra-prostatic disease in
surrounding tissues, the seminal vesicles, and lymph nodes. Patients with such
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findings are categorized with pathological stage III disease and may benefit
from post-operative radiation therapy (11).

Patients electing radiation therapy based on general health, stage, age, or
quality of life criteria are offered conformal external beam radiation therapy,
brachytherapy, or a combination of these modalities. In addition, patients
presenting with Gleason’s grade of 7 or greater, or a PSA greater than 30 ng/dl,
are treated with androgen deprivation therapy in combination with radiation
therapy and for an additional 1–3 years afterwards (12,13).

Local tumor control with radiation is dose dependent, following a steep,
sigmoid dose–response relationship (Fig. 1, curve a). A similar curve exists
for normal tissue complications in response to radiation dose (Fig. 1, curve b),
but this curve is shifted to the higher dose region. The therapeutic ratio is a
useful concept defined by comparing the dose to achieve tumor control to the
dose at which normal tissue complications are observed. Therefore, it becomes
apparent that even small increases in the total dose in the prostate volume
enhance local tumor control, offering a therapeutic benefit as long as normal
tissue tolerances are respected.

T
C
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 N

T
C

P
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Fig. 1. Illustrative curve for dose–response relationship for tumor control probability (TCP)
of prostate cancer (a) and normal tissue complication probability (NTCP) of rectum (b).
Sigmoid curves were fit to reported data (54,55).
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Current techniques to achieve dose escalation include conformal external
beam radiation therapy (3-D or IMRT), prostate brachytherapy, and particle
(proton beam) irradiation. The latter is available at several specialized centers
and offers theoretical advantages in dose distribution that have yet to meet
clinical expectations. However, proton “boost” has been used to escalate
prostate radiation dose to 79.2 Gy in a reported randomized series showing
superiority as compared to 70.2 Gy using conventional external radiation (14).
It is unclear why the higher doses achieved by this approach offer an advantage
over comparable doses achieved by linear accelerators or brachytherapy
technology.

In this chapter, we review the evolution of technical advances in imaging,
brachytherapy, and linear accelerator-based radiation delivery leading to
improvements in dose distribution to the prostate tumor volume while sparing
rectal and bladder tissues. Comments on evidence-based factors impacting
the clinical decision process are offered, along with research direction for
improving local-regional treatment of prostate cancer.

2. EVOLUTION OF EXTERNAL RADIATION TECHNIQUES

Although X-rays have been used to treat prostate cancer since the early
1900s, development of the clinical linear accelerator in the 1950s has marked
the technological break-through that permitted Stanford University radiation
oncologists to advance this treatment as an option to radical prostatectomy.
Patients were treated to doses of 70 Gy, and 10-year disease-free survivals
were reported (95% stage A1, 65–80% Stage A2, and 40–50% Stage B) (15).
These results were associated with observed high incidences of proctitis (10%)
and cystitis (11%). Attempts to improve local tumor control by escalating
the dose to the prostate beyond 70 Gy using conventional radiation therapy
techniques led to increased late rectal toxicities (16). Furthermore, reported
late local recurrences were still seen in 30–40% of patients (Table 1).

3. THREE-DIMENSIONAL CONFORMAL RADIATION
THERAPY

External beam radiation therapy is generally delivered using a medium-
to high-energy linear accelerator (6 MeV or greater) and CT-based treatment
planning. Such treatment has evolved from multiple fixed fields (4-field “box”
technique), or small field rotational techniques (360° or 120° lateral arcs), to
6-field 3-D conformal techniques. The latter offers the ability to shape the
radiation dose distribution to the tumor volume in three dimensions to assure that
specified normal tissue tolerances are respected. In principle, this allows modest
dose escalation in the tumor volume, dose reduction in normal tissues, or both.
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Table 1
Results of Conventional EBRT for Patients with Organ-Confined Prostate

Cancer

Study PTS
no.

Clinical
stage

Total
dose
(G�)

Local
failure
(10–15
years) (%)

DFS (years) (%) OS (%)

5 10 15 10

Bagshaw
(29)

526 T1−2 70–75 20–30 55–65 65–70 50–65 55–65

385 T3 70–75 38 38 50 35 38
Perez

(30)
300 T1−2 70 20–24 65–70 56–60 65–70

412 70 40 42 38 42
Shipley

(31)
307 T1−2 67–70 16–18 66 70 66

Del
Regato
(32)

372 T3 70–75 30 63 50 30

Hanks
(38)

531 T1−2 60–70 15–35 46–63 37–52 46–63

296 T3 60–70 30–42 32 20 17 32
Zagars

(34)
551 T3 60–70 47 40 40 47

DFS, disease-free survival; Gy, Gray; OS, overall survival.

Using strict biochemical failure criteria following conventional radiation
doses, more than 50% of patients with clinically localized prostate cancer
have been reported to experience disease progression with follow-up beyond
5 years (17,18). Technical advances associated with 3-D conformal radiation
therapy have led to dose escalation, with a resultant decrease in local recur-
rence. However, dose escalation using 3-D conformal technology is still
associated with increased rectal toxicity, supporting further research into
technical improvements in dose distributions.

4. INTENSITY-MODULATED RADIATION THERAPY

To further control the dose distribution within the treated volume and to
normal tissues, the concept of intensity modulation of the radiation beam has
been applied. The edges of the field are shaped to conform to the cross-sectional
silhouette of the tumor volume, and the radiation dose distribution within the
treated volume is modulated. This technique has been reported to permit dose
escalation within the prostate in excess of 80 Gy to limit dose to the rectal
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a b

c

Fig. 2. This is an example of a radiation dose distribution for an IMRT plan prescribing
72 Gy to the prostate in panel a. Panel b shows the isodose distribution for a Pd-103
brachytherapy procedure, prescribing 125 Gy. Color map in panel c demonstrates the
relationship of the high-dose irradiated region (red) to the lower dose regions irradiated in
transit.

wall and to yield acceptable risks of radiation related morbidity (19). Panels a
and c in Fig. 2 illustrate the types of isodose plans that are readily achieved
using IMRT technology, panel b illustrates a tight conformal dose achieved by
brachytherapy.

5. IMAGE-GUIDED RADIATION THERAPY

Prostate and patient motion limit the precision achievable with IMRT.
Therefore, image guidance has been employed to assure reproducibility in
matching the delivered dose distribution to the tumor volume as it is positioned
in the patient. Technologies to achieve this precision include cone beam
tomography (reconstruction of a tomographic image on the treatment linear
accelerator) or intermittent orthogonal diagnostic imaging to assure proper
localization of fiducials or anatomic landmarks.

At Georgetown University Hospital, we have advanced the application of
robotic stereotactic radiosurgical techniques for precise radiation delivery to
partial volumes of the prostate (illustrated in Fig. 3) in conjunction with
IMRT technology. This technology offers dose escalation capability beyond
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a b c

d

Fig. 3. The CyberKnife is shown in panel (a), five gold seed fiducials used for tracking
the prostate are shown in orthogonal views in panels (b) and (c), and a representation of
the 164 beams used to deliver the plan are shown in panel (d).

a b

c d

Fig. 4. Sample case of partial prostate boost irradiation (a) tumor probability distribution;
(b) equivalent CT slice with isodose distribution lines from the treatment plan, and (c and
d) dose-volume histograms (DVHs) for prostate, urethra, rectum, and bladder, respectively.
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that achieved by conventional IMRT by focusing radiation delivery to
partial prostate volumes. In Fig. 4, a tumor probability density map was
developed (panel a) based on surgical findings in 159 patients treated with
radical prostatectomy (20). The resultant isodose plan for Cyberknife “boost”
radiation is shown in panel b, and the respective dose volume histograms are
presented in panels c and d, confirming dose escalation to a partial prostate
volume.

6. USE OF ANDROGEN DEPRIVATION WITH RADIATION
THERAPY OF PROSTATE CANCER

Androgen deprivation therapy has been appreciated as a therapeutic modality
for the treatment of advanced, metastatic prostate cancer. However, the
use of androgen deprivation therapy also offers advantages for selected
patients receiving external radiation therapy or brachytherapy. Several studies
report improved local control and disease-free survival in patients under-
going androgen deprivation before, during, and after radiation therapy (12,13).
Furthermore, prostate downsizing as a result of androgen deprivation limits
obstructive urinary symptoms and permits brachytherapy in patients otherwise
not suitable for technical reasons. The side effects of androgen deprivation
include hot flashes, fatigue, impotence, and feminization. Current studies focus
on determining the optimal duration for androgen deprivation as an integral
part of treatment of unfavorable risk-localized prostate cancer.

7. BRACHYTHERAPY OF PROSTATE CANCER

Brachytherapy offers a technique for the delivery of radiation therapy
by placing radioactive sources near or within the tumor volume. Prostate
brachytherapy is achieved by interstitial placement of permanent (Pd-103 or
I-125) or temporary (Ir-192) sources into the prostate through thin, hollow
surgical needles. The technique is performed under trans-rectal ultra-sound
(TRUS) guidance for accurate placement of the needle applicators although
CT or MRI guidance may also be used (21). If permanent radioactive sources
are placed into the prostate, they are distributed to achieve a pre-planned dose
distribution, and the sources are left in place. Pd-103 has a half-life of 17 days
(60 days for I-125); therefore, the sources decay to background in a matter of
months and remain in the patient as tiny inert metal cylinders. This treatment
is referred to as low-dose rate (LDR) brachytherapy. Permanent TRUS-
guided prostate brachytherapy is performed as a same day surgery procedure,
with a short recovery time, leading to minimal disruption of the patient’s
schedule.

Temporary brachytherapy is generally delivered using high-dose rate (HDR)
remote afterloading technology (22). These procedures generally require patient
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hospitalization, with the patient confined to bed, remaining supine for 48 h
to accommodate applicator positioning. The intensity of the radioactive Ir-192
source is quite high (∼10 Ci) to allow for sufficient radiation exposure in a
short time at pre-programmed positions in the interstitial applicators. The total
radiation dose achieved within the prostate is the summation of the individual
doses. The principal benefits of HDR brachytherapy lie in the greater flexibility
of shaping the dose distributions within the prostate and that the patient does
not retain radioactive sources after the procedure. This procedure is generally
performed as a boost dose, in combination with 5–6 weeks of external radiation
therapy.

Patients presenting with PSA ≤ 10ng/dl, Gleason’s score < 7, and clinical
stage < T2C are considered favorable risk and are suitable candidates for LDR
brachytherapy alone. Those with one adverse prognostic feature are considered
intermediate risk and with two factors, high risk (23,24). In general, patients
falling into the favorable risk category can be effectively treated with LDR

Table 2
Low-Dose Rate Brachytherapy for Patients with Organ-Confined Prostate

Cancer

Study No. Pts. Isotope
and dose
(Gy)

Risk stratification PSA relapse-free survival

5 Years (%) 12 Years (%)

Beyer
(33)

695 I-125
(160 Gy)

Favorable 88

Intermediate 79
Unfavorable 65

Blasko
(35)

230 Pd-103
(115 Gy)

Favorable 94

Intermediate 82
Unfavorable 65

Zelefsky
(36)

248 I-125
(160 Gy)

Favorable 88

Intermediate 77
Unfavorable 38

Stock
(37)

258 I-125/
Pd-103

Favorable 88

Unfavorable 60
Potters

(38)
1449 I-125/

Pd-103
Favorable 89

Intermediate 78
Unfavorable 63
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Table 3
Low-Dose Rate Brachytherapy Plus EBRT for Patients with Organ-Confined

Prostate Cancer

Study No. Pts. Isotope and
dose (Gy)

EBRT
(Gy)

Risk
stratification

PSA
relapse free
survival
(years) (%)

Ragde
(39)

147 I-125 (160) Favorable 66 (12)

82 I-125 (120) 45 Unfavorable 79 (12)
Critz (40) 1,469 I-125 (115) 45 Favorable 93 (10)

Intermediate 80 (10)
Unfavorable 61 (10)

Dattoli
(41)

258 Pd-103 (80) 41 Unfavorable 79 (10)

Sylvester
(42)

232 I-125/Pd-103 45 Favorable 85 (10)

Intermediate 77 (10)
Unfavorable 45 (10)

Table 4
High-Dose Rate Brachytherapy in Patients with Organ-Confined Prostate

Cancer

Study No. Pts. EBRT
dose (Gy)

Fraction
size (Gy)

Fraction
no.

PSA relapse-
free survival
(years) (%)

Compli-
cations
GU/GI (%)

Mate
(22)

104 50.4 3–4 4 84 (5) 6.7/0

Martinez
(43)

207 46 5.5–11.5 2–3 74 (5) 8/1

Galalae
(44)

144 40–50 9.0 2 68–77 (5) 2.3/4.1

Demanes
(45)

110 36 6.0 4 85 (3) 4/1

Syed
(46)

200 45 5.5–6.5 4 89 (2.5) 2/1.5

Deger
(47)

442 40–50.4 9–10 2 60 (5) 11/1
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brachytherapy with the expectation of PSA relapse-free survival rates in excess
of 80% at 5 years (Table 2).

Patients presenting with high-risk features are more appropriately treated
with external radiation techniques or combinations of external radiation with
brachytherapy boost (Tables 3 and 4). Factors underlying treatment failure
following brachytherapy in high-risk patients include insufficient radiation
dose to larger volumes of cancer and inadequate coverage of periprostatic
tissues in patients at increased risk for extra prostatic disease. The combi-
nation of external radiation to a dose sufficient for treatment of microscopic
disease followed by brachytherapy boost to areas of bulk disease offers the
opportunity to dose escalate within the prostate and to limit the dose to the
rectal wall. Both LDR and HDR brachytherapy may be employed for such
treatments.

8. ADJUVANT RADIATION THERAPY AFTER RADICAL
PROSTATECTOMY

Although radical prostatectomy provides excellent local control for patients
whose cancers are confined to the prostate, the risk of local recurrence is
increased if pathologic analysis of the prostatectomy specimen reveals that the
tumor extends beyond the prostate, involves a surgical margin, or invades a
seminal vesicle. Single institutional retrospective series have suggested that
moderate doses (60–68 Gy) of external beam radiation therapy to the prostatic
fossa effectively eradicate residual microscopic disease and reduce the risk
of local failure (25). Until recently, the timing of post-operative treatment
was not well defined; radiation therapy could be offered immediately post-
operatively or deferred until PSA failure was documented (26,27). Salvage
radiation therapy at the time of PSA progression offers potentially curative
treatment and improves progression-free survival while avoiding radiation
risks in some patients. However, supported by a large randomized trial,
immediate post-operative external beam radiation therapy has been shown
to provide superior biochemical progression-free survival and local control
as compared to observation and deferred treatment in patients with high-risk
features (28). Immediate post-operative radiation therapy is currently advanced
as the preferred treatment approach, generally in conjunction with androgen
deprivation therapy.

9. FUTURE DIRECTIONS

The remaining challenges in advancing prostate cancer therapy center on
optimization of techniques and patient selection for local treatment of disease,
further development of salvage therapy for patients with recurrent disease, and
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the integration of cytotoxic and biologic therapy for systemic disease. In this
review, we have provided an institutional point of view, based on current,
albeit admittedly incomplete data.

We recognize that local control of prostate cancer by radiation therapy
is dependent on diagnostic accuracy for definition of tumor extent and
precision of radiation delivery. Clinical trials have established a dose–response
relationship that falls within achievable therapeutic parameters. Furthermore,
currently available technologies offer the capability to effectively treat localized
prostate cancers.

We also recognize that biologic heterogeneity of prostate cancers offers
further challenges to improvements in therapy. The goal of integrating
knowledge of the molecular biology underlying prostate cancer with local and
systemic treatment strategies is on the horizon, but beyond the scope of this
review. However, current research efforts include the incorporation of biology
with technology for prostate cancer treatment. Many of these may use currently
available biologic assays or those on the horizon, such as gene expression or
proteomic analyses.

We complete this review with several questions relevant to future improve-
ments in prostate cancer therapy. Can prognostic information be deter-
mined from gene expression patterns to differentiate aggressive cancers with
metastatic potential from those that are slowly growing and remain localized
(48,49)? Can response to treatment and associated risks be predicted by
polymorphisms in key candidate genes encoding DNA repair-related proteins
(50)? Are there effective systemic agents suitable for use in patients with
aggressive cancer (51)? Will there be an effective gene therapy approach to
treat prostate cancer in conjunction with radiation therapy or as an independent
approach (52,53)? Such research areas are currently under investigation using
tools that can be readily integrated into clinical trials.
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1. INTRODUCTION

The endocrine control of the growth and differentiation of prostate cancer
has been major focus of study for more than half a century. The initial
demonstration by Huggins and Hodges (1) that surgical castration and the
administration of pharmacological doses of estrogens resulted in major
objectives and subjective benefits to patients with advanced disease provides
one of the best examples of the hormonal control of solid tumors in man. The
biological events associated with androgen deprivation in this disease is an
area of extensive study, and the clinical application of therapeutic modalities
targeting androgen signaling pathways extend to virtually all stages of the
disease including prevention approaches. Despite the uncontested efficacy of
androgen deprivation as a treatment modality for prostate cancer, a number
of critical questions regarding the best application of the various approaches
continue to be the focus of major debates and controversies. Elimination
of androgen production in the gonads or interference of its signaling steps
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induce a cascade of events that clinically reflects one of the most effective
systemic palliative treatments known in solid tumors. In this chapter, we will
review the treatment modalities currently available with this approach and
outline some of the unresolved controversies. Specific issues related to the
appropriate clinical applications of androgen deprivation treatment will be
placed in what we consider is a proper perspective.

2. THE BIOLOGY OF ANDROGEN DEPRIVATION

The endocrine control of prostate growth is determined by the hypotha-
lamic, pituitary, and gonadal axis. The synthesis and release of luteinizing
hormone (LH) by the anterior pituitary gland is controlled by the hypothalamic
luteinizing hormone-releasing hormone (LHRH) that is secreted in a pulsatile
fashion. Pituitary release of LH induces the release of testosterone (T) by the
Leydig cells in the testes (2). Testicular testosterone represents more than 90%
of the total pool of circulating testosterone. In the prostate, T is converted
to dihydrotestosterone (DHT) by the enzyme 5-alpha reductase. DHT, the
most potent androgen, binds to the intracellular androgen receptor, induces
the nuclear activation of various target genes including the PSA gene, and
induces the growth, differentiation, and proliferation of epithelial cells into a
secretory state. The pituitary gland also secretes adrenocorticotropic hormone
(ACTH) that in turn induces the synthesis and release of adrenal androgens
that comprise about 10% of circulating androgens.

Fig. 1. Hypothalamic–pituitary–gonadal–adrenal axis: endocrine manipulations.
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Over the past several years, attention has been devoted to the function
of the androgen receptor in the control of prostate cancer growth. Studies
in human prostate cancer xenograft models demonstrate that progression to
androgen independence appears to be associated with increased expression of
the androgen receptor and increased sensitivity to low levels of androgens
(2). The androgen receptor gene (AR) is the target of somatic genome alter-
ations during progression to androgen independence (2–19). Furthermore, AR
mutations may result in altered ligand specificity, which appears to be the most
plausible explanation for aberrant responses to various hormonal manipula-
tions (20). Similarly, pre-clinical studies have shown that prostate cancer cells
of hormone-independent models containing the wild-type androgen receptor
remain capable of androgen receptor signaling in response to different growth
factor signaling pathways (2). A diagrammatic representation of the events
summarized above and the specific sites targeted by the various therapeutic
maneuvers available today is shown in Fig. 1.

3. TREATMENT APPROACHES

Surgical removal of the testis has been considered for many years the gold
standard for patients with metastatic disease. This relatively simple procedure,
performed under local anesthesia, results in a rapid decrease of serum T and
consequently early therapeutic benefits. Bilateral orchiectomy has been shown
to be associated with dramatic symptomatic benefits in symptomatic patients
in addition to frequent objective improvements in metastatic sites. It is still
considered by many as the best approach for severely ill and symptomatic
patients because of the rapidity of its therapeutic effects. The therapeutic effects
of bilateral orchiectomy are directly related to the swift decline of T levels to the
castrate range accomplished with the procedure. Serious local complications of
bilateral orchiectomy are infrequent, and morbidity is primarily associated with
the loss of T function, namely loss of libido and sexual impotence, fatigue,
osteopenia and osteoporosis, anemia, decreased muscle mass, metabolic abnor-
malities, and weight gain. In addition, long-term effects of androgen deprivation
include cognitive changes and significant psychological abnormalities.

The identification and isolation of the natural occurring hypothalamic
gonadotropin-releasing hormone (GnRH) and definition of its physiology by
Schally et al. (21) resulted in the synthesis of potent GnRH analogs (also
known as LHRH analogs). GnRH analogs are able to down-regulate pituitary
receptors and consequently, the synthesis and release of LH by the anterior
pituitary gland and gonadal testosterone by the Leydig cells in the testes
(21). GnRH analogs are synthetic agonist compounds several times more
potent than the naturally occurring hormone, which is accomplished by amino
acid substitutions in the natural decapeptide molecule. These superagonist
analogs initially induce a short rise in serum T (peak at about 48 h), which
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is known as an endocrine flare and can be associated with a clinical flare
of the disease in about 10% of patients. This clinical flare of the disease is
primarily characterized by the development or worsening of pain and possibly
worsening of urinary obstructive symptomology and less frequently, neuro-
logical complications associated with spinal cord and nerve root compression.
This initial rise in serum T is subsequently followed by a progressive decrease
to castrate levels by the fourth week of treatment. Synthetic GnRH antagonists
are still in development. The principal potential advantages of GnRH antag-
onist compounds relate to a more rapid decline in serum testosterone compared
to agonists and the lack of a clinical flare of the disease associated with the
initial rise in serum T. Abarelix, which is the only antagonist approved by the
FDA, has shown dose-dependent hypersensitivity reactions, and its approval
has been limited to very restricted situations.

Antiandrogens (AA) are compounds that competitively bind to the androgen
receptor and hence prevent its activation by DHT and T. AAs are generally
grouped in steroidal and non-steroidal compounds. Among steroidal AAs are
megestrol acetate and cyproterone acetate (21,22). These compounds are both
progestational agents and thus also exert some of their effects on other sites
of the pituitary–hypothalamic–gonadal axis, including inhibition of pituitary
gonadotropins and gonadal androgen production. The AR/non-steroidal AA
binding has been considered agonistic and, therefore, not extensively used in
the USA in the initial treatment of prostate cancer. Cyproterone acetate has
been shown in the laboratory and clinically to neutralize some of the effects
of the initial stimulatory phase of GnRH analogs. However, it is not approved
in the USA for clinical use.

Non-steroidal AAs are compounds that compete with DHT and T for AR
binding. Current steroidal AAs approved in the USA are flutamide, bicalu-
tamide, and nilutamide. AAs employed as single agents have been shown
to be inferior to conventional forms of gonadal suppression in prospective
randomized studies in patients with metastatic disease (23,24), whereas the
data in patients with M0 disease (high-risk adjuvant, biochemical relapses, and
local-regional disease) at this time remains inconclusive. AAs are approved for
use combined with GnRH analogs (see Subheading 4.2.). Bicalutamide is the
most commonly used AA, and again, it is indicated for use in combination with
GnRH analogs in patients with metastatic disease. Bicalutamide is metabolized
in its S and R isomers, and most of its activity is due to the R-enantiomer.
Bicalutamide displays prolonged absorption following a single dose of 50 mg
with peak plasma concentrations observed at 16.3 ± 5.8 h. Bicalutamide is
eliminated slowly from plasma with a T-half of 6.28 ± 0.50 days. With daily
administration for 85 days, the accumulation ratio was 11.1 ± 0.7 after 50 mg
(n = 62). Mean half-life was 7.6 ± 0.3 days. The daily recommended dose
is 50 mg orally. Preclinical studies suggested a dose–response relationship in
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hormone-dependent prostate cancer models. However, this was not confirmed
in subsequent clinical trials.

Two single-agent studies in patients with metastatic disease compared
bicalutamide 50 mg and 150 mg/day to gonadal ablation alone (23–28). A
significant survival advantage for patients treated with gonadal ablation was
observed in both studies. Therefore, it is generally agreed that AAs as single
agents are not as effective as approaches aiming at a suppression of gonadal
testosterone. Toxicity of bicalutamide is generally mild when used in combi-
nation with GnRH analogs. However, as a single agent, bicalutamide causes
gynecomastia (frequently painful), usually modest gastrointestinal side effects
(including nausea, vomiting, and diarrhea), hot flashes, and changes in libido
(although not as common as with gonadal suppressive compounds). The two
other AAs available in the USA are flutamide and nilutamide.

As mentioned above, T, the predominant circulating androgen in man, is
reduced to DHT by the enzyme 5-�-reductase (2), which induces responses
in various androgen-sensitive target tissues. DHT is a potential etiological
factor in benign prostate hypertrophy (BPH) and a potent stimulator of prostate
cancer growth. Inhibition of DHT formation without affecting T levels may,
theoretically, avoid some of the immediate and chronic side effects of conven-
tional androgen deprivation therapy (ADT). However, unlike T suppression,
the therapeutic role of selective inhibition of DHT in prostate cancer has not
been clinically established. Inhibitors of the enzyme 5-�-reductase have not
shown to have significant activity against prostate cancer (29–33). However,
their use in combination with non-stroidal AAs has been evaluated in clinical
trials. The results of uncontrolled studies with the combination flutamide and
finasteride (a type II 5-�-reductase inhibitor commercially available) do not
suggest an additive effect with this combination. Dutasteride, an inhibitor of
type I and II 5-�-reductase activity, has not been tested in prostate cancer at
this time.

A broader appreciation of the biology of prostate cancer progression to
androgen independence has renewed interest in various endocrine manipula-
tions as a “second-line treatment.” Second-line hormonal manipulations are
employed in patients who demonstrate evidence of disease progression despite
castrate levels of serum testosterone (<50 ng/dl). Approximately, 15–20% of
men treated with AAs in addition to gonadal androgen suppression exhibit an
“antiandrogen-withdrawal” syndrome, characterized by an improvement after
stopping the AA but maintaining androgen deprivation (34–37). Although not
completely elucidated, it is suggested that AR mutations, encoding androgen
receptors with altered ligand binding properties, may result in AAs to function
as receptor agonists (34–37). Several agents have been reported to provide
beneficial responses, such as a drop in the serum PSA or an improvement
in cancer symptoms, in patients progressing despite ADT. These agents
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include bicalutamide (20–24%), megestrol acetate (8–13%), DES (26–66%),
ketoconazole with hydrocortisone (27–63%), glucocorticoids alone (18–22%)
(38,39), and recently more selective inhibitors of adrenal steroidogenesis
(abiraterone). In general, responses to second-line endocrine therapies are
brief, with median durations ranging between 3 and 4 months. Second-
line hormonal therapies are frequently employed in patients with slowly
progressing and asymptomatic metastatic disease before chemotherapy is
offered. The long-term benefits on survival and quality of life with sequential
endocrine approaches remain unestablished at this point. This is because there
are no prospectively randomized comparisons between a sequential endocrine
approach versus immediate docetaxel-based chemotherapy in patients with
progressing castrate androgen-independent disease (40).

4. CONTROVERSIES

4.1. Optimal Timing
The optimal time for initiation of hormonal therapy represents one of the

most important unresolved issues regarding this treatment modality. Much of
the controversy was triggered from the observations derived from the series
of prospective randomized trials conducted by the Veterans Administration
Cooperative Urological Research Group (VACURG) conducted from 1960
to 1975 (41–44). On the VACURG study 1, patients with stages III and
IV (C and D) were randomly allocated to receive either a placebo initially,
daily oral 5.0 mg of diethylstilbestrol (DES), orchiectomy plus placebo, or
orchiectomy plus 5.0 mg of DES. The main objective was to determine
whether combined treatment with orchiectomy plus DES was superior to either
treatment alone. Patients randomized to receive placebo initially were subse-
quently crossed over at the time of progression to one of the other three arms,
and the choice of treatment was left at the discretion of the investigators.
The main endpoint for study was survival. Also as part of study 1, patients
with stages I and II (A and B) were randomly allocated to prostatectomy and
placebo or prostatectomy + 5 mg of DES daily.

The most important observation in both studies was that 5.0 mg of DES
was associated with an increased risk of death from cardiovascular disease.
Among the complications associated with DES treatment were deep vein
thrombosis/thrombophlebitis, angina pectoris, acute myocardial infarction,
congestive heart failure, pulmonary embolus, and cerebral-vascular accidents.
The final results on both segments of study 1 indicated no survival differences
in favor of any treatment, thus suggesting that (i) for patients with early disease
(stages I and II), the addition of 5.0 mg of DES to local surgical treatment
does not provide additional benefits and in fact may adversely affect long-term
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prognosis because of a high incidence of severe, life-threatening, cardiovas-
cular complications; (ii) the addition of 5.0 mg of DES to surgical castration
in patients with stages III and IV disease was not superior to either modality
alone, and this could at least partly be because of an increase in potentially
lethal toxicity. The impact of treatment-related morbidity and mortality was
more apparent on the stage III group. (iii) Patients randomized to the placebo
arm and subsequently treated on one of the other treatment arms at the time
of their symptomatic or objective progression had the same survival as those
receiving these treatments at the time of randomization. Thus, it was inter-
preted that early treatment for asymptomatic prostatic cancer patients provides
no survival advantage over treatment at the symptomatic stage only. This
assessment of VACURG Study 1 has been the subject of significant criticism,
particularly with regard to the conclusions derived with regard to the optimal
timing for initiation of endocrine treatment. Is it appropriate to assume, based
on the data from this unplanned analysis, that early treatment offers no advan-
tages over delayed initiation of treatment? It is important to recognize that
VACURG Study 1 was not designed to test the concept of early versus delayed
treatment, and the appropriate design of a study to test this important question
requires very specific definitions of endpoints to be assessed prospectively
and not retrospectively as done in VACURG Study 1. As the decision of
“progression” was not uniformly defined “a priori,” it remains possible, and
likely, that the crossover to an alternate treatment in actuality occurred at
different biological times. Similarly, the choice of crossover treatment was left
at the discretion of the treating physicians, thus resulting in different therapeutic
approaches following progression. This incorporates additional complexity for
final analysis. Furthermore, a substantial proportion of the patients included on
study 1 died of either treatment-related toxicity or other co-morbidities, thus
preventing reliable assessments of survival in relation to prostatic cancer.

In VACURG Study 2, patients with stages III and IV disease were
randomized to receive placebo, 0.2 mg of DES, 1.0 mg of DES, and 5.0 mg of
DES. This study was stopped early, once the increased risk of cardiovascular
complications (particularly in stage III patients) with 5.0 mg of DES emerged.
Both 5 and 1 mg/day of DES had a lower incidence of deaths due to prostate
cancer compared to a dose of 0.2mg/day of DES or placebo. Unlike VACURG
study 1, several patients on the placebo arm never received any treatment at
the time of progression. Thus, study 2 is not perceived as an adequate test of
the immediate versus deferred treatment question.

A number of important issues should be considered regarding these studies.
First, the patient population in the VACURG studies is most likely distinct
from contemporary series because of the stage migration phenomenon observed
over the past two decades. Furthermore, estrogens and surgical castration have
been replaced by medical castration with GnRH analogs and other compounds
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discussed above. As indicated, pharmacological doses of estrogens were
associated with significant and potentially lethal toxicity, which contributed
significantly to the survival observations on all VACURG studies. Because
of these factors, extrapolation of the VACURG studies observations regarding
early versus deferred treatment across other stages of prostate cancer and
involving a different approach of ADT should most likely be avoided.

Several years later, the Medical Research Council (MRC) evaluated the
survival of patients receiving immediate ADT compared to deferred ADT in
patients with (M+) and without (M0) clinically evident metastatic disease (45,
46). In the 434 patients with M+ disease, there was no difference in survival.
However, the incidence of pathologic fractures, epidural cord compression, and
renal failure was significantly lower in the group receiving immediate ADT.
The M0 patients appeared to have a better disease-specific survival initially
(lower number of prostate cancer deaths). However, a follow-up analysis failed
to show a statistical significance. Furthermore, a significant number of patients
randomized to the deferred arm never received treatment. The same comments
regarding crossover criteria made on the VACURG studies apply to the MRC
studies as well.

Despite all the methodological shortcomings at this point, the standard of
care for patients with newly diagnosed metastatic prostate cancer should be
immediate ADT. This is because it improves quality of life and reduces the
incidence of disease-related morbidity. The best approach for patients with no
metastasis, such as in the adjuvant setting or biochemically relapsed disease,
remains undefined at this time. An extensive overview analysis reported by
Aronson et al. (47), discusses these issues in the context of benefits relative to
risks and costs. Although it points out the lack of a clear-cut level 1 evidence to
support either approach (early versus deferred), it remains clear that differences,
if detected, are likely to be small. Consequently, definitive trials would require
large numbers of patients and long follow-up time to provide the definitive
results.

4.2. Complete Androgen Blockade
The hypothesis focusing on a combined approach of gonadal androgen

suppression and a blockade of AR was promoted by Labrie et al. (48,49)
over 20 years ago. These authors suggested that following gonadal ablation,
prostate cancer cells continued a clinically significant hormone-dependent
tumor growth. This was primarily due to the effects of androgens of adrenal
origin. To neutralize the effects of adrenal androgens, a combined use of
surgical or medical castration with a non-steroidal AA was proposed, and this
approach was promoted as complete androgen blockade (CAB) (49). A total of
27 prospectively randomized clinical trials involving more than 8000 patients
were conducted to compare the efficacy of surgical or medical castration alone
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(monotherapy) to almost every possible combination of castration and AAs.
The first published large scale prospectively randomized clinical trial was the
NCI-sponsored INT-0036, published by Crawford et al. in 1989 (50). Six
hundred seventeen patients with stage D2 disease were randomly assigned to
receive daily subcutaneous injections (1 mg/day) of leuprolide acetate plus
flutamide versus leuprolide and placebo. The median overall survival with CAB
and monotherapy was 35 and 29 months, respectively (two-sided p = 0.03).
One prevalent argument was that the difference in outcome could have been a
result of the neutralizing effects of the AA on the flare phenomenon associated
with leuprolide treatment alone (50,51). Indeed, on NCI INT-0036, it was
evident during the first 12 weeks of treatment that patients randomized to the
CAB arm had a more favorable trend in the directions of pain control, perfor-
mance status, and serum acid phosphatase. The second explanation related
to possible compliance problems with the daily injections that could result
in inadequate testicular suppression and consequently favor those receiving
leuprolide with flutamide. In view of these two unresolved issues, a confir-
matory trial employing surgical castration as the underlying method of gonadal
ablation was subsequently conducted under the auspices of the National Cancer
Institute (NCI INT-0105). NCI INT-0105 was a prospectively randomized,
double-blinded, placebo controlled trial comparing bilateral orchiectomy with
and without flutamide in 1387 patients with stage D2 prostate cancer. With
a median follow-up time of approximately 50 months and with 70% deaths
occurring at the time of the final analysis, INT 0105 failed to confirm the
initial findings of INT-0036. The median survival of patients on the CAB
arm was 33 months compared to 30 months on the orchiectomy arm, which
was not statistically significant (two-sided stratified p = 0.14, hazard ratio =
0.91, 90% CI = 0.81–1.01) (52). The Australian multi-center trial reported
by Zalcberg et al. (53) compared bilateral orchiectomy plus flutamide versus
bilateral orchiectomy and placebo. This trial accrued 222 patients and was
reported with a relatively short follow-up time. Interestingly, the Kaplan–Meier
estimates of median survival favored the orchiectomy arm (31 and 23 months,
respectively) although the difference was not statistically significant (p = 0.21).

The second positive trial was reported by Dijkman et al. (54) on a
multinational prospectively randomized placebo-controlled study comparing
orchiectomy plus nilutamide to orchiectomy alone. The results of this trial
demonstrated a small but significant difference in median survival (27.3 vs.
23.6 months, p = 0.032), observed after 8.5 years follow-up, in favor of the
CAB regimen. Crawford et al. subsequently reported the results of a prospective
trial comparing the combination of leuprolide acetate plus nilutamide or
leuprolide alone that demonstrated no difference in survival (55). The third
positive trial was conducted by the European Organization for Research
and Treatment of Cancer (EORTC study 30853) comparing goserelin plus
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flutamide to bilateral orchiectomy in 327 patients mostly with stage D2 disease
(M1 disease). The final analysis of EORTC 30853 demonstrated a 7-month
difference in median overall survival (p = 0.04) in favor of the CAB arm
(56,57). The Danish Prostatic Cancer Group (DAPROCA) conducted a virtually
identical study, with the same treatment arms and approximately the same
number of patients. This study was completed around the same time as EORTC
30853 and showed a longer overall survival in favor of the monotherapy arm
although the difference was not statistically significant (58). An evaluation of
DAPROCA and EORTC-30853 trials indicated comparable populations and
study parameters. A combined analysis of both studies performed to enhance
the power of comparisons did not show a significant survival difference (59).

In 1995, the Prostate Cancer Trialists’ Collaborative Group (PCTCG)
reported on the first meta-analysis that was conducted as a measure to increase
the statistical power of the observations of individual trials. Their report
included data from 22 randomized trials comparing CAB to gonadal ablation
alone in 5710 patients (60). To achieve an intention-to-treat analysis, complete
individual data was requested from the investigators on each randomized
patient. Hazard ratio was calculated separately for every trial based on the raw
data and then combined to all other trials using logrank statistics. The meta-
analysis showed a 2.1% difference in mortality in favor of CAB treatment
(6.4% reduction in annual odd of death), which is not statistically significant.
The results were not influenced by the type AAs (flutamide, nilutamide or
CPA) or the method of gonadal ablation.

The Agency for Health Care Policy and Research (AHCPR) published on
the web (http://www.ahcpr.gov/clinic/index.html#evidence – AHCPR report
No.99-E012) the result of a comprehensive meta-analysis based on all
published CAB studies. This evaluation included all published studies
in CAB that theoretically minimized a selection bias factor. This meta-
analysis found no difference in 2-year survival rates (hazard ratio = 0.970;
95% CI = 0.866–1.087). Only the 10 of 27 trials reported both 2- and
5-year survival figures, and on these ten trials, the preliminary results
suggested a minimal 5-year survival difference in favor of CAB that was
considered of questionable clinical significance (hazard ratio = 0.871; 95%
CI = 0.805–0.9887). QOL was prospectively evaluated in patients under-
going CAB treatment on NCI INT-0105 in a companion study reported
by Moinpour et al. (61). This randomized, double blind, placebo-controlled
trial employed an evaluation of the SWOG QOL questionnaire during the
initial 6 months of NCI INT-0105. Improvement in QOL over the baseline
parameters was seen on both arms. However, this improvement was more
pronounced on the placebo group (monotherapy). Patients on the CAB arm
reported of a higher frequency of diarrhea and worsening of emotional
functioning (61). It was concluded that the QOL benefit resulting from
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orchiectomy in metastatic prostate cancer patients appeared to be offset by the
addition of flutamide primarily because of an increased incidence of adverse
effects.

The most compelling explanation for the predominantly negative results is
that the overall CAB treatment effect size is indeed small and of questionable
clinical significance (62). The role of AAs or other endocrine approaches (see
below in second-line hormonal treatments) as second-line treatment options
or sequentially applied for patients who demonstrate progression after gonadal
ablation alone deserves further evaluation. The extensive clinical and laboratory
investigation evolving from the initial reports on CAB have changed our
approach to basic concepts involving hormone resistance in prostate cancer.
Emphasis on AR biology research has challenged the traditional thought “that
progression after initial castration represents evidence of categorical hormone
resistance.” Focus on sequential endocrine approaches and treatments targeting
the AR are important avenues of research, which hopefully will advance new
concepts of more significant relevance in clinical practice.

4.3. Intermittent Androgen Deprivation Therapy
Animal model studies have suggested that intermittent ADT might offer

an advantage over conventional continuous T suppression in delaying prostate
cancer (63). In the animal studies, mice were treated with bilateral orchiectomy
and then subjected to tumor harvest after the tumors had regressed. Upon re-
growth, the tumor was transplanted into intact mice treated again with bilateral
orchiectomy. This intermittent treatment cycle was compared with continuous
ADT until there was evidence of androgen-independence. Androgen indepen-
dence was observed 51 days after initiation of continuous ADT compared to
147 days with intermittent androgen deprivation. The mechanism to explain
the superiority of intermittent androgen deprivation has not been fully eluci-
dated, and these initial observations were not confirmed by others employing
a somewhat distinct approach. Rats carrying a transplantable androgen-
dependent prostate cancer were treated with immediate bilateral orchiectomy
or continuous DES, or intermittent DES. The animals treated continuously
survived up to 50% longer than those treated intermittently (64). Clinical inter-
mittent ADT is most often accomplished through careful monitoring of the
serum PSA. The results of large randomized clinical trials of intermittent versus
continuous ADT will test whether either approach is associated with a benefit
in prostate cancer survival and/or in overall survival. Preliminary data thus
far suggest that the intermittent approach is safe and possibly better tolerated
than conventional continuous ADT. However, more information is needed
from long-term treatment disease and treatment-related morbidity. Recently
reported large prospectively randomized study conducted by Calais et al. (65)
in patients with non-metastatic disease suggest that the intermittent approach is
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associated with a long disease-free survival comparable to the figures observed
with continuous treatment. Clinical evidence of androgen independence (rising
serum PSA levels) was low overall and comparable between arms. Longer
follow-up time is necessary until more solid conclusions can be drawn.
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1. INTRODUCTION

Prostate cancer is the most common non-cutaneous malignancy in men and
is the leading cause of death from cancer in men above 60 years of age (1).
Radical prostatectomy is one of the treatment options available for organ-
confined disease. This procedure has undergone several technical modifications
since Proust (2) and Young (3) introduced the perineal approach to radical
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prostatectomy. In 1945, Millin (4) described the retropubic approach, which
was associated with significant blood loss and often resulted with negative
post-operative sequelae such as impotence and urinary incontinence. In the
early 1980s, a significant improvement in the technique was introduced by
Walsh (5,6), which has reduced the incidence of post-operative incontinence
and impotence. Today, most open radical prostatectomies are performed using
the principles outlined by Walsh.

Recently, with the desire to reduce post-operative morbidity and improve
convalescence as the impetus, there has been increasing interest in the appli-
cation of laparoscopy in the field of urology. Indeed, the feasibility and effec-
tiveness of this technique has been shown in other urologic indications such as
in nephrectomy (7) and adrenalectomy (8) and is emerging as the standard of
care for these procedures. With the advantages clearly provided by laparoscopy
in some urologic and other surgical procedures, several have now applied this
technique to radical prostatectomy. Although, it was once thought to not offer
advantages over the traditional open radical prostatectomy, recent advance-
ments in instrumentation technology and accumulation of experience have
significantly reduced the long operative times associated with this technically
challenging procedure. Recent series have also shown promising results in the
incontinence and impotence rates. In this review, we will discuss the history
and development of this technique, the morbidities associated, and compare
outcomes and convalescence with standard open prostatectomy.

2. HISTORY

Laparoscopic radical prostatectomy was first reported in 1992 (9) by
Schuessler, Clayman, and Kavoussi; their experience after nine cases was
reported in 1997 (10). These authors described a transperitoneal approach.
This report showed that laparoscopic radical prostatectomy was feasible but
also technically challenging as these experienced surgeons reported an average
operating time of 9.4 h with more than half of the operating time devoted to the
vesicourethral anastomosis. These authors concluded that laparoscopy did not
offer a clear advantage over open radical prostatectomy in terms of length of
hospitalization, convalescence, continence, or potency and therefore was not,
at that time, an efficacious alternative to open prostatectomy. However, they
were optimistic that with innovations in instrumentation and other technical
advances, it could develop into a procedure that would eventually be shorter,
simpler, and possibly superior to open radical retropubic prostatectomy. In
1997 and 1998, Raboy et al. (11,12) described the extraperitoneal approach
to laparoscopic radical prostatectomy; they performed this procedure in two
patients. This technique mimicked the open approach described by Walsh (5).
Their incorporation of other refinements such as the use of the harmonic
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scalpel and use of tie clips instead of intracorporeal knot tying appeared to
facilitate the procedure; in their two cases, they reported an average operative
time of only 4.9 h. However, despite this initial sanguine report, there were no
subsequent confirmatory publications from these surgeons.

It was not until 1999, when two groups of urologists in Paris adopted
laparoscopic prostatectomy, that the technique entered its initial phase of
acceptance (13,14). Guillonneau et al. (15), using a transperitoneal approach,
reported impressive reductions in operative time to an average of less than
4 h. Similarly, Abbou et al. (16) reported median operating times of 4.3 h
without and 5.1 h with pelvic lymphadenectomy in 33 patients after 10 were
performed to standardize their technique. The key to the success of both groups
appeared to be due to two factors: (i) greater individual surgeon experience with
laparoscopy and in particular with laparoscopic suturing and (ii) a commitment
to perform a sufficient number of cases prior to deciding on the feasibility
of the procedure. The latter was the key to success as the “learning curve”
was found to be in excess of four times the original series reported by
Schuessler. Subsequently, both groups have reported results in a very large
number of patients (17,18). It is a credit to their perseverance that laparo-
scopic prostatectomy has become an established procedure at many institutions
worldwide.

Despite significant advances in technique and instrumentation, standard
laparoscopy has inherent limitations. Because of the rigidity of the instrument
shaft and the fixed position of the trocar on the abdominal wall, there is
limitation in the degrees of freedom of movement to four (19). Another
drawback is the two-dimensional view of the camera system that causes diffi-
culty determining spatial distance. In addition, all movements are “counter-
intuitive,” and control of the endoscope remains in the hands of an assistant
or a “voice-controlled” robotic arm. Finally, there is minimal tactile feedback
from the instrumentation. Accordingly, laparoscopic prostatectomy has been
viewed as one of the most advanced laparoscopic procedures requiring the
greatest of skill in both laparoscopic dissection and suturing.

With the advent of “robotic” laparoscopic surgery using a master–slave
system, some of the drawbacks of standard laparoscopy can now be overcome.
Originally developed for performing battlefield open trauma surgery with the
surgeon controlling the surgical manipulators from a safe distance (i.e., telep-
resence surgery) (20), such systems have now been adapted for medical use
in the civilian world and have already been proven to be effective in cardiac
surgery as well as other procedures (21–23).

Several have now reported the application and feasibility of robotic systems
(da Vinci, Intuitive Surgical, Sunnyvale, CA) to laparoscopic radical prosta-
tectomy (24–27). To date, experience with the robotic prostatectomy has
expanded to dozens of hospitals, but the high cost of the system has largely
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prevented its widespread application to radical prostatectomy. An increasing
number of centers, however, have adopted this technique as their primary
approach to radical prostatectomy with the largest series, comprising over
1700 cases reported by Menon (28). Current reports, however, have been
encouraging, and there is evidence that the learning curve may be shorter for
laparoscopic radical prostatectomy performed with robotic surgical systems
than standard laparoscopy (27).

Laparoscopic radical prostatectomy whether performed using standard
laparoscopic instruments or using robotic surgical systems is still being
evaluated against open radical prostatectomy. Indeed, current results of expert
urologic oncologists with open radical prostatectomy have set a high standard
in terms of oncologic and functional outcomes (29). To judge laparoscopic
prostatectomy in light of present day radical prostatectomy, validated question-
naires and analog assessment scales to determine the functional outcome will
need to be combined with careful follow-up of oncologic outcome. Prospective
studies of this nature, albeit non-randomized, are beginning to be reported by
some centers.

3. TECHNIQUES

The technique of laparoscopic radical prostatectomy varies from center
to center. Removal of the prostate gland can be performed in an antegrade
(from apex to base) or retrograde fashion (from base to apex). The
majority of cases reported have employed an intraperitoneal approach [e.g.,
Institut Mutualiste Montsouris (Paris, France), Klinikum Heilbronn (Heilbronn,
Germany), Vattikutti Institute (Detroit, MI), and University of California, Irvine
(Orange, CA)]. Guillonneau and Vallancien (Montsouris technique) (Fig. 1)
standardized the intraperitoneal approach using an antegrade dissection of
the prostate (30). Rassweiler et al. (31,32) (Heilbronn technique) reported
significant modifications of the Montsouris technique using a transperitoneal
approach but performing the prostatic dissection retrogradely, mimicking open
radical retropubic prostatectomy.

Following Raboy et al. (11,12), several centers have also described the
use of an extraperitoneal approach [e.g., Erasme Hospital (Brussels, Belgium)
and University of Leipzig (Leipzig, Germany)]. This approach duplicates the
conditions that urologists are accustomed to when performing open retropubic
prostatectomy (33–35).

Proponents of the extraperitoneal approach believe that it offers several
advantages: less operative time and hospitalization (36), no bowel injuries or
peritonitis, and less ileus (35,37). Others, however, could not find significant
differences between both techniques and state this as a “false debate” (38,39).
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Fig. 1. Initial surgical approaches to laparoscopic radical prostatectomy: (A) Montsouris
technique; (B) Heilbronn, VIP, and UCI technique (note: Heilbronn uses an ascending
prostatic dissection while VIP and UCI uses a descending dissection); and (C) extraperi-
toneal technique. [Figure reprinted from Surgical Endoscopy (2004);18(12): 1694–711,
with kind permission of Springer Science and Business Media.]

Whether a transperitoneal or extraperitoneal approach should be used will just
probably depend on surgeon preference.

3.1. Robotic Assisted Prostatectomy
The surgeons who have performed the most robotic assisted prostate-

ctomy use the intraperitoneal descending technique described by the group
in Montsouris with the modification of doing the retrovesical portion at the
end, rather than the beginning, of the procedure (40,41). Some surgeons have
reported using an extraperitoneal technique; however, reported series thus far
have been very small (42,43).

Five or six ports are used, three of which are dedicated to the robot (i.e.,
da Vinci) (Fig. 2). Two of these ports are dedicated for the robotic arm
instrumentation (R), and an umbilical port is dedicated for the robotic camera
lens. The remaining ports are utilized for insertion of instruments by the
laparoscopically astute assistant for retracting, suctioning, and passing sutures.

The robotic system that is FDA approved for laparoscopic prostatectomy
is the da Vinci system (Fig. 3). This system provides the surgeon with a true
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Fig. 2. Port-placements for UCI robotic technique. [Figure reprinted from Surgical
Endoscopy (2004);18(12): 1694–711, with kind permission of Springer Science and
Business Media.]

three-dimensional image providing magnification up to 12×. This robot also
incorporates the patented Endowrist technology that provides the dexterity
of the surgeon’s forearm and wrist at the operative site, thus providing six
degrees of freedom (i.e., addition of pitch and yaw) as opposed to only four
degrees of freedom allowed by standard laparoscopic instruments. In addition,
this system has tremor control and 1:5 motion scaling. The entire system is
operated from an ergonomic console at which the surgeon sits with their arms
and head supported. The viewing system is one of “total immersion” and the
control of the camera is by a foot pedal, which is both rapid and accurate.
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Fig. 3. The da Vinci Surgical System (Intuitive Surgical Inc., Sunnyvale, CA).

4. OPERATIVE RESULTS

4.1. Efficiency
As in any new procedure or technique, there is a learning curve for

laparoscopic radical prostatectomy. The operative time for the first reported
laparoscopic radical prostatectomy series averaged 9.4 h; however, centers
with extensive experience have now reported operative times of 2.6–4.4 h
(Table 1a). The learning curve for standard laparoscopic prostatectomy is
estimated to be 40 cases based on operative time. Guillonneau et al. (15), in
their analysis of their first 120 patients, reported an average operative time of
4.7 h in their initial 40 patients, improving to 4.1 and 3.8 h in subsequent groups
of 40 patients with an average of 3.95 h in the last 80 patients. Of note, with the
robotic assisted laparoscopic prostatectomy in the hands of experienced open
surgeons, the learning curve appears to be significantly truncated. Menon et al.
(27) showed that robotic assistance enabled an experienced “open” surgeon
to achieve operative times similar to an accomplished standard laparoscopist
within only 18 cases. At UCI, the learning curve has been even faster
despite the lack of laparoscopic training of the involved urologic oncologist;
indeed, within 10 cases, the operative time had fallen to under 5 h (Fig. 4).
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Table 1a
Pathologic Outcomes of Reported Laparoscopic Radical Prostatectomy Series

Authors n Age
(years)

Method OR time
(h)

EBL
(ml)

Tx. rate
(%)

Anastomosis Open
conv.
rate (%)

Schuessler (10) 9 65.6 Intraperitoneal descending 9.4 580 NA Interrupted 0
Raboy (12) 2 60.5 Extraperitoneal ascending 4.9 500 50 Interrupted 0
van Velthoven (79) 22 NA Intraperitoneal ascending 6.7 490 31 Running 23
Sundaram (55) 12 62.1 Intraperitoneal descending 9.6 327 8 Interrupted 8
Zippe (54) 50 64.9 Intraperitoneal descending 5.4 225 2 Interrupted 2
Roumeguere (80) 85 62.5 Extraperitoneal descending 4.8a 522 NA Interrupted 2.4
Rassweiler (31) 180 64 Intraperitoneal ascending 4.5c 1230 31 Interrupted 4.4
Rassweiler (32) 450 65 Intraperitoneal ascending 4.4d NA 24.8 Interrupted 2.0
Rassweiler (64) 500 64 Intraperitoneal ascending Na NA NA Interrupted 1.8
Hoznek (45) 134 64.8 Intraperitoneal descending 4.7e NA 3 Running 0
Guillonneau (15) 120 64 Intraperitoneal descending 4.0f 402 10 Interrupted 5.8

Guillonneau (58) 350 64 Intraperitoneal descending 3.6g 354 5.7 Interrupted 2
Guillonneau (48) 567 63.5 Intraperitoneal descending 3.4h 380 4.9 Interrupted 1.2
Turk (77) 308 62.3 Intraperitoneal descending 3.9i 193 1.6 Interrupted 0
Stolzenburg (35) 70 63.4 Extraperitoneal descending 2.6d 350 1.4 Interrupted 0
Hara (82) 26 70 Intraperitoneal descending 7.5 850 100 Interrupted 0
Dahl (83) 70 60.8 Intraperitoneal descending 4.6 449 5.75 Interrupted 1.4
Salomon (47) 235 63.5 Intraperitoneal descending 4.4 NA 2 Running 0
Eden (84) 100 62.2 Intraperitoneal descending 4.0 313 3.0 Interrupted 1
Guillonneau (85) 1000 63 Intraperitoneal descending NA NA NA Interrupted NA
Rozet (60) 600 62 Extraperitoneal descending 2.9k 380 1.2 Interrupted 0.2
Rassweiler (86) 33 68 Robotic intraperitoneal

ascending
7.5j NA NA Interrupted 0

Pasticier (26) 5 58 Robotic intraperitoneal
descending

3.7 800 NA Interrupted 0

Menon (27) 40 60.7 Robotic intraperitoneal
descending

4.6 391 0 Interrupted 2.5

Tewari (87) 100 NA Robotic intraperitoneal
descending

Na NA NA Interrupted NA

Menon (88) 100 60 Robotic intraperitoneal
descending

3.3 149 0 Running NA

Bhandari (89) 300 60.3 Robotic intraperitoneal
descending

2.96 109 0 Running 0

Patel (90) 200 59.5 Robotic intraperitoneal
descending

2.35 75 0 Running 0

Ahlering (91) 60 62.9 Robotic intraperitoneal
descending

3.9m 103 0 Running 0

OR time, operative time; RRP, radical retropubic prostatectomy; Tx rate, transfusion rate.
aIncludes pelvic lymph node dissection in 17/85 patients.
bPSA<0.2 ng/ml.
cIncludes pelvic lymph node dissection in 163/180 patients.
dIncludes pelvic lymph node dissection.
eIncludes pelvic lymph node dissection in 56/134 patients.
f Includes pelvic lymph node dissection in 36/120 patients.
g Includes pelvic lymph node dissection in 75/350 patients.
hIncludes pelvic lymph node dissection in 110/567 patients.
iIncludes pelvic lymph node dissection in 232/308 patients.
jProgression-free survival rate at 3 years.
kIncludes pelvic lymph node dissection in 107/600 patients.
lIncludes pelvic lymph node dissection in 27/33 patients.
mExcludes robotic setup.
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margin positive rate Mean F/up
(months)

PSA
Progression
Free Rate
(<0.1 ng/ml)

cost

overall pT2a pT2b pT2c pT3a pT3b pT4
Gleason
<7 or ≥7

11.1 NA NA NA NA NA NA 14/0 26 NA NA
50 NA NA NA NA NA NA 50/0 NA NA NA
23 NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA 9.8 100 NA
20 NA NA NA NA NA NA NA 6.4 100 NA
25.8 7.8 NA NA NA 91.4a NA
16 2.3 NA NA 15 34 100 NA 12 95 NA
18.6 NA NA NA NA NA NA NA 20.8 89a NA
19 2.1 9.9 NA 25.2 42.0 89.4 NA 40 89a NA
25 16.8 48.5 NA NA 12 89.6 NA
15 11 16 NA 0 50 NA NA 2.2 89 $1237 less

than RRP
15.4 3.6 14 NA 33 43.5 NA NA At least 12 m 92a NA
NA NA NA NA NA NA NA NA NA NA NA
21.1 NA NA NA NA NA NA NA NA NA NA
21.4 6.2 29.4 100 NA At least 1 m NA NA
NA NA NA NA NA NA NA NA 4 100 NA
11.4 6.7 8.2 NA 60 NA NA NA 3 m NA NA
20.6 15.8 41.4 NA NA 36 86.2a NA
16 NA NA NA NA NA NA NA At least 3 m 100 NA
19.2 6.9 18 NA 30 32 NA 18.2/30 12 90.5j NA
17.7 14.9 6.7 16.5 26.9 22.6 NA NA 12 NA NA
18 NA NA NA NA NA NA NA NA NA NA

20 0 33 NA NA NA NA NA NA NA NA

17.5 NA NA NA NA NA NA NA 6.5 NA NA

NA NA NA NA NA NA NA NA NA NA NA

15 10.6 40 NA 14/16 5.5 NA NA

NA NA NA NA NA NA NA NA NA NA NA

10.5 5.7 28.5 20 33 NA 9.7 95 NA

16.7 4.5 47 100 NA NA NA NA
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Fig. 4. Robotic-assisted radical prostatectomy experience at UCI (first 45 patients). [Figure
reprinted from Surgical Endoscopy (2004);18(12): 1694–711, with kind permission of
Springer Science and Business Media.]

The learning curve to 4-h proficiency was 12 cases with subsequent mean
operating time of 3.45 h, thereafter (44).

4.2. Equanimity
4.2.1. Complications

Complications of laparoscopic radical prostatectomy probably are related to
surgeon’s experience and occur generally during the learning curve. Indeed,
Rassweiler et al. (31) reported that the complication rate for the first 120 cases
was 22.5%, but it decreased significantly to 11.7% in their next group of 60
patients. Similarly, Hoznek et al. (45) reported a drop in their complication
rate from 22.5% in their first 40 of 134 patients to 3.2% in the next 94
patients. Complications include bowel injuries, ureteric injuries, bladder
injury, urine extravasation, urinoma formation, intra-abdominal hemorrhage,
lymphorrhea, phlebitis, and port-site hernias (31,45,46). The complication
rates of reported series with at least 100 patients range from 8.9 to 25%
(Table 1b). To date there has been only one death associated with laparoscopic
radical prostatectomy (47). The open conversion rates range from 0 to 23%,
dependent upon the experience of the surgeon. Guillonneau et al. (46) reported
a conversion rate of 10% in their initial 40 of 550 patients; in their next
40 patients, this decreased to 7.5%, and since then, they did not have any
conversions in their next 470 patients.
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Reported blood loss for laparoscopic radical prostatectomy ranges from 103
to 1230 ml with an average of 431 ml. The wide range may be a result of
variability in the technique. Rassweiler et al. (31) have reported the highest
mean blood loss with this technique: 1230 ml and a transfusion rate of 30%
among 180 patients. They attributed this to their technique that advocates early
dissection and ligation of the dorsal venous complex followed by immediate
division of the urethra. Indeed, Guillonneau and Vallancien with their approach
of delayed dorsal venous complex transaction found an average blood loss of
380 cc and a transfusion rate of only 4.9% among 567 patients (48). Similarly,
Menon using a robotic assisted approach and delayed transection of the dorsal
venous complex had a similar estimated blood loss of only 391 cc and a
transfusion rate of 0% in their first 40 patients (27) and only 150 cc after 100
patients (49). With further experience, however, Rassweiler et al. (50) have
shown that blood loss decreased from 1550 cc in their initial group of patients
to 800 cc in their most recent group. Accordingly, Guillonneau et al. (15)
reported transfusion rates of 10% in their first 120 cases but decreased to 5%
(48) after performing a total of 567 operations.

4.2.2. Convalescence

Studies assessing post-operative recovery and convalescence in laparo-
scopic radical prostatectomy are beginning to accumulate. Guillonneau and
Vallancien assessed post-operative pain after laparoscopic radical prostate-
ctomy and reported that only 9% of patients requested narcotic analgesics on
post-operative day 1 and only 2% on day 2 (15). Based on their own positive
experience, Bollens et al. (33) have started giving intramuscular morphine on
an as needed basis only during the first post-operative day to their patients
after laparoscopic radical prostatectomy. Bhayani et al. (51) compared 24
patients who underwent laparoscopic radical prostatectomy and 36 patients who
underwent open radical prostatectomy, and found that there was no difference
in the in-hospital morphine-equivalent requirement between the two groups.
Pain medication use at home was also less in the laparoscopic group as was
the time to complete convalescence. Similarly, a prospective comparison of
radical open retropubic prostatectomy and laparoscopic robotic assisted prosta-
tectomy by Menon et al. (52) has shown significantly lower pain scores in the
laparoscopic robotic assisted prostatectomy patients.

The length of hospital stay is often used as an instrument to measure patient
recovery as it generally correlates with the time to return to basic activities.
The length of hospital stay of reported laparoscopic radical prostatectomy
series has ranged from 0.96 to 9.3 days (Table 1b), whereas the average
hospitalization after open retropubic radical prostatectomy is between 2 and
3 days (53). However, as the most reported and largest series of laparoscopic
radical prostatectomy were performed in European centers, the variation can
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be explained by differences in health care systems in Europe and USA. Indeed,
smaller series performed in the USA reported hospital stays of 0.96–2.4 days
(49,54,55).

4.2.3. Preservation of Continence

Evaluation of continence rates between reported series can be difficult
due to subjectivity of the surgeon and patient, the use of different or non-
validated questionnaires by surgeons, and the variability in the definition of
continence by surgeons and patients. With at least 12 months follow-up, the
urinary continence rates in reported laparoscopic series range from 66 to 97%
(Table 1b). However, to truly assess this parameter, the use of a validated conti-
nence questionnaire is essential; data accumulated by any other instruments
are “suspect.” Salomon et al. (56), using a questionnaire derived from the
International Continence Society (ICS)-male self-administered questionnaire
(57), reported that of 100 consecutive patients who underwent laparoscopic
radical prostatectomy, 45 and 90% had complete diurnal continence (no pads)
1 month and 12 months after surgery, respectively. Similarly, using the ICS-
male questionnaire, Guillonneau et al. (58) reported that 86% had complete
diurnal continence (no pads) 12 months post-operatively.

4.2.4. Preservation of Sexual Function

Preservation of sexual function has a significant impact on quality of life in
men undergoing radical prostatectomy. As in the evaluation of continence rates,
there is also difficulty in the evaluation of sexual function after laparoscopic
radical prostatectomy due to variability in the use of validated questionnaires
(e.g., IIEF). Again, in this regard, the use of validated questionnaires is essential
to the discernment of accurate data that can then be used to compare erectile
function with different operative techniques. In addition, rates of preservation
of sexual function can be affected by patient’s age, whether one or both
neurovascular bundles were preserved and whether the patient was sexually
active prior to surgery. In addition, it is important to differentiate between
those patients who are normally potent and those who after the procedure are
potent only with medications.

In reported series, men who were reportedly potent preoperatively had
erectile function adequate for intercourse in 38.5–64% of patients after 1-year
follow-up (Table 1b). There was no uniformity, however, on whether one or
both neurovascular bundles were preserved on these patients. Also, some of
these reports did not use a validated questionnaire. Guillonneau et al. (58),
using a non-validated questionnaire, reported that among 22 patients who
were sexually active preoperatively, 13 (59%) had erections 6 months post-
operatively, of which six patients had erections considered to be insufficient for
intercourse and seven patients had non-medically-induced erections adequate
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for sexual intercourse. Similarly, Anastasiadis et al. (59), using a non-validated
questionnaire, reported that after bilateral neurovascular nerve preservation,
53% had erections suitable for intercourse without routine administration of
sildenafil and without the use vacuum erection devices or pharmacologic
injection/suppository therapy 12 months after surgery. At a median follow-
up of 6 months, Rozet et al. (60), using a validated questionnaire, reported
the erection and intercourse rate was 64 and 43%, respectively, in men who
were potent preoperatively while using 10 mg of tadalafil taken every 2 days
post-operatively.

4.3. Economy
Guillonneau et al. (15) reported that standard laparoscopy is $1237 less

expensive than open radical prostatectomy. In this study, however, the mean
hospital stay was 8 days for the open radical prostatectomy group. This is in
sharp contrast to the USA, where the typical hospital stay is 1–3 days; also
the cost of operating room time is far less in Europe than in the USA. In a
comparison between laparoscopic and open radical prostatectomy performed
at a single US academic medical center, Anderson et al. (61) found that the
cost for laparoscopy was significantly greater than the cost for open radical
prostatectomy ($6760 vs. $5253). Most of this cost difference was due to
the higher surgical supply costs and operating room costs in the laparoscopic
group.

With respect to robot-assisted radical prostatectomy, cost is a significant
concern as well. Indeed, the widespread use of this device has been prevented
mostly by its price, which for the da Vinci unit runs $980,000 plus a
$100,000/year service contract. While these expenses are determined by how
many surgical disciplines are using the robot in a given year, there is a fixed
cost of using the robot in that a $300–500 charge is incurred with its use
to pay for the reposable robotic instruments used during a given procedure.
Indeed, Lotan et al. (62) blamed the amortized cost of the robot purchase and
maintenance and the cost of robotic instruments as the reason for the higher
cost of robotic prostatectomy compared to both standard laparoscopic and open
radical retropubic prostatectomy. The cost premium for robotic prostatectomy
may be overcome, however, in higher volume centers (63).

4.4. Effectiveness
The primary goal of laparoscopic radical prostatectomy is to attain a

“surgical cure.” The efficacy of this procedure in achieving this goal can
be measured by margin status of the specimen and absence of chemical
or clinical recurrence. The overall margin-positive rate in reported series
of laparoscopic radical prostatectomy with at least 20 patients ranges from
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10.5–25.8% (Table 1a). However, in pathologically organ-confined disease
(pT2), the margin-positive rate is lower, ranging from 2.1–14.9%.

Assessment of biological progression is difficult to accomplish for laparo-
scopic radical prostatectomy considering the relatively short follow-up of
reported series thus far. Rozet et al. (60) reported that after a mean follow-up
of 12 months, 95% had a serum level of Prostate Specific Antigen (PSA) lower
than 0.2 ng/ml while Rassweiler et al. reported that after a median follow-up
of 12 months, 95% of patients were PSA progression free. With a longer mean
follow-up of 20.8 months, these authors reported a PSA progression-free rate
of 89% (64). The PSA recurrence was 3.2, 6.5, 15.9, and 23.9% in stages
pT2a, pT2b, pT3a, and pT3b/4, respectively.

5. COMPARISON TO OPEN RADICAL PROSTATECTOMY

A summary of radical retropubic and perineal prostatectomy series are
illustrated in Table 2. Indeed, with their extensive experience and excellent
results, open surgeons have provided a high standard for the laparoscopic
surgeons to emulate.

On average, operative times for the laparoscopic approach are significantly
longer than the open approach. Longer operative times are inherent to the
laparoscopic approach because of the decreased tactile feedback and the two-
dimensional nature of laparoscopic video imaging. With experience, however,
several urologists have reported significant reductions in operative times.
A 7–8 h operation is common for the first laparoscopic radical prostatectomies,
but, after about 50 cases, less than 3.5–4 h is required for an experienced
team (58). Perhaps, with further experience, operative times will decrease
further to operative times reported in large open radical prostatectomy series
where the average operative time in experienced hands is 3 h (15,65). Indeed,
Menon now reports operative times for robotic laparoscopic prostatectomy is
between 1.2 and 2.7 h. In fact at their hospital, the robotic prostatectomy takes
less time to perform than open radical prostatectomy or standard laparoscopic
prostatectomy (66).

As in any other procedure that is in its early stage of development, the
complication rate of laparoscopic radical prostatectomy is correlated with the
surgeon’s experience. Rassweiler et al. (31) reported a complication rate of
23.3% in their initial series. With experience, this, however, decreased to
11.7% in their last group of patients that is comparable to the experience of
open surgeons.

Despite a short experience with the procedure, one area in which laparo-
scopic radical prostatectomy is better than open prostatectomy, in most hands,
is in the aspect of blood loss. Reported blood loss for laparoscopic radical
prostatectomy ranges from 103 to 1230 ml with an average of 430 ml; this is



T
ab

le
2

R
ep

or
te

d
Se

ri
es

of
O

pe
n

R
ad

ic
al

P
ro

st
at

ec
to

m
y

In
st

it
ut

io
n

n
A

ge
(y

ea
rs

)
M

et
ho

d
O

pe
r.

ti
m

e
(h

rs
)

E
B

L
(m

l)
T

ra
ns

fu
si

on
ra

te
#

ho
sp

it
al

da
ys

M
ar

gi
n

po
s

ra
te

F
ol

lo
w

-u
p

(m
on

th
s)

C
on

ti
ne

nc
e

R
at

e
C

ri
te

ri
a

E
re

ct
il

e
fu

nc
ti

on
(b

ns
/u

ns
)

P
SA

pr
og

re
ss

io
n-

fr
ee

ra
te

(<
0.

2
ng

/m
l)

C
om

pl
ic

at
on

ra
te

to
ta

l,
m

aj
or

/
m

in
or

Jo
hn

s
H

op
ki

ns
(6

8)
64

57
R

R
P

N
A

N
A

N
A

N
A

1.
5%

18
93

%
a

0
pa

ds
86

%
a
�b

N
A

N
A

Jo
hn

s
H

op
ki

ns
(8

8)
24

04
59

R
R

P
N

A
N

A
N

A
N

A
N

A
75

N
A

N
A

N
A

74
%

N
A

N
Y

U
(2

9)
10

00
60

.3
R

R
P

N
A

81
9

9.
7%

2.
3

19
.9

%
N

A
N

A
N

A
N

A
N

A
7%

N
Y

U
(8

9)
62

1
58

.7
R

R
P

N
A

N
A

N
A

N
A

N
A

24
82

.4
%

a
0

pa
ds

N
A

N
A

N
A

W
as

hi
ng

to
n

U
ni

v
(9

0)
13

42
N

A
R

R
P

N
A

N
A

11
.5

%
N

A
N

A
N

A
N

A
N

A
N

A
N

A
7.

4,
2.

4/
5.

0%
W

as
hi

ng
to

n
U

ni
v(

69
)

18
70

63
R

R
P

N
A

N
A

N
A

N
A

N
A

18
92

%
0

pa
ds

68
%

/4
7%

N
A

10
%

W
as

hi
ng

to
n

U
ni

v
(9

2)
34

77
61

R
R

P
N

A
N

A
N

A
N

A
18

93
%

0
Pa

ds
N

A
9%

M
ay

o
C

lin
ic

(9
3)

31
70

66
R

R
P

N
A

60
0–

10
30

5–
31

%
N

A
24

%
60

N
A

N
A

N
A

52
%

at
10

ye
ar

s
N

A
B

ay
lo

r
(9

4)
10

00
62

.9
R

R
P

N
A

N
A

N
A

N
A

12
.8

%
53

.2
N

A
N

A
N

A
75

%
(<

0.
4

ng
/m

l)
N

A
B

ay
lo

r
(9

5)
47

2
62

.2
R

R
P

3.
0

N
A

28
.6

%
6.

2
N

A
N

A
N

A
N

A
N

A
N

A
27

.8
,9

.8
/1

8.
0%

B
ay

lo
r

(9
6)

31
4

60
.5

R
R

P
N

A
N

A
N

A
N

A
N

A
25

.4
N

A
N

A
70

/2
6%

c
N

A
N

A
B

ay
lo

r
(9

7)
58

1
63

R
R

P
N

A
80

0
N

A
N

A
N

A
24

91
%

0
pa

ds
N

A
N

A
N

A
C

ol
um

bi
a

U
ni

v.
(9

8)
48

0
62

.6
R

R
P

N
A

N
A

N
A

N
A

N
A

39
.6

91
.8

%
d

0
pa

ds
N

A
N

A
N

A
M

ay
o

C
lin

ic
,J

ac
ks

on
vi

lle
(9

9)
32

5
66

R
R

P
N

A
75

0
22

%
4.

2
18

%
50

93
%

N
A

47
%

e
N

A
N

A

H
en

ri
M

on
do

r
(6

5)
14

7
65

.1
R

R
P

3.
3

N
A

38
%

15
.2

31
.7

%
54

N
A

N
A

N
A

N
A

N
A

A
rm

ed
Fo

rc
es

,
m

ul
ti-

in
st

itu
tio

na
l

(1
00

)
19

0
63

.7
R

R
P

N
A

15
75

N
A

N
A

39
.5

%
41

.4
69

.9
%

0
le

ak
8.

9%
e

77
.1

%
N

A

A
rm

ed
Fo

rc
es

,
m

ul
ti-

in
st

itu
tio

na
l

(1
00

)
19

0
62

.2
R

PP
N

A
80

2
N

A
N

A
43

.1
%

41
.1

74
.8

%
0

le
ak

8.
2%

e
72

.4
%

N
A

(C
on

ti
nu

ed
)

371



T
ab

le
2

(C
on

ti
nu

ed
)

In
st

it
ut

io
n

n
A

ge
(y

ea
rs

)
M

et
ho

d
O

pe
r.

ti
m

e
(h

rs
)

E
B

L
(m

l)
T

ra
ns

fu
si

on
ra

te
#

ho
sp

it
al

da
ys

M
ar

gi
n

po
s

ra
te

F
ol

lo
w

-u
p

(m
on

th
s)

C
on

ti
ne

nc
e

R
at

e
C

ri
te

ri
a

E
re

ct
il

e
fu

nc
ti

on
(b

ns
/u

ns
)

P
SA

pr
og

re
ss

io
n-

fr
ee

ra
te

(<
0.

2
ng

/m
l)

C
om

pl
ic

at
on

ra
te

to
ta

l,
m

aj
or

/
m

in
or

Jo
ha

nn
es

G
ut

en
be

rg
-U

ni
v

M
ai

nz
(1

01
)

63
0

65
R

PP
N

A
N

A
5.

9%
N

A
15

%
8

N
A

N
A

N
A

N
A

22
.1

,2
.4

/1
9.

7%

H
en

ri
M

on
do

r
(6

5)
11

9
64

.6
R

PP
3.

0
N

A
19

%
8.

5
18

.5
%

46
.8

N
A

N
A

N
A

N
A

N
A

U
C

SF
(1

02
)

22
0

67
R

PP
N

A
60

0
N

A
N

A
N

A
18

95
%

0
pa

ds
73

/6
8%

N
A

2%
/N

A
D

uk
e

U
ni

v.
(1

03
)

12
42

65
.2

R
PP

N
A

N
A

N
A

N
A

23
%

48
N

A
N

A
N

A
N

A
N

A
M

ay
o

C
lin

ic
,

Ja
ck

so
nv

ill
e

(9
9)

50
0

66
R

PP
N

A
27

0
4%

1.
5

16
%

50
94

%
N

A
34

%
e

N
A

N
A

T
ul

an
e

U
ni

v.
(1

04
)

25
0

63
R

PP
N

A
N

A
N

A
2.

7
N

A
30

93
%

a
0–

1
pa

ds
41

%
a

N
A

N
A

T
ul

an
e

U
ni

v.
(7

2)
25

N
A

R
PP

1.
8

35
0

N
A

0.
7

N
A

12
94

.7
%

N
A

41
%

N
A

N
A

N
or

th
er

n
In

st
.

of
U

ro
lo

gy
(1

05
)

50
8

65
.8

R
PP

N
A

N
A

1%
N

A
18

%
48

96
%

0
pa

ds
83

/7
4%

85
.8

%
N

A

bn
s,

bi
la

te
ra

l
ne

rv
e

sp
ar

in
g;

R
PP

,r
ad

ic
al

pe
ri

ne
al

pr
os

ta
te

ct
om

y;
R

R
P,

ra
di

ca
l

re
tr

op
ub

ic
pr

os
ta

te
ct

om
y;

un
s,

un
ila

te
ra

l
ne

rv
e

sp
ar

in
g.

a
A

ss
es

se
d

w
ith

va
lid

at
ed

pa
tie

nt
qu

es
tio

nn
ai

re
.

b
89

%
of

m
en

un
de

rw
en

t
bi

la
te

ra
l

ne
rv

e-
sp

ar
in

g
pr

oc
ed

ur
e.

c
M

en
ag

e
60

ye
ar

s
or

yo
un

ge
r;

fo
r

60
.1

–6
5

ye
ar

s
=

49
/1

5%
;

fo
r

ag
e

>6
5

ye
ar

s
=

43
/1

3%
.

d
A

ss
es

se
d

w
ith

no
n-

va
lid

at
ed

re
tr

os
pe

ct
iv

e
qu

es
tio

nn
ai

re
.

e
N

er
ve

-s
pa

ri
ng

st
at

us
un

kn
ow

n.

372



Chapter 17 / Retropubic, Perineal, and Laparoscopic Radical Prostatectomy 373

quite low when compared to other reported series of open radical prostatectomy
in which the average blood loss is in the 800–1600 cc range (Table 2). As a
result of decreased blood loss, the transfusion rates are also less in laparoscopic
radical prostatectomy than open radical prostatectomy. Transfusion rates also
tend to decrease as experience is attained. Guillonneau et al. (15) reported
transfusion rates of 10% in their first 120 cases but decreased to 5% (48) after
performing a total of 567 operations. In Menon’s robotic series, none of over
1100 patients required intraoperative transfusion.

Functional outcomes such as urinary continence and potency are important;
however, as previously noted, the lack of validated questionnaires in most
series make the reported data largely anecdotal and thus unreliable. Indeed,
it has been shown that self-administered questionnaires report poorer results
than data obtained by the clinical interview that most series report (67). This
makes assessment and comparison of the laparoscopic technique to the open
technique very difficult. Fortunately, at this time, many urologic oncologists as
well as laparoscopic surgeons are now using mailed validated questionnaires
to assess their continence, potency, and quality of life outcomes.

As previously noted, Guillonneau et al. (58), using a validated question-
naire, reported a urinary continence rate of 86% after 12 months follow-up
while Rassweiler et al. (31) reported diurnal continence in 97% of patients
after 12 months follow-up. These reported results are comparable to several
reported series of open radical prostatectomy (68,69). Indeed, Walsh et al.
(68), using a validated questionnaire, reported continence rates of 54, 80, and
93% at 3, 6, and 12 months after radical retropubic prostatectomy, respec-
tively. Similarly, Rassweiler et al. (31) reported continence rates of 54, 74,
and 97% for the same time points after laparoscopic radical prostatectomy. In
a prospective comparative study between laparoscopic radical prostatectomy
and open retropubic prostatectomy performed at their institution, Anastasiadis
et al. (59) also showed that the two approaches showed similar continence
rates using a validated self-administered questionnaire.

Comparison of potency rates between radical prostatectomy series is difficult
for all of the aforestated reasons: variability in the procedure (none, one, or two
bundles preserved), variability in assessing erectile function (i.e., failure to use
validated sexual questionnaires), and failure to distinguish among potent males
with regard to requirements for medical assistance (i.e., sildenafil). Given
these variables, it is understandable that the range for potency after radical
prostatectomy even in large series has been cited at 5–46%. These figures are
similar to what has been the experience with laparoscopic radical prostatectomy
to date. Obviously, further reporting with proper data collection instruments
is needed to compare potency rates across various surgical techniques and to
relate these potency rates to the patients’ preoperative state.
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The cornerstone oncologic principle of radical prostatectomy is complete
elimination of all prostate cancer cells. Cancer control can be assessed by
margin status of the surgical specimen and presence of biological recurrence.
Margin-positive rates of reported laparoscopic series with more than 100 cases
have been between 15 and 25%. These results are comparable to reported open
radical prostatectomy series. Caution is advised, however, when comparing
these results as adequate comparison can only be performed after adjustment of
relevant covariates. It has been shown that surgical margin status is affected by
the clinical stage, serum PSA, and biopsy Gleason score (70). When assessing
only patients with PSA < 10 ng/ml, the surgeons at Henri Mondor (47) reported
a surgical margin-positive rate of 20.6%, which is less than their previous
report of 25% when not restricting for PSA level (45). Similarly, when only
patients with favorable characteristics are considered (i.e., PSA < 10 ng/ml,
cT1c disease, and Gleason grade of ≤7), Ahlering noted a decrease in the
surgical margin-positive rate from 36 to 0% (44).

Because of the relatively short follow-up thus far, assessment of biological
recurrence is difficult to perform for laparoscopic radical prostatectomy. With
mean 12 months follow-up, series with over 100 cases have reported overall
PSA progression-free rates of 89–95%. Because of variations in the various
covariates such as preoperative PSA, clinical stage, Gleason score, and surgical
margin status, comparison with reported open radical prostatectomy series is
difficult. Nevertheless, reported PSA progression-free rates of 89–95% at 1
year seem to be on a par with the overall actuarial 2-year progression-free rate
of 82% in a recent cohort of patients with prostate cancer treated with open
radical prostatectomy between 1997 and 2000 (71).

Authors from institutions who have experience in both open and laparo-
scopic radical prostatectomy have also reported their results on both techniques.
Rassweiler et al. (50) reported that the laparoscopic technique is superior
to radical retropubic prostatectomy in terms of blood loss, transfusion rate,
complication rate, post-operative analgesic use, and length of time of catheter
use. Continence rates at 12 months were similar in both groups. Despite a
stage shift (preoperative PSA and pathologic stage) in favor of the laparoscopic
group, there was no difference in surgical margin status and biochemical recur-
rence between the two groups. Salomon et al. (65), in comparing their historical
series on radical retropubic and perineal prostatectomy with the laparoscopic
approach, showed that there is no difference in the surgical margin-positive
rates between the techniques despite changes in selection criteria over time
resulting in stage migration in favor of the most recent cohort, the laparo-
scopic group. Lastly, in comparing 25 consecutive patients undergoing radical
retropubic, laparoscopic, and perineal prostatectomy, Puri et al. (72) showed
that the perineal approach is superior when it comes to operative time (106
min), post-operative pain, hospital stay, time to return to normal activity, and
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blood loss. These authors concluded that the laparoscopic approach has a steep
learning curve and may not be readily acceptable in mainstream practice. To be
sure, we are still in a phase in which laparoscopy is “new,” additional studies
are needed to determine whether it is actually “better” than what we already
have.

6. IMPACT OF ROBOTICS

Robotic laparoscopic surgery offers several advantages over standard
laparoscopy, such as tremor filtering, intuitive motion, true 3D vision, six
degrees of freedom, plus motion scaling. The master unit allows full range
of movement that is transmitted accurately to the surgical arms; indeed, the
“wrist” on the robot is superphysiologic given its ability to rotate 540°.

Because of various technological advantages offered by robotic systems,
Menon et al. (27) have shown that robotic assistance can decrease the learning
curve for laparoscopic surgery when performed by a skilled “open” surgeon.
Results at the University of California, Irvine (UCI), corroborate the results
from the Vattikuti Urological Institute in Detroit. Indeed, we have reported our
experience in which one of our urologic oncologists, untrained in laparoscopy,
was able to successfully complete a laparoscopic prostatectomy following a
4-day course in robotic laparoscopy (41). Figure 4 illustrates the operative
time in the first 45 patients for robot-assisted radical prostatectomy at UCI all
performed by the same laparoscopically naïve urologic oncologist. Operative
time decreased with increased experience [Spearman’s rank correlation (Rho)
–0.74, 95% confidence interval = –0.86 to –0.55, p < 0.001) and operative
times in his last five cases have averaged 3.2 h. The operative times started to
stabilize approximately by the 11th case. This may suggest that the learning
curve for robotic-assisted prostatectomy is significantly shorter than standard
laparoscopy even when performed by a non-laparoscopic, though experienced
open surgeon.

The one major, ongoing disadvantage of both pure laparoscopic and even
more so with robotic systems is the lack of tactile feedback. The operating
surgeon has to compensate for this by taking visual cues using the endoscopic
image. Indeed, for handling tissues and for suturing, it is necessary for the
surgeon to “feel” with his eyes; the tension on tissues or sutures is visually
estimated rather than felt.

The initial results of potency outcomes have ushered in questions of iatra-
genic damage to the neurovascular bundles (NVB) by electrocautery during
laparoscopic prostatectomy. In an animal study evaluating function of the
Neurovascular Bundle (NVB) following dissection with three different forms
of thermal energy, Ong and associates (73) demonstrated the caustic effect
of thermal energy near the NVB. In 2005, Eichel et al. (74) described for
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robotic prostatectomy and Gill and associates (75) for standard lap prostate-
ctomy, a method for cautery-free dissection of the NVB. Initial short-term
outcomes by Ahlering et al. (76) demonstrate a significant improvement
in 3-month potency rates of the cautery-free technique (43%) as compared
to their previous (thermal) technique (8.3%), but long-term follow-up is
immature.

With the added dexterity provided by robotic systems, it is possible that
more and more surgeons will take advantage of this technology. A patient-
driven component seeking robotic systems may also be in motion. Its high
cost, however, must be weighed carefully against its efficacy and efficiency
especially as results with standard laparoscopy continue to improve with
increasing experience. However, the fact remains that the skilled laparoscopist
is the result of years of laparoscopic training on top of years of training as
an open surgeon in contrast, the skilled robotic surgeon appears to be “ready-
made” on the basis of open surgical training alone plus a minimal amount
of training in basic laparoscopy (i.e., obtaining a pneumoperitoneum and port
placement). The one major caveat is that for those surgeons transferring open
skills to a robotic platform, the tables assistant needs to be a skilled laparoscopic
surgeon. The assistant in these procedures is responsible for obtaining the
pneumoperitoneum, proper port placement, and invaluable assistance during
the procedure (i.e., retraction, suction, and introduction of suture material).

7. FUTURE DIRECTIONS

With the advantages provided by laparoscopy in other procedures, it was
not surprising that this technique would eventually be applied to radical prosta-
tectomy. With increasing interest in this technique, new task-oriented instru-
ments/devices are already being developed to facilitate the procedure. Indeed,
use of suturing devices for completing the vesicourethral anastomosis has
already been described during open radical prostatectomy (77).

Even more exciting is the possibility of developing a sutureless
urethrovesical anastomosis. Grummet et al. (78) evaluated laser welding as
an alternative method of forming the vesicourethral anastomosis. In a canine
model, these authors reported that their technique was feasible and effective
in producing a water-tight anastomosis.

8. SUMMARY

Despite initial pessimism in the procedure, laparoscopic radical prosta-
tectomy has developed into a technique that has become the standardized
procedure of choice at many medical centers worldwide. However, while this
has occurred, it is sobering to note that laparoscopic radical prostatectomy
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provides clear advantages over the open retropubic technique only in the realms
of blood loss, transfusion rates, and post-operative analgesic use. Even in these
areas, it has not been shown to be superior to a radical perineal prostate-
ctomy. In almost all other areas, it appears to be comparable to both open
approaches: continence, potency, cancer cure, and hospital stay. In one area, at
least in the USA, it remains presumably problematic: cost. However, definitive
information in this regard has yet to be published.

While the performance of a prospective randomized study comparing laparo-
scopic and open prostatectomy would be the scientific ideal, the reality is that
this type of study will likely never be accomplished. As such, the determi-
nation of the true place of laparoscopic radical prostatectomy in the surgical
pantheon will be based on the completion of appropriate single-technique
studies in which validated questionnaires for continence and potency are
complemented by sufficient follow-up of similarly clinically staged patients.
Hopefully, these data will result from co-operative intra-institutional or inter-
institutional efforts in which open and laparoscopic patients proceed through
a similar protocol of pre-operative and post-operative questionnaires and
follow-up laboratory studies. Until such time, patients are unfortunately being
subjected to “new” techniques without the knowledge of whether the approach
is actually beneficial, equal, or worse than what already exists. This state of
affairs is the result of a health care system in which market share rather than
science all too often rules the day; evidence-based medicine has yet to force-
fully and properly enter the realm of surgery. Hopefully, at some point in the
future, all patients subjected to a “new” procedure will be part of a properly
designed multi-institutional study prepared to determine the efficacy of that
given procedure, such that the good can be adopted and the bad discarded with
the least amount of harm to all concerned. If, as Einstein noted, “God doesn’t
play dice with the universe,” neither should surgeons with their patients.
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1. INTRODUCTION

There are over 200 novel agents currently under evaluation in clinical
trials for the treatment of prostate cancer. Drug development in prostate
cancer continues to improve as a better understanding of prostate cancer
biology is achieved, providing further insight into the complex extracellular
and intracellular-signaling networks as potential targets. As current treatment
options for men with advanced disease are not curative, there is a growing
need for additional agents to be developed for men with progressive prostate
cancer.
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This chapter will discuss current clinical trials of targeted agents in prostate
cancer with specific focus on agents that modulate growth factors and their
receptors, signal transduction pathways, cell survival pathways, and angio-
genesis pathways. Several novel agents evaluated in combination clinical
trials with cytotoxic agents briefly discussed in this chapter will be addressed
elsewhere in more detail.

2. GROWTH FACTOR AND GROWTH FACTOR
RECEPTOR INHIBITORS

Multiple growth factors and growth factor receptors have been identified
as critical proteins in the prostate cancer-signaling network. Novel agents
currently in clinical trials are designed to target specific protein families such as
the epidermal growth factor receptor (EGFR) family, platelet-derived growth
factor (PDGF) receptor family, and endothelin (ET) receptor family. Although
the agents discussed are identified as specific growth factor inhibitors, it is
well recognized that many of the agents are quite promiscuous in their target
selection. The “one inhibitory agent-one receptor family” concept is not appli-
cable for several targeted agents as there is a significant amount of cross-talk
between signaling pathways, especially between the EGFR family and the
vascular endothelial growth factor (VEGF) receptor family. In this chapter,
novel agents that modulate the VEGF receptor family will be discussed with
other agents that target angiogenesis.

2.1. Epidermal Growth Factor Receptor Inhibitors
The EGFR family has been recognized as a very important family of

proteins, one which frequently impacts the cellular network within many
different solid tumors including lung cancer, breast cancer, colon cancer, and
prostate cancer (1). Novel agents, including intravenous monoclonal antibodies,
targeting the extracellular domain of the EGFR and oral, small molecules
targeting the intracellular tyrosine kinase are in various stages of clinical trials.
Although there are four growth receptor proteins in the EGFR family, most
clinically available agents primarily target EGFR (HER-1 and c-erbB-1) and
HER-2 (c-erbB-2) but not HER-3 (c-erbB-3) and HER-4 (c-erbB-4). Targeting
EGFR and HER-2 is reasonable in prostate cancer as 40–90% of prostate cancer
cells overexpress EGFR and up to 50% of prostate cancer cells overexpress
HER-2 (2,3).

2.1.1. Monoclonal Antibodies

Monoclonal antibodies that target the extracellular domain of the EGFR may
directly modulate the receptor itself or behave as competitors of the natural
cellular ligands, such as the epidermal growth factor, transforming growth
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factor-�, and amphiregulin. Modulation of the extracellular domain of the
EGFR ultimately results in disruption of intracellular signaling by affecting
the Ras–Raf mitogen-activated protein kinase pathway and the phosphatidyl
inositol 3´-kinase and Akt pathway (4,5).

Erbitux (Imclone), a monoclonal antibody initially FDA approved for
colorectal cancer in 2004, directly affects the extracellular domain of the
EGFR. Single-agent Erbitux (Imclone) has not been specifically studied in
prostate cancer patients, but the combination of Erbitux (Imclone) and doxoru-
bicin has been evaluated in a phase I/II trial in men with hormone-insensitive
prostate cancer (6). One patient experienced a greater than 50% decline in
serum PSA.

ABX-EGF (Abgenix) is a fully humanized monoclonal antibody that is
slightly different from Erbitux (Imclone) in that it blocks ligand binding
to EGFR (7). With promising preclinical observations of anti-tumor activity
in prostate cancer cell lines and xenografts, a phase II trial of ABX-EGF
(Abgenix) is under way in patients with hormone-insensitive prostate cancer
(8,9). Another monoclonal antibody, EMD 72000 (EMD Pharmaceuticals),
also targets the extracellular portion of the EGFR. To date, no prostate cancer-
specific trials have been reported or published with this agent.

Agents targeting the HER-2 receptor have made rapid clinical advancements
in other solid tumors. Herceptin (Genentech), FDA approved for metastatic
breast cancer since 1998, has been evaluated in men with metastatic hormone-
insensitive prostate cancer in a single-agent phase II trial (10). There were no
partial or complete responders in eighteen patients. Two patients experienced
stable disease on maintenance doses of 4 mg/kg i.v. weekly.

Combination studies with Herceptin (Genentech) and cytotoxic
chemotherapy have been challenging to design and conduct. Morris et al.
planned on conducting an elegantly designed four-arm trial in which patients
with androgen-sensitive, androgen-insensitive, HER-2-positive, or HER-2-
negative disease were all treated initially with Herceptin (Genentech) until
progression, at which time paclitaxel a dose of 100 mg/m2 intravenously was
added (11). Of the 130 patients screened for the HER-2 status, only six eligible
patients had HER-2-positive disease. Of the 15 prostate cancer patients who
received Herceptin (Genentech) in combination with paclitaxel, three patients
experienced a greater than 50% decline in their PSA levels. Similar diffi-
culties were encountered with a phase II trial of Herceptin (Genentech) and
docetaxel (12,13). HER-2 overexpression was found in only 20% of prostate
cancer patients screened for the trial, and the trial eventually closed because
of nonfeasibility.

Treatment of hormone-insensitive prostate cancer with single-agent
Herceptin (Genentech) did not show any significant activity toward lowering of
the serum PSA (10). The potential for synergy by adding Herceptin (Genentech)
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to a known effective cytotoxic regimen was determined in a phase I trial of
Herceptin (Genentech), docetaxel, and estramustine in men with hormone-
insensitive prostate cancer (14). Indeed, greater than 69% of patients experi-
enced a greater than 50% PSA decline. However, it is unclear as to how much
benefit Herceptin (Genentech) truly added to this already active regimen.

Neither targeting EGFR nor HER-2 with novel agents either alone or in
combination with cytotoxic chemotherapy has translated into significant reduc-
tions of the serum PSA levels in men with advanced prostate cancer. Concerns
for lack of “activity” led to the development of a more broad-spectrum-
targeting agent. Omnitarg (Genentech) is a humanized monoclonal antibody that
inhibits ligand-associated heterodimerization of HER-2 with other EGFR family
members (15). A phase II study of Omnitarg (Genentech) is currently under
way in patients with advanced prostate cancer utilizing the dose determined
from the phase I trial conducted in 21 patients with advanced solid tumors (16).

2.1.2. Small Molecule Inhibitors

Clinical development of small molecule inhibitors of the EGFR family
in patients with prostate cancer has been equally challenging as the clinical
development of monoclonal antibody inhibitors. Small molecule inhibitors are
oral agents that inhibit the binding of ATP to the tyrosine kinase domain of
the receptor. Gefitinib (Astra Zeneca, Wilmington, DE, USA) and Erlotinib
(Genentech) are two agents that obtained FDA approval for lung cancer in 2003
and 2004, respectively. Current status of Gefitinib (Astra Zeneca) is tenuous
due to a largely negative confirmatory phase III trial in lung cancer. Erlotinib
(Genentech) remains a viable treatment option for patients with advanced lung
cancer.

Defining the clinical activity of Gefitinib (Astra Zeneca) in patients with
prostate cancer has been as challenging as the Herceptin (Genentech) clinical
trial experience. Two randomized phase II clinical trials with Gefitinib (Astra
Zeneca) administered to patients with metastatic hormone-insensitive prostate
cancer at two different dose levels did not result in any PSA response or any
disease response (17,18). Based on encouraging preclinical data suggesting the
potential for synergistic activity, a pilot phase I trial of Gefitinib (Astra Zeneca)
with docetaxel and estramustine was conducted in 30 patients with metastatic
hormone-insensitive prostate cancer (19). Indeed, 9 of 30 patients experienced
a PSA response, but again, the contribution of Gefitinib (Astra Zeneca) to the
already active regimen of docetaxel and estramustine was unclear. To date,
larger confirmatory trials of this combination have not been initiated.

There are additional oral small molecule inhibitors in development.
Erlotinib (Genentech), currently FDA approved in 2004 for lung cancer, has
recently been studied in patients with advanced prostate cancer. Gravis et al.
reported the results of an ongoing phase II study of Erlotinib (Genentech,
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San Francisco, CA, USA) which was administered at a starting dose of 150
mg/day for 3 weeks with a dose escalation to 200 mg/day at week 4 in patients
with metastatic hormone-insensitive prostate cancer (20). One patient experi-
enced disease stabilization with maintenance dose of 200 mg/day, but no PSA
responses were noted.

Additional agents in development include PKI 166 (Novartis), GW572016
(GlaxoWelcome), EKB569 (Wyeth), BIBW 2992 (Boehringer Ingelheim), and
CI-1033 (Pfizer, NY, NY, USA) (21–25). GW572016 (GlaxoWelcome) is
currently being evaluated in a phase II clinical trial in prostate cancer patients
with rising PSA after local therapy (E5803).

The current potential for monoclonal antibodies and small molecule
inhibitors that impact the EGFR family remains unclear. Few trials reported
any activity toward prostate cancer, and when they did, it was not clear whether
the activity was due to the effects of cytotoxic chemotherapy or the combi-
nation of a targeted agent with cytotoxic chemotherapy. This challenge will
become a familiar theme in this chapter as the role of targeted agents as single
agents or in combination with cytotoxic chemotherapy continues to evolve.

2.2. Platelet-Derived Growth Factor Inhibitors
The role of the PDGF family in prostate cancer has been actively investi-

gated in preclinical studies. High levels of PDGF overexpression in primary
and metastatic prostate cancers and its role in tumor growth and bone metas-
tases have been reported (26,27). Two novel agents specifically targeting
the PDGF receptor include Gleevec (Novartis) and SU101 (Pfizer). Gleevec
(Novartis) was FDA approved in 2001 for treatment of patients with refractory
chronic myeloid leukemia. A phase II trial of single-agent Gleevec (Novartis)
in patients with hormone-sensitive, PSA relapse prostate cancer resulted in
minimal drug activity but considerable drug toxicity (28). Of the 16 patients
treated on this trial, no patient experienced a greater than 50% decrease in PSA.
Another phase II trial of Gleevec (Novartis) was conducted in patients with
metastatic, hormone-insensitive prostate cancer with evidence of biochemical
relapse (29). Unfortunately, none of the patients experienced a greater than
50% decline in PSA level. In addition, significant grade 3/4 toxicities including
fatigue, rash, arthralgias, and peripheral edema resulted in dose delays and/or
discontinuation in 50% of patients.

Hoping to achieve synergistic activity, Gleevec (Novartis) in combination
with additional agents was evaluated (30). Unfortunately, a combination trial
of Gleevec (Novartis) and zoledronic acid resulted in no PSA response
(31). However, a phase I trial of Gleevec (Novartis) in combination with
docetaxel did result in some patients experiencing PSA decreases, and this
experience eventually led to an ongoing Phase II trial of Gleevec (Novartis)
and docetaxel (32).
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Single-agent SU101 (Pfizer) did not result in any meaningful reduction in
the serum PSA of 39 patients with metastatic hormone-insensitive prostate
cancer (33). The lack of meaningful clinical results for both PDGF inhibitors as
single agents may not necessarily be surprising but is certainly disappointing.
Further preclinical studies to improve our understanding and help define a
more appropriate role of PDGF inhibitors in the treatment of prostate cancer
may be necessary.

2.3. Endothelin Receptor Inhibitors
The family of ET receptors (consisting of three ET ligands and two

receptors) is important in autocrine and/or paracrine growth signaling, signal
transduction, nociception, and osteogenesis. Oral ET receptor inhibitors include
Atrasentan (Abbott Park, IL, USA), Bosentan (already FDA approved for
pulmonary hypertension), and ZD4054 (Astra Zeneca) (34–36). Atrasentan
(Abbott), a highly potent and selective antagonist to the ETA receptor has
moved forward into phase III clinical trials based on encouraging results
from phase II studies in men with prostate cancer (37,38). One such encour-
aging phase II trial that evaluated Atrasentan (Abbott) versus placebo in
the treatment of patients with asymptomatic metastatic hormone-insensitive
prostate cancer reported an increase in the time to PSA progression of 155
days with Atrasentan (Abbott) versus 71 days with placebo was reported
(p = 0.0002) (37). However, this result was not achieved in the intent-to-
treat phase III study of Atrasentan (Abbott) versus placebo in patients with
metastatic hormone-insensitive prostate cancer (M00-211). Although no signif-
icant difference in time to progression between Atrasentan (Abbott) versus
placebo in the M00-211 trial was reported, Atrasentan (Abbott) did provide
a significant delay in time to onset of metastatic pain events (38). Additional
trial results of Atrasentan (Abbott) in patients with non-metastatic, hormone-
insensitive prostate cancer (M00-244) are still pending.

A phase I/II study of Atrasentan (Abbott) and docetaxel in men with
metastatic hormone-insensitive prostate cancer is currently ongoing (39).
A combination phase III trial of Atrasentan (Abbott) with docetaxel and
prednisone versus docetaxel and prednisone alone is underway in the Southwest
Oncology Group (SWOG 0421). Although Atrasentan (Abbott) as a single
agent was not able to show a difference in time to progression compared to
placebo in a large, phase III trial (M00-211), this may yet be achieved with
Atrasentan (Abbott) administered in combination with cytotoxic chemotherapy.

2.4. Insulin-Like Growth Factor Receptor Inhibitors
The insulin-like growth factor receptor (IGFR) family of receptors is

emerging as a potentially important pathway in prostate tumorigenesis (40).
Two ligands, IGF-1 and IGF-2, have been shown to be overexpressed in higher
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grade prostate tumors compared to lower grade tumors (40). Downstream-
signaling effects of the mitogen-activated protein kinase pathway and the
phosphatidyl inositol 3´-kinase and Akt pathway appears to be dependant on
the stage of prostate cancer progression (benign versus malignant) (41). There
are also preclinical studies to suggest that successful modulation of the IGFR
axis may not depend on androgen receptor status (42,43). High serum levels
of IGF-binding protein-3 may also be associated with an increased risk of
prostate cancer (44).

Novel agents targeting the IGFR axis are in active development. IMC-
A12 (Imclone), a monoclonal antibody targeting the IGF-1R, is currently in
phase I clinical trials in patients with advanced solid tumors. Another IGFR
inhibitor undergoing preclinical testing includes NVP-ADW742 (Novartis)
(45). Silibinin, a naturally occurring flavonoid which targets IGFR axis along
with EGFR axis, is currently in early clinical trials in men with prostate
cancer (46). As our knowledge base grows with respect to the IGFR pathway,
additional novel agents targeting the IGFR axis will most likely enter clinical
trials, perhaps for consideration of both treatment and prevention of prostate
cancer.

Additional promising signaling pathways emerging in prostate cancer not
discussed in this chapter include transforming growth factor-beta receptor
family, keratinocyte growth factor family, and fibroblast growth factor family
(47,48).

3. SIGNAL TRANSDUCTION PATHWAY INHIBITORS

The signal transduction pathways within a prostate cancer cell are extremely
complex. As we gain a better understanding of the various pathways and
their relationships to one another, the more challenging it becomes to ratio-
nally develop new agents. Inhibition of one particular point within a signal
transduction pathway may indeed affect multiple other parallel or downstream
pathways. Novel agents targeting the farnesyl protein transferase, raf kinase,
rapamycin kinase, mammalian target of rapamycin, and heat shock proteins
have been developed and are undergoing current evaluation in clinical trials.
Development of relevant biomarkers that truly assess drug activity is very
difficult with this group of targeted agents as there are many different proteins
in the signaling pathways that may be important in advancing our understanding
of the drug’s mechanism of action.

Moreover, the development of novel biomarkers other than PSA to determine
efficacy is necessary to advance drug development in prostate cancer. A novel
agent that does not modulate the serum PSA level will have difficulty in
moving forward in clinical trials as both patients and physicians will not be
excited in pursuing the treatment.
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3.1. Farnesyl Protein Transferase Inhibitors
The enzyme farnesyl protein transferase catalyzes a step in the post-

translational addition of an isoprenoid side chain at the carboxyl terminus of a
number of important proteins, including Ras protein. Thus, inhibitors of farnesyl
protein transferase become inhibitors of the Ras protein. Current farnesyl protein
transferase inhibitors (FTI) include L-778,123 (Merck, Whitehouse Station, NJ,
USA), Zarnestra (Johnson and Johnson, New Brunswick, NJ, USA), SCH-66336
(Schering Plough, Kenilworth, NJ, USA), and BMS-214662 (Bristol Myers
Squibb, NY, NY, USA) (49). To date, development of L-778,123 (Merck)
was discontinued because of prolonged QT toxicity. Zarnestra (Johnson and
Johnson) has been evaluated in a phase II trial in men with metastatic hormone-
insensitive prostate cancer (50). Unfortunately, none of the patients achieved a
PSA response. Combination therapy trials with cytotoxic agents are under way
in other solid tumors but not specifically in prostate cancer. Similar to the other
single-agent data discussed with the growth factor receptor inhibitors, single
-agent treatment of a farnesyl transferase inhibitor did not result in PSA activity.

3.2. Raf Kinase Inhibitor
BAY 43-9006 (Bayer) is an oral, small molecular tyrosine kinase inhibitor

of c-Raf-1 and B-raf amongst other proteins. The Ras-Raf kinase cascade
plays an integral part in signal transduction. BAY 43-9006, recently FDA
approved in 2005 for renal cell carcinoma, has been evaluated in clinical
trials in patients with prostate cancer. Encouraging preclinical data suggested a
reasonable rationale for evaluating BAY 43-9006 in prostate cancer. Steinbild
et al. recently reported the results of a phase II study of BAY 43-9006 in patients
with metastatic hormone-insensitive prostate cancer who are chemonaive (51).
Of 55 patients, two patients achieved a PSA response.

Another phase II trial of BAY 43-9006 in patients with metastatic hormone-
insensitive prostate cancer with 60% of patients receiving prior chemotherapy
treatment reported no PSA response (52). Of interest, two patients in this study
experienced a dramatic improvement in their bone scans but were considered to
have progressed on treatment based on their rising PSA levels. Again, similar
to other single-agent trials, BAY 43-9006 administered as a single-targeted
agent did not effectively modulate serum PSA.

3.3. Rapamycin Kinase Inhibitors (MTOR Pathway)
The phosphatidyl inositol 3´-kinase and Akt pathway is another critical

pathway in signal transduction. PTEN (phosphatase and tensin homolog deleted
on chromosome 10) further regulates the signaling pathway as inactivation of
PTEN has been associated with prostate cancer tumorigenesis. The mammalian
target of Rapamycin (Wyeth), MTOR, that is further downstream is another
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critical protein in the pathway (53). Recently, an inhibitor of MTOR has
been shown to be effective in renal cell carcinoma when compared to inter-
feron (54). Four MTOR inhibitors currently available in clinical trials include
Rapamycin (Wyeth), CCI779 (Wyeth), RAD001 (Novartis), and AP-23573
(Ariad Pharmaceuticals, Cambridge, MA, USA) with only Rapamycin (Wyeth)
having achieved FDA approval in 1999 for prophylaxis of organ rejection in
renal transplant patients (55). Rapamycin (Wyeth) has been investigated in
patients with hormone-insensitive prostate cancer with or without evidence of
metastases (56). Of 11 patients enrolled, two patients experienced a change in
their PSA velocity.

Preclinical data with CCI779 (Wyeth) has shown evidence of activity in
prostate cancer (53,57). A clinical trial of CCI779 (Wyeth) administered in
a neoadjuvant setting in a prostate cancer trial has been completed. Prior to
undergoing prostatectomy, patients were assigned to one of three different
dose levels of CCI779 (Wyeth) administered for 4 weeks (58). Inhibition of
MTOR pathway was demonstrated in prostate cancer tissue in a dose-dependent
manner. Additional prostate cancer clinical trials with this class of drugs will
most likely be completed within the next year.

3.4. Multiple Targeted Pathways: Heat Shock Protein 90 Inhibitor
Heat shock protein 90 (Hsp90) is one of the most abundant and versatile

cellular chaperone proteins. One of the many proteins in the heat shock
protein family, Hsp90, acts as a molecular chaperone for various other
client proteins including those critical in signal transduction (59). 17-
allylamino-17- demethoxygeldanamycin (17-AAG) (Kosan) and 17-dimethyl
aminoethylamino-17-demethoxygeldanamycin (17DMAG) (Kosan) are novel
intravenous agents that bind to Hsp90, thereby disrupting Hsp90‘s function as a
cellular chaperone to multiple other cellular proteins (60). A phase II trial of 17-
AAG was conducted in patients with metastatic hormone-insensitive prostate
cancer who have been previously treated with at least one prior chemotherapy
(61). The trial has been completed and is undergoing data analysis. DMAG
has been evaluated in a phase I trial and may be pursued in prostate cancer.

4. CELL SURVIVAL PATHWAYS

4.1. Proteasome Inhibitor
Cellular proteasome, a large protein unit that degrades ubiquinated proteins,

has a very important role in cell survival, cell-cycle regulation, and apoptosis.
In prostate cancer xenografts, administration of a proteasome inhibitor resulted
in modulation of apoptosis and angiogenesis (62). Velcade (Millenium,
Cambridge, MA, USA) is a proteasome inhibitor currently FDA approved as of
2003 for the treatment of patients with refractory multiple myeloma. Velcade
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(Millenium) was evaluated in a phase I trial of mostly patients with metastatic
hormone-insensitive prostate cancer (63). Two of the 24 patients with prostate
cancer achieved a greater than 50% decline in serum PSA. A combination phase
I trial of Velcade (Millenium) in combination with docetaxel was conducted
(64). Of the two patients with prostate cancer, one achieved stable disease
by PSA. Additional trials evaluating the potential combination of Velcade
(Millenium) and docetaxel will need to be conducted to determine true efficacy
or synergy with cytotoxic chemotherapy.

4.2. Histone Deacetylase Inhibitor
Histone acetylation is a normal posttranslational modification of the core

nucleosomal histones in the DNA. The histones are key proteins of chromatin
that ultimately impact gene regulation. Histones are deacetylated by histone
deacetylase (HDAC). Inhibitors of HDAC have the potential to reverse epige-
netic transcriptional silencing that may or may not have occurred as a result
of DNA methylation.

HDAC inhibitors currently being evaluated in clinical trials include phenylbu-
tyrate (Medicis, Scottsdale, AZ, USA), suberoylanilide hydroxamic acid (SAHA)
(Merck), MGCD0103 (MethylGene), PXD101 (CuraGen and TopoTarget),
FK228 (Gloucester Pharmaceuticals), and MS275 (Schering AG). Phenylbu-
tyrate (Medicis) and SAHA (Merck) have been evaluated in phase I trials of
patients who were primarily metastatic hormone-insensitive prostate cancer
patients. No PSA responses were reported (65,66). Similar with the other single-
agent trials of targeted agents in prostate cancer, there is an underwhelming
response with regards to effect on serum PSA despite encouraging preclinical
studies (67). SAHA (Merck), PXD101 (CuraGen and TopoTarget), and
MS275 (Schering AG) are currently in phase II trials or combination phase I trials.

FK228 (Gloucester Pharmaceuticals) was evaluated in a phase II trial in
patients with hormone-insensitive prostate cancer (68). Two of 18 patients
have had a 50% decrease in PSA and 1 of 18 patients had a 40% decrease in
PSA. Accrual into the study is still ongoing.

5. ANTI-VASCULAR TARGETING AGENTS

5.1. Angiogenesis Inhibitors
Most novel angiogenesis inhibitors modulate the VEGFs and their signaling

pathways. Inhibitors of angiogenesis stop new blood vessel formation from
existing vasculature by potentially halting supply of blood and nutrients to the
cancer. There is a vast group of novel agents and pathways not discussed in
this chapter including matrix metalloproteinase inhibitors, cyclooxygenase-2
inhibitors as well as many other growth factor families discussed earlier in this
chapter that have either direct or indirect effects on angiogenesis.



Chapter 18 / Targeted Therapy Trials for Prostate Cancer 393

5.1.1. Vascular Endothelial Growth Factor Inhibitors

Six VEGF ligands and three VEGF receptors play critical roles in tumorige-
nesis and angiogenesis. Binding of the ligands to their receptors results in initi-
ation of the intracellular-signaling pathways, both in parallel and downstream.
It is the parallel, cross-talk signaling that occurs with VEGF and other nearby
proteins that make the process of angiogenesis complex.

VEGF has been determined to be overexpressed in serum and tissue in
patients with prostate cancer, and high levels of serum VEGF correlated with
decreased survival in men with metastatic hormone-insensitive prostate cancer
(69,70). Preclinical studies support the inhibition of the VEGF axis with a
single agent or in combination with cytotoxic chemotherapy (71).

Bevacuzimab (Genentech), a humanized murine monoclonal antibody
against the VEGF receptor, evaluated in combination with docetaxel and estra-
mustine resulted in 81% of metastatic, hormone-insensitive prostate cancer
patients experiencing a greater than PSA decrease of 50% (72). There
were significant thrombotic events attributed to estramustine in this study,
and a subsequent phase III study of docetaxel/prednisone plus bevacuzimab
(Genentech) or placebo (CALGB90401) is underway without the estramustine.
Accrual to this study was initiated in April 2005.

Additional monoclonal antibody in development includes 2C3 (Peregrine)
and VEGF-Trap (Bristol Meyers Squibb). Prostate cancer-specific trials with
these two agents have not yet been reported.

There are many oral small molecule compounds that target the tyrosine
kinase domain of VEGFR being developed and are currently in clinical trials.
Sunitinib (SU011248) (Pfizer), AZD2171 (Astra Zeneca), ZD6474 (Astra
Zeneca), PTK787/ZK 222584 (Novartis), and CP-547,632 (OSI Pharmaceu-
ticals) are among the many agents in clinical trials in solid tumors. AZD2171
(Astra Zeneca) was evaluated in a phase I trial in patients with metastatic
hormone-insensitive prostate cancer (73). No prostate cancer-specific phase II
trials have yet been reported. Combination studies with cytotoxic chemotherapy
in phase I trials are also underway.

5.1.2. Thalidomide

Thalidomide, initially developed in the early 1950s to treat morning sickness
in pregnant women, resulted in severe teratogenic effects and was subse-
quently taken off the market. Thalidomide has resurfaced as treatment for
erythema nodosum leprosum, HIV disease, graft-versus-host disease, and
multiple myeloma. Improved understanding and appropriate precautions have
enabled thalidomide to be used as a potential anti-angiogenic agent in prostate
cancer.

Thalidomide as a single agent was evaluated in a randomized, phase II
trial in men with metastatic hormone-insensitive prostate cancer (74). Eighteen
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percent of the men treated with a lower dose of 200 mg orally daily experienced
a greater than 50% reduction in the PSA response rate. The combination
of thalidomide with docetaxel also resulted in 53% of men experiencing a
greater than 50% reduction in the PSA response rate compared to 37% of
men treated with docetaxel alone, albeit these results were not statistically
significant (75). However, drug toxicity in these trials was significant including
venous thrombosis, transient ischemic attack, and stroke.

Neoadjuvant thalidomide along with GM-CSF is currently being investigated
in high-risk men undergoing radical prostatectomy (76). Administration of
thalidomide for a maximum of 8 weeks prior to surgery resulted in induction
of PTEN, Ki-67, CD3, and CD68. Patient accrual and additional biomarker
studies are ongoing.

Newer generation thalidomide analogs known as immunomodulatory drugs
(IMiDs) including lenalidomide (Revlimid) (Celgene), CC-5013 (Celgene), and
CC-4047 (Celgene) are currently being evaluated in phase I and II trials in men
with prostate cancer either as single agents or in combination with docetaxel
chemotherapy (77–79). Lenalidomide (Revlimid) (Celgene) was approved in
June 2006 for the treatment of multiple myeloma.

5.1.3. Vascular Targeting Agents

The two types of vascular targeting agents (VTAs) currently available
include ligand-directed agents effecting tumor endothelium and small molecule
agents indirectly effecting tumor endothelium. Agents evaluated in clinical
trials include combretastatin (Oxigene), ZD6126 (Astra Zeneca), DMXAA
(Antisoma PLC), and AVE8062 (Aventis) (80–82). Results are eagerly awaited
for DMXAA (Antisoma PLC) as it is now in a phase II prostate cancer clinical
trial in combination with docetaxel.

6. SUMMARY

There are many targeted agents being evaluated in prostate cancer, all at
different phases of clinical trials. Additional promising targeted agents include
radiopharmaceuticals, bisphosphonates, nutriceuticals, and immunotherapy.
Most of the novel targeted agents discussed in this chapter had promising
preclinical data that supported the initial clinical study rationale. The global
lack of PSA response achieved in men treated with single-agent-targeted agent
is disappointing. Moreover, the contribution of the targeted agent to an already
active chemotherapy regimen in the combination trials is difficult to ascertain.
There is an urgent need for additional biomarkers other than PSA to help guide
drug development of these novel targeted agents.

This chapter did not describe treatment-related toxicities of each novel agent
in great detail. Fortunately, most of the single-agent-targeted treatment trials
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did not result in traditional toxicities as frequently seen in with cytotoxic
chemotherapy, but the toxicities that were reported, such as rash and fatigue,
were significant and should not be underestimated. The toxicities associated
with angiogenesis inhibitors including hypertension, thrombosis, bleeding,
proteinuria, and bowel perforation are not common, but when they occur, they
may be devastating.

Drug development of targeted novel agents is a rapidly evolving and
complex process. Appropriate trial design, identification of new and relevant
biomarkers to better assess drug activity and disease response, and close
monitoring of toxicities will efficiently advance the discovery of exciting and
new treatments for patients with prostate cancer.
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1. INTRODUCTION

Androgen deprivation therapy (ADT) has been the standard of care for
patients with advanced prostate cancer for over 50 years. Most patients
will respond to this treatment by demonstrating symptomatic improvement,
regression of metastases, and almost always by a decline in prostate-specific
antigen (PSA) levels. However, the median duration of response to ADT
is only 18–24 months for patients with metastatic disease. About 30–40%
of patients will respond to further hormonal manipulation, but the majority
will become refractory to this treatment within months. Metastatic hormone
refractory prostate cancer (HRCaP) is both morbid and rapidly progressive,
with a median survival of 18–20 months.

Until recently, no therapy had been shown to prolong life in men with HRCaP.
Chemotherapy was historically viewed as ineffective in part because for many
years, the development and recognition of effective treatment for prostate cancer
was hampered by difficulties in assessing patient response to therapy. Early
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clinical trials of chemotherapy in patients with advanced disease enrolled patients
with symptomatic disease, high tumor burden, and poor performance status:
in these trials, objective response rates were less than 10% (1,2). However,
the recognition of both PSA response as an assessment of activity and palli-
ation of symptoms as clinically meaningful led to a reevaluation of the role of
chemotherapy in treating HRCaP.

In the 1990s, PSA became widely available and was soon adopted as a marker
of response in clinical trials. Evidence showed that post-therapy decline of PSA,
and the dynamics of that decline, could be used to predict survival (3–5). In 1999,
the Prostate Specific Antigen Working Group established a definition of PSA
response as a ≥50% decline in PSA, confirmed by a second PSA value at least 4
weeks later, without clinical or radiographic evidence of disease progression (6),
a definition now widely accepted by clinical investigators. During these years,
investigators also focused on examining whether chemotherapy was of palliative
benefit (7). Pain scales and instruments to assess quality of life were developed
and used as primary and secondary endpoints in clinical trials. The approval by
the US Food and Drug Administration of the first chemotherapeutic agent for use
in HRCaP, mitoxantrone, was based largely on its palliative benefit.

In 2004, two important phase III studies were published demonstrating for
the first time that chemotherapy provided a survival benefit in patients with
HRCaP. Both studies utilized docetaxel-based regimens, and docetaxel plus
prednisone has become the standard first-line therapy for HRCaP. As a result,
efforts to study this agent both in combination with other established agents
and with novel chemotherapeutic and targeted therapies have been initiated.
Following the model established in other solid tumors such as colon and breast,
docetaxel is also being investigated in patients with early-stage disease at
high risk of recurrence after definitive therapy. This chapter will discuss the
evolution of chemotherapy’s role in the treatment of HRCaP, the recent trials
showing a survival benefit to docetaxel-based regimens in HRCaP, and the
promising new regimens for both advanced and early stage disease now in
development.

2. CHEMOTHERAPY FOR ANDROGEN-INDEPENDENT
PROSTATE CANCER

2.1. Demonstrating Clinical Benefit to Chemotherapy in HRCaP:
Mitoxantrone and Prednisone

Clinical trials of chemotherapy conducted in the 1970s and 1980s demon-
strated limited benefit in patients with HRCaP. However, with the introduction
of PSA response as a measure of drug activity, quality of life measures as
clinical outcomes, better supportive therapy, and a more rational approach to
the selection of chemotherapeutic agents, there were hints that chemotherapy
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might provide clinical efficacy. In the late 1990s, two randomized trials demon-
strated for the first time that chemotherapy provided a clinical benefit to patients
with HRCaP. In these trials, mitoxantrone plus corticosteroids were shown to
provide significant improvements in quality of life and pain relief in these
patients. Despite the fact that neither trial provided evidence of improvement
in survival, this regimen became the standard against which future regimens
were judged.

The first of these trials was a Canadian multi-institutional study published
in 1996 that examined mitoxantrone plus prednisone versus prednisone alone
in men with symptomatic HRCaP (8). One hundred sixty-one men were
randomized to receive mitoxantrone (12 mg/m2 every three weeks) plus
prednisone (10 mg daily) or prednisone alone. The primary endpoint was pain
response, as assessed by a sustained two-point reduction in pain on a six-point
validated pain questionnaire; secondary endpoints included degree and duration
of response, quality of life, and overall survival. Patients who failed treatment
with prednisone were permitted to crossover to the mitoxantrone arm. In men
treated with combination therapy, a significant improvement in pain response
(29 vs. 12%, p = 0.01) and duration of pain relief was seen (43 vs. 18 weeks,
log-rank p < 0.0001). Toxicities included grade 3 or 4 neutropenia in 45%,
though only 1% developed neutropenic fever, and possible cardiac toxicity
associated with mitoxantrone in 4%. Of note, there was no statistically signif-
icant difference in PSA response rate, but men with a PSA response were
significantly more likely to achieve a palliative response.

In a subsequent Cancer and Leukemia Group B (CALGB) trial, 242 men
with HRCaP were randomized to mitoxantrone (14 mg/m2 every 3 weeks)
plus hydrocortisone (40 mg daily) or to hydrocortisone alone (9). The primary
endpoint was overall survival; secondary endpoints included time to disease
progression, time to treatment failure, PSA and objective response rates, and
quality of life. This trial included both symptomatic and asymptomatic men:
more than 90% of patients had bone metastases, but 37% of patients had no
analgesic requirement at baseline.

As in the Canadian study, no significant difference in survival was found
(12.6 months for hydrocortisone vs. 12.3 months for combined therapy).
However, small but statistically significant increases in median time to disease
progression and to treatment failure were seen in the mitoxantrone arm (2.3
vs. 3.7 months, p = 0.0254 for treatment failure and p = 0.0218 for disease
progression). A post hoc analysis revealed that a higher proportion of patients
in the mitoxantrone arm achieved a PSA response (38 vs. 22, p = 0.008).
In addition, patients who achieved ≥50% decline in PSA from baseline had
a significant improvement in survival (20.5 vs. 10.3 months; log-rank, p <
0.001). Although overall pain response was not significantly improved with
the addition of mitoxantrone, statistically significant improvements in the
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frequency and severity of pain were reported. This difference between the two
trials is most likely due to the number of patients reporting pain at enrollment:
while pain was a prerequisite for enrollment in the Tannock study, only one-
third of patients required analgesics at the time of study entry in the CALGB
study.

As a result of these two studies, mitoxantrone plus prednisone emerged as
the standard against which other chemotherapeutic regimens were measured.

2.2. Demonstrating a Survival Benefit in HRCAP:
Docetaxel-Based Chemotherapy

In 2004, two important randomized controlled trials demonstrated for the
first time that chemotherapy improved overall survival in patients with HRCaP.
Both the TAX 327 and SWOG 9916 trials compared docetaxel-based regimens
to the standard mitoxantrone plus prednisone. These trials provided confir-
mation of data from multiple phase II studies that had suggested that docetaxel-
based regimens could prolong life in these patients.

2.2.1. Single-Agent Docetaxel

In the 1990s, preclinical data emerged suggesting that prostate cancer
cells were particularly sensitive to mitotic spindle inhibitors such as vinca
alkaloids and the taxanes (10). Both preclinical and phase II clinical trials
identified docetaxel as particularly promising. Docetaxel is a semisynthetic
taxane thought to exert its cytotoxic effect through at least two distinct mecha-
nisms. It is known to bind to tubulin subunits, inhibiting microtubule disas-
sembly and leading to apoptosis. It has also been shown to inactivate the
antiapoptotic protein bcl-2, which is overexpressed in prostate cancer cells and
has been associated with both chemotherapy and androgen resistance (11,12).

Phase II studies using docetaxel as a single agent evaluated both weekly and
every 3-week schedules (Table 1). PSA response rates were similar between
the two schedules, ranging from 38 to 64%, and up to 40% of the patients in
these trials had an objective response. Myelosuppression was more pronounced
in the every 3-week schedule, with neutropenia seen in up to 70% of patients.
TAX 327 was a phase III trial designed to compare these two dosing regimens
to each other and to the standard mitoxantrone plus prednisone.

2.2.2. TAX 327

The TAX 327 clinical trial compared two schedules of docetaxel plus
prednisone to mitoxantrone plus prednisone (13). This phase III multi-center
clinical trial enrolled 1006 men with hormone refractory disease to (i) mitox-
antrone 12 mg/m2 every 3 weeks, (ii) docetaxel 30 mg/m2 weekly for 5 weeks
of a 6-week cycle, or (iii) docetaxel 75 mg/m2 every 3 weeks. All patients
also received prednisone 10 mg daily. The primary endpoint of this study
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was overall survival; secondary endpoints included PSA response, objective
tumor response, pain response, and quality of life endpoints using the validated
Functional Assessment of Cancer-Prostate (FACT-P) questionnaire. Ninety
percent of patients had bone metastases at enrollment, and 45% of men reported
pain at baseline.

After a median follow-up of 20.7 months, men treated with docetaxel on
either schedule demonstrated a significant prolongation in overall survival
as compared to mitoxantrone [hazard ratio (HR) 0.83, p = 0.04]. This
improvement in median survival was significant for the every 3-week docetaxel
arm as compared to mitoxantrone (18.9 vs. 16.5 months, HR = 0.76, p =
0.0009) but not for weekly docetaxel: median survival in the weekly docetaxel
arm was 17.4 months (p = 0.36).

Docetaxel also demonstrated statistically significant improvements in
secondary endpoints. Compared to mitoxantrone, every 3-week docetaxel also
demonstrated statistically significant improvements in PSA response rate (45
vs. 32%, p < 0.0005) and pain response rate (35 vs. 22%, p = 0.01). Patients
receiving docetaxel also had significant improvement in quality of life measures
as compared to patients treated with mitoxantrone.

The treatment was well tolerated in general though adverse events were
more common in the docetaxel arms. The highest rate of completion of all
cycles of therapy was seen in the every 3-week docetaxel arm and the lowest
in the mitoxantrone arm (although this rate may reflect the lower activity of
mitoxantrone). Grade 3–4 neutropenia was seen in 32% of patients in the every
3-week docetaxel arm, as compared to 1.5% of men in the weekly docetaxel
arm and 22% men in the mitoxantrone arm. However, febrile neutropenia
was a rare occurrence, seen in less than 3% of men. Left ventricular ejection
fraction impairment was more common in the mitoxantrone arm compared with
the docetaxel arms (22% in the mitoxantrone arm, 10% in the every 3-week
docetaxel arm, and 8% in weekly docetaxel, p = 0.0015 for each comparison).
Adverse events leading to treatment discontinuation included musculoskeletal
or nail changes, peripheral neuropathy, fatigue, infection in the docetaxel arms,
and cardiac dysfunction.

2.2.3. Docetaxel Plus Estramustine

The second study, SWOG 9916, compared docetaxel plus estramustine
to mitoxantrone plus prednisone (14). The inclusion of estramustine in this
regimen was based on preclinical and early clinical data suggesting that estra-
mustine acted synergistically with docetaxel and that this combination was an
active and well-tolerated regimen.

2.2.3.1. Estramustine. Estramustine is a conjugate of estradiol and norni-
trogen mustard initially synthesized as targeted therapy: the estrogen moiety
was to target cancerous cells, and the nitrogen mustard would be cleaved in the
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cell, activating the alkylating agent. However, subsequent study has revealed
that its antiumor activity is the result of binding to tubulin and microtubule-
assembly proteins. Although estramustine has modest single-agent activity in
prostate cancer, it has been shown to act synergistically with other microtubule-
inhibiting agents such as the vinca alkaloids and the taxanes and with etoposide
(15–17). Phase II clinical trials of estramustine in combination with agents
including paclitaxel, vinorelbine, vinblastine, and etoposide confirmed the
activity of these regimens (Table 2).

2.2.3.2. Estramustine Plus Docetaxel. Beginning in the early 2000s, phase
II clinical trials suggested that estramustine plus docetaxel was the most active
of these combinations (Table 3). PSA responses ranging from 4(5) to 68%
were reported, and median survival ranged from 13.5 to 20 months. Although
this regimen also appeared superior to docetaxel plus prednisone in phase II
data (Table 1), significant toxicity is seen with the addition of estramustine.
Grade 3 nausea and vomiting are more frequently reported, and estramustine
has been associated with a thrombosis rate of approximately 10%, most likely
as a result of its estrogen moiety. The use of prophylactic anticoagulation
with low-dose warfarin and/or aspirin has been suggested, but to date, no
randomized controlled trial has demonstrated its utility in preventing throm-
boembolic complications. However, given its promising clinical performance,
docetaxel plus estramustine was evaluated in a phase III clinical trial.

2.2.4. SWOG 9916

In the SWOG 9916 trial, 674 eligible patients with hormone-refractory
prostate cancer were randomized to every 3-week cycles of docetaxel (60
mg/m2) and estramustine (280 mg three times daily for days 1–5) or the
standard dose of mitoxantrone plus continuous prednisone as described above
(14). Doses of docetaxel and mitoxantrone were escalated to 70 and 14 mg/m2,
respectively, for men who did not experience grades 3 and 4 toxicities after the
first cycle. The primary endpoint was overall survival; secondary endpoints
included progression-free survival, objective response rate, and degree of PSA
decline. Eight-five percent of patients had bone metastases, but the majority
of patients reported minimal pain.

After a follow-up of 32 months, median survival was 20% longer in patients
receiving docetaxel plus estramustine (17.5 vs. 15.6 months, p = 0.02). Median
time to progression was also significantly improved in the docetaxel arm (6.3
vs. 3.2 months, log-rank p < 0.001), as was the PSA response rate (50 vs.
27%, p < 0.001). The objective tumor response rate was also improved but did
not achieve statistical significance (17 vs. 11%, p = 0.15). Self-reported pain
relief was not significantly different between the two arms.

Adverse events were more common in the docetaxel–estramustine cohort.
More patients discontinued treatment in the docetaxel–estramustine arm than in
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the mitoxantrone arm (16 vs. 10%). Grade 3–4 neutropenia rates were similar
between the two arms, but the incidence of febrile neutropenia was significantly
higher in the docetaxel–estramustine arm (5 vs. 2%, p = 0.01). Thromboembolic
events were also more common in the docetaxel–estramustine group despite
the addition of prophylactic warfarin and aspirin half-way through the trial.

Based on the evidence of clinical benefit of docetaxel-based chemotherapy
provided by these trials, the US FDA approved every 3-week docetaxel (75
mg/m2) plus prednisone (10 mg daily) as first-line chemotherapy in HRCaP in
May 2004.

2.2.5. The Role of Estramustine

Whether estramustine confers an additional survival benefit to docetaxel
therapy is not known. The preclinical and phase II data discussed above
suggest that response rates of docetaxel were improved with the addition of
estramustine. However, the overall survival seen in TAX 327 (18.9 months)
was similar to that achieved with the addition of estramustine in SWOG 9916
(18 months). To date, no direct comparison of the two regimens has been
made.

Indirect evidence of the potential contribution of estramustine stems from
two clinical trials comparing single-agent therapy, vinblastine or paclitaxel,
with or without estramustine (18,19). In both trials, PSA response and median
survival were improved with the addition of estramustine. For example, Berry
et al. randomized 163 men to weekly paclitaxel (100 mg/m2) with or without
estramustine (EMP) (280 mg for 3 days per week) for 3 of every 4 weeks (19).
Median survival was significantly prolonged for patients receiving estramustine
(16.1 vs. 13.1 months, p = 0.049). PSA response rate was also significantly
greater in patients who received estramustine (47 vs. 27%, p < 0.01). However,
thrombotic events were more frequent in patients who received estramustine.

Although EMP may improve response rate and possibly survival, the
absence of direct evidence supporting the use of estramustine in combination
with docetaxel, the toxicities of estramustine must also be considered: as
discussed above, estramustine is associated with significant thromboembolic
and gastrointestinal adverse events. As a result, most clinicians prescribe every
3-week docetaxel plus prednisone as first-line therapy for HRCaP.

2.3. Future Directions in Cytotoxic Chemotherapy in HRCaP
2.3.1. Taxane-Based Chemotherapy

Given the survival advantage seen with docetaxel-based chemotherapy,
efforts to identify other active taxane-based regimens continue. Investigators
have focused on combining docetaxel with other agents in both doublet and
triplet regimens. For example, doublet regimens combining docetaxel with
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vinorelbine have shown promise in phase II studies, and a phase III trial
comparing this regimen with docetaxel plus estramustine is ongoing (20,21).

A second approach has been to add a third agent to the combination of estra-
mustine and docetaxel or paclitaxel. Although early phase II trials combining
paclitaxel, estramustine, and etoposide did not demonstrate additional benefit
over doublet regimens, carboplatin has emerged as a promising addition to
both paclitaxel and docetaxel (Table 2) (22,23). For example, the CALGB
conducted a phase II study of docetaxel (70 mg/m2), carboplatin (AUC 5),
and estramustine (280 mg three times daily for 5 days) on a 21-day cycle
(24). Of 34 evaluable patients, 68% demonstrated a PSA response; patients
with measurable disease exhibited a 52% response rate (95% CI = 30–74).
Median time to progression was 8.1 months and overall survival was 19
months. The addition of carboplatin significantly increases toxicity, however,
and randomized trials will be needed to demonstrate additive benefit.

2.3.2. Novel Chemotherapeutic Agents

2.3.2.1. Satraplatin. Satraplatin is an oral third-generation platinum agent
with in vitro efficacy against taxane-resistant prostate cancer cell lines. Five
phase II or III clinical trials of satraplatin in prostate cancer have been initiated,
but three were terminated prior to achieving target accrual. One phase III
clinical trial, conducted by the European Organisation for Cancer Research
(EORTC), of satraplatin plus prednisone versus prednisone alone as first-line
therapy for HRCaP was recently terminated early by the sponsoring corporation
(25). However, preliminary results in the 50 men (out of a planned 380)
enrolled, both progression-free survival (5.2 vs. 2.5 months, p = 0.023) and
PSA response (33 vs. 9%, p = 0.046), were significantly improved. A phase III
clinical trial of satraplatin plus prednisone versus prednisone alone as second-
line therapy for men with HRCaP, the Satraplatin and Prednisone against
Refractory Cancer (SPARC), has been completed.

2.3.2.2. Ixabepilone. The epothilones are a novel class of chemotherapeutic
agents that act as microtubule inhibitors, but with a chemical structure distinct
from the taxanes. The epothilone B analog ixabepilone (BMS-247550) has
been shown to have preclinical and clinical activity in both taxane-sensitive
and -insensitive HRCaP cells (26). In a phase II clinical trial of single-agent
ixabepilone in HRCaP, 39% (16/41) of patients had a PSA response and median
progression was 6 months (27). The most frequent adverse effects included
hematologic and neurologic toxicity, with 17% reporting grade 3 neuropathy.
A randomized phase II clinical trial of ixabepilone (35 mg/m2) every 3 weeks
with or without estramustine (280 mg PO three times a day for days 1–5) in
92 patients with chemotherapy-naïve HRCaP reported a PSA response rate of
69% (95% CI = 55–82) in patients in the combination therapy arm and 48%
(95% CI = 33–64) of patients who received ixabepilone alone (28). Time to
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PSA progression was 5.2 months in the combination arm and 4.4 months in
patients treated with ixabepilone alone. Major toxicities included neutropenia
and neuropathy, and 9% patients receiving estramustine had a thrombotic event.

2.3.3. Chemotherapy Combined with Agents with Novel

Mechanisms of Action

The overall survival benefit seen with docetaxel-based chemotherapeutic
regimens has led to a concerted effort to combine docetaxel with other agents
with novel mechanisms of action. In recent years, an explosion in our under-
standing of the molecular basis of prostate cancer has taken place. Among the
many novel agents designed to exploit this knowledge are those that target the
endothelin-A (ET-A) receptor, calcitriol, mTOR inhibitors, epidermal growth
factor inhibitors, vascular endothelial growth factor-2 inhibitors, antisense Bcl-
2 oligonucleotide, bortezomib, and inhibitors of histone deacetylase. Several
of these classes of agents have been evaluated in combination with docetaxel.

2.3.3.1. Inhibitors of VEGF. VEGF may play a role in prostate cancer
growth and metastasis. Plasma and urine levels of VEGF are increased in men
with localized prostate cancer as compared to normal men and are even higher
in men with metastatic prostate cancer (29). Plasma VEGF levels at diagnosis
predict clinical and biochemical progression, and the level at diagnosis of
HRCaP may correlate with survival (30).

Bevacizumab is a humanized monoclonal antibody targeting VEGF.
A single-armed clinical trial conducted by the CALGB has combined
bevacizumab, docetaxel, and estramustine in 79 chemotherapy-naïve hormone-
refractory prostate cancer patients.

Initial results demonstrated that 53% (9/17) of patients had an objective
tumor response, and 65% of evaluable patients demonstrated a PSA response
(31). The CALGB is currently conducting a phase III double-blinded, placebo-
controlled clinical trial comparing docetaxel with or without bevacizumab.
Clinical trials employing combinations of docetaxel and the multiple kinase
inhibitors Sutent (SU11248) or Sorafinib (BAY 43-9006) are also underway.

Although thalidomide has pleiotropic effects, its mechanism of action is
unknown. One randomized phase II clinical trial evaluated thalidomide in men
with HRCaP, randomizing 75 men to treatment with weekly docetaxel (30
mg/m2) with or without thalidomide (200 mg/day) (32). After a median follow-
up of 26.4 months, a trend toward increased PSA response in the combined
therapy cohort was seen (53 vs. 37%). Median progression-free survival was
also increased at 5.9 versus 3.7 months. Of note, 18% (nine patients) in the
thalidomide arm had thromboembolic events, and prophylactic low molecular
weight heparin (LMWH) was added part-way through the trial. Although the
trial was not designed to test for a survival benefit, after a median follow-up
of 46.7 months, the median overall survival was significantly increased in men
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receiving combination therapy for docetaxel plus thalidomide (25.9 vs. 14.7
months, p = 0.04) (33).

The National Cancer Institute is conducting an ongoing phase II clinical
trial of combination therapy with docetaxel, prednisone, thalidomide, and
bevacizumab in men with chemotherapy-naïve progressive HRPC.

2.3.3.2. Endothelin-A Receptor Antagonists. ET-1 has been implicated
in the progression of prostate cancer as well as in the development of bony
metastases. ET-1 is a potent vasoconstrictor and has been shown to mediate
osteoblast growth and function (34). Levels of ET-1 rise with increasing tumor
burden, with the highest levels found in men with HRPC (35). The effects of
ET-1 are mediated through the ETA receptor subtype, overexpressed in prostate
cancer (36). Atrasentan is a small molecule selective ETA receptor antagonist.
In one randomized, placebo-controlled phase II clinical trial, atrasentan signif-
icantly delayed clinical progression in men with asymptomatic HRPC (34). A
phase III study failed to show clinical benefit in an intention to treat analysis
although signals of activity were once again noted (37).

Atrasentan in combination with chemotherapeutic agents is under investi-
gation. Initial results of a phase I/II clinical trial revealed no clinically signif-
icant pharmacokinetic interactions between atrasentan and docetaxel although
the MTD has not yet been reached (38). There is also currently a randomized,
placebo-controlled phase III clinical trial conducted by SWOG (S0421)
underway evaluating docetaxel and prednisone with or without atrasentan.

2.3.3.3. Calcitriol and Related Agents. High-dose calcitriol has been
demonstrated to have both antiproliferative and proapoptotic effects. Although
the mechanisms of calcitriol’s antitumor effects are incompletely understood,
they are thought to include induction of cellular differentiation of prostate
cancer cells, resulting in apoptosis (39). Calcitriol has also been shown to
potentiate the effects of chemotherapeutic agents in the preclinical setting
(40–42).

High-dose oral calcitriol in combination with weekly docetaxel demonstrated
high-response rates in a phase II clinical trial in 37 patients. Eighty-one percent
of men demonstrated PSA response and 22% had >75% reduction in PSA.
Fifty-three percent of patients had an objective response. Median time to
progression was 11.4 months; median overall survival was 19.5 months (43).
The regimen was well tolerated and similar to single-agent docetaxel.

The androgen-independent prostate cancer study of calcitriol enhancing
taxotere (ASCENT) was a double-blinded, placebo-controlled clinical trial
evaluating weekly docetaxel with or without DN-101 (a novel formulation of
high-dose calcitriol) (44). The combination showed a superior PSA response,
the primary outcome, but this benefit did not achieve statistical significance (58
vs. 49%, p = 0.16). Skeletal morbidity-free survival was also insignificantly
prolonged (HR = 0.78, p = 0.13). However, median survival was significantly
increased (23.5 vs. 16.4 months, HR = 0.67, p = 0.035). DN-101 was well
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tolerated, with no increase in AE in the experimental arm. A larger, randomized
phase III trial is underway.

2.3.4. Second-Line Chemotherapy for HRCaP

Despite the encouraging survival benefit seen in men treated with docetaxel-
based chemotherapeutic regimens, most men will eventually progress through
first-line chemotherapy. Beekman et al. found that in a cohort of 108
men treated initially with antimicrotubule-based chemotherapy, 81% of men
received second-line and 40% received third-line chemotherapy (45). Median
survival time from the start of therapy was 13 months for second-line and 12
months for third-line therapy. However, few prospective clinical trials have
evaluated second-line chemotherapeutic regimens in HRPC.

2.3.4.1. Retreatment with Docetaxel. Most men who discontinue
docetaxel as first-line therapy do so either because of progressive disease or
unacceptable side effects. For patients who take a “chemotherapy holiday”
because of minor side effects while still responding, retreatment with docetaxel
at the time of progression is appropriate (46). For patients who exhibited signif-
icant myelosuppression on every 3-week docetaxel, weekly docetaxel could be
considered.

One small study has suggested that lower-dose weekly docetaxel may be
effective in patients who progress on first-line docetaxel. Twenty-five patients
with PSA progression after docetaxel therapy were treated with docetaxel (35
mg/m2) for 3 weeks of a 4-week cycle. PSA response was seen in 72% (18/25)
patients and lasted a mean of 5.8 months (47).

2.3.4.2. Sequential Therapy with Mitoxantrone and Docetaxel. No
prospective clinical trials have evaluated the use of mitoxantrone or docetaxel
as second-line therapy. However, several investigators have examined patient
response when treated with mitoxantrone followed by docetaxel or the reverse
(Table 4).

One study that followed 68 patients who received mitoxantrone followed by
docetaxel or the reverse found that the PSA response rate to second-line therapy
was significantly higher in men receiving docetaxel as second-line therapy (44
vs. 15%, p = 0.012) (48). Median survival was no different between the groups,
but second-line chemotherapy was associated with a high incidence of adverse
events: 64% of patients receiving second-line docetaxel and 46% of those
receiving second-line mitoxantrone required dose modification or cessation of
therapy.

Oh et al. evaluated 68 patients who had been treated with a taxane followed
by mitoxantrone or the reverse (49). Responses to first-line taxane therapy
were seen in 69% of patients and to second-line taxane in 61%; however, only
12% of patients responded to first line, and 6% to second-line mitoxantrone.
Progression-free survival was longer with taxane-based therapy, whether used
first or second, but overall progression-free survival and overall survival were
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Table 4
Second-Line Chemotherapy for HRCAP

Trial Mitoxantrone → Taxanea Taxanea→ Mitoxantrone

Michels et al. (48) N = 33, RR 44% N = 35, RR 15%
Saad et al. (83) N = 20, RR 85% N/A
Oh et al. (49) N = 33, RR 60%, PFS 4 months N = 35, RR 6%, PFS 6

weeks
Joshua et al. (84) N = 20, RR 45%, TTP 5 months N/A

a All patients received docetaxel except for those enrolled in Oh et al. which included patients
who had received paclitaxel.

Adapted from Berthold et al. (46)

equivalent in both groups. Two further phase II trials of patients receiving
docetaxel after mitoxantrone are ongoing (Table 4).

2.3.4.3. Addition of Carboplatin. Although single-agent carboplatin has
modest activity in HRPC, carboplatin has been postulated to exert a syner-
gistic effect when combined with docetaxel-based chemotherapy in taxane-
refractory patients. A case series of four consecutive taxane-refractory patients
treated with docetaxel (60–70 mg/m2) plus carboplatin (AUC 4-5) has been
reported, demonstrating a 100% PSA response rate (4/4) and 75% improvement
in symptoms (3/4) (50). Treatment was well tolerated, and survival ranged
from 4.5 to 12 months. A clinical trial investigating this regimen is currently
underway.

2.3.4.4. Taxane-Based Chemotherapy after Ixabepilone. Rosenberg et al.
recently published a retrospective analysis of 49 patients who received taxane-
based chemotherapy after receiving ixabepilone with or without estramustine
as part of a randomized phase II clinical trial (51). Second-line PSA responses
were seen in 51% of patients (95% CI = 33–66). Patients who achieved a PSA
response with first-line therapy were more likely to respond to second-line
therapy with taxanes than those who did not (61 vs. 33%, p = 0.08). In addition,
fewer patients who discontinued ixabepilone therapy due to disease progression
demonstrated a PSA response than patients who discontinued based on toxicity
or patient preference (36 vs. 71%, p = 0.01).

3. CHEMOTHERAPY IN HIGH-RISK LOCALIZED
PROSTATE CANCER

Patients with high-risk, localized prostate cancer at diagnosis have been
shown to have a significantly reduced cancer-specific survival. Although men
with low- to intermediate-risk disease have long-term survival rates exceeding
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90%, men with high-risk disease (defined as clinical stage T3 or T4, a PSA
of ≥20 ng/mL, or a Gleason score of 8–10) have a 45% risk of death at
10 years (52).

Chemotherapeutic agents effective in advanced disease have been shown
to be beneficial in earlier stage disease in studies of breast, colon, and lung
cancer. Given the survival benefit seen with docetaxel-based chemotherapeutic
regimens metastatic in prostate cancer, efforts are underway to assess the
efficacy of such regimens in early stage prostate cancer.

3.1. Adjuvant Chemotherapy

In the 1980s, a clinical trial conducted by the National Prostate Cancer
Group randomized 184 patients with localized, advanced prostate cancer to (i)
2 years of oral cyclophosphamide, (ii) 2 years of estramustine, or (iii) obser-
vation (53). After 10 years of follow-up, the estramustine cohort demonstrated
an improvement in relapse-free survival, but no overall survival benefit was
seen. Currently, SWOG is conducting a randomized controlled trial comparing
hormone therapy with or without 2 years of mitoxantrone plus prednisone in
high-risk patients after radical prostatectomy.

With the demonstration of survival benefit with docetaxel in advanced
disease, adjuvant therapy with docetaxel-based regimens is being investigated.
A phase III study (TAX-3501) will randomize patients to observation, androgen
deprivation therapy (ADT) for 18 months, or ADT plus docetaxel (75 mg/m2

every three weeks) for six cycles. Patients in the observation arm who progress
will be randomized to ADT, with or without docetaxel.

3.2. Neoadjuvant Chemotherapy

The theoretical advantage to neoadjuvant chemotherapy is to eradicate
micrometastases and to decrease local tumor burden prior to definitive local
therapy. Studies in breast cancer have shown that neoadjuvant chemotherapy
with doxorubicin-based regimens can result in pathologic complete responses
at surgery, and these responses have been shown to predict disease-specific
survival (54,55). Neoadjuvant ADT has been shown to decrease the positive
surgical margin rate in prostate cancer, but no correlation with increased
disease-free survival has yet been found (56,57).

Many phase I and phase II studies have examined the use of neoadjuvant
chemotherapy in high-risk prostate cancer (Table 5). These trials have shown
that neoadjuvant chemotherapy is feasible and safe; in general, surgical compli-
cations were not significantly increased in these trials. However, the clinical
significance of the clinical outcomes reported is unknown. Many trials included
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hormone therapy or estramustine, which lowers testosterone and, not surpris-
ingly, PSA responses were seen in these trials.

Studies of docetaxel-based regimens reported PSA response rates of 24
to 60%, supporting the effectiveness of docetaxel in hormone-naïve prostate
cancer. A clinical trial currently underway at our institution randomizes patients
to definitive radiation therapy (70 Gray) plus 6 months of ADT with or without
weekly docetaxel. Patients randomized to the docetaxel arm receive 3 cycles of
neoadjuvant docetaxel at 20 mg/m2 for three of every 4 weeks prior to radiation
therapy, followed by seven cycles of docetaxel following the same schedule
during radiation therapy. The primary endpoint is a 5-year overall survival. The
CALGB (90203) will soon open a clinical trial that will randomize patients to
neoadjuvant ADT plus radical prostatectomy with or without up to eight cycles
of neoadjuvant docetaxel, with a primary endpoint of 5 year progression-free
survival.

At present, neoadjuvant chemotherapy is considered investigational and
should be undertaken only in the context of a clinical trial.

4. SUMMARY

The publication of two phase III clinical trials demonstrating a modest but
clinically significant survival advantage with docetaxel-based chemotherapy
has firmly established this regimen as the standard of care in HRPC. However,
despite these encouraging results, the prognosis of men with HRPC remains
poor. The future of prostate cancer treatment may need to build upon the
success of docetaxel in HRPC by combining docetaxel with both known and
novel chemotherapeutic agents and, as our understanding of the molecular
basis of prostate cancer grows, with novel “noncytotoxic” therapies. With the
benefits of chemotherapy in HRPC now undisputed, the application of these
established and novel therapies to earlier stage disease holds great promise.
Research efforts over the last decades have significantly improved both the life
expectancy and the quality of life experienced by men with advanced disease.
However, further research is needed to make prostate cancer a less debilitating
and less lethal disease.
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1. INTRODUCTION

We have witnessed dramatic improvements in the management of localized
prostate cancer over the last 20 years. Stage migration, most likely due to
screening efforts, combined with improvements in treatment modalities have
been largely responsible for these outcomes. Despite the improvements in
early detection and the slowly declining death rates, we will face significant
challenges in managing this disease in the near future.

Prostate cancer, the most common solid tumor in men and predominantly
a disease of older males, will become an increasingly important health care
issue. Because of declining death rates in the USA as a result of improve-
ments in conditions such as cardiovascular and smoking-related diseases and
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the emergence of the “baby boom” generation, we will unfortunately see an
increasing incidence of prostate cancer in the coming years. According to US
population statistics, about 10% of the US population was over the age of
65 in 2000. By the year 2030, it is expected that these men will comprise
approximately 19% of the US population (1).

Over treatment of prostate cancer is already a real concern today. SEER
(Surveillance, Epidemiology, and End Results—Program) data suggest that up
to 15% of prostate-specific antigen (PSA)-detected prostate cancer in Caucasian
men and up to 37% in African-American men might never have presented
clinically within the patient’s lifetime (2). At the present time, recommendation
is that “older” men with significant co-morbidities or a less than 10-year life
expectancy be considered for active surveillance if they had a non-aggressive
form of prostate cancer. A recent observational study has now questioned this
approach, as it suggested a reduced risk of mortality associated with active
treatment for low- and intermediate-risk prostate cancer in the elderly Medicare
population (2). As noted, this elderly cohort of men will grow dramatically.
Our burden going forward will be to more accurately characterize this disease
and define the optimum modality for a given patient, be it prevention, active
surveillance, or active intervention.

Risk stratification, a new concept in the 1990s, has assisted in optimizing
treatments in men, particularly those with high-grade disease (3). The good
news is that the use of PSA screening as a tool for early detection appears
to have reduced the numbers of men diagnosed with aggressive disease (4).
This concept of the multimodality approach to patients with adverse features
and at high risk for progression following definitive therapy is now generally
considered the standard of care. This multimodality strategy, used extensively
in the management of breast cancer, has lead to improved outcomes. Multiple
studies have confirmed the benefit of this approach in prostate cancer causing
combinations of hormonal therapy, chemotherapy, radiation, and surgery.

At present, standard clinical parameters such as clinical stage, Gleason score,
and PSA provide our most reliable predictors of disease outcome. While good,
none of these parameters are adequate to completely characterize the disease
in an individual patient. Additional markers, be they biochemical, molecular,
histologic, or imaging based are needed to further define the aggressiveness of
this common disease.

Early detection using PSA, multiple biopsies, and improved treatments
currently represent the most useful strategies to decrease prostate cancer (PC)
mortality. These parameters, coupled with improved treatments, have been
reliable markers of disease and have been key components that define our
treatment approaches to prostate cancer. What does the future of prostate cancer
diagnosis and treatment hold to further reduce the burden of prostate cancer?
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2. PROSTATE CANCER SCREENING

While the temporal evidence strongly suggests that screening for prostate
cancer has been beneficial, screening remains controversial. Many large organi-
zations such as the American Cancer Society and the American Urologic
Association endorse screening in men with a life expectancy greater than 10
years, but this is not uniformly accepted. The significant stage and grade
migration seen over the last 10 years is most likely due to PSA-based screening.
However until two large prospective screening trials are completed in the next
few years, screening for prostate cancer will likely remain controversial (5).

3. THE FUTURE OF PROSTATE CANCER IMAGING

Accurate staging of prostate cancer at initial diagnosis, as well as accurate
staging and tumor localization with biochemical recurrence, is inaccurate
with current imaging techniques. Newer modalities are being investigated to
accurately identify patients with prostate cancer at different stages of disease
that will replace standard bone scans, CT, and MRI in the future.

Enhanced transrectal ultrasonography modalities, including ultrasound
contrast agents, color and power Doppler, and elastrography, have demon-
strated incremental benefit when combined with standard gray-scale ultra-
sonography to accurately target and diagnose prostate cancer (6). Endorectal
MRI, with contrast enhancement and spectroscopic imaging, shows promise
in the initial staging of prostate cancer and help with treatment planning with
either surgical or radiotherapeutic approaches. The use of PET scan for prostate
cancer remains to be defined but may help delineate the site of recurrence with
biochemical failure after local therapy. Combining molecular imaging modal-
ities and the increased use of image-guided therapies will be the hallmark of
the future of prostate cancer imaging.

4. MOLECULAR CHARACTERIZATION
AND NEW TREATMENTS

As many authors have described in this book, efforts are underway to identify
and characterize molecular genetic alterations in all stages of PC and integrate
these findings into clinical practice (7). It will be important to understand
the timing of these alterations to identify evolution of the tumor as well as
the prognosis and potential of the specific targeted treatment therapies. The
so-called molecular profiling studies are needed that provide broad-spectrum
genomic and proteomic data that could prove useful for the discovery of these
new drugs and biomarkers.

The molecular genetics of PC are complex, and various different factors
interact in the development of the disease. As has been discussed in this
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book, prostate cancer at presentation has one of the most diverse potential
natural histories of any solid tumor. As in other tumors, the development of
PC is a multistep process through a series of morphologically distinct lesions
initiated by genetic and epigenetic changes. The extraordinarily high autopsy
incidence of prostate cancer in older men suggests that many complex factors
interact from the initiation to the progression of the disease. Prostate cancer
has been more difficult to study than other solid tumors due in part to the fact
that in a single radical prostatectomy specimen, multiple and heterogeneous
transformed clones may be present, of which only one may give rise to the
clinically significant cancer (8).

At present , it appears that the precursor to PC appears to be the high-grade
prostatic intraepithelial neoplasia (PIN). Proliferative inflammatory atrophy
(PIA) has been proposed as a precursor of PIN. Both these lesions are charac-
terized with high proliferative activity, and some chromosomal and genetic
changes that are present are also in invasive PC (8–10). Chemoprevention of
prostate cancer is of high priority and identification of pathways other than
hormonally activated will be a future challenge. PIN as a possible marker
lesion does provide an opportunity for prostate cancer chemoprevention.

Inheritable and somatic genetic alterations including deregulation of
oncogenes, tumor suppressor genes, and metastasis suppressor genes have been
proposed to be involved in the progression from localized androgen-dependent
states into androgen-independent and metastatic forms. As the prostate is a
hormonally sensitive organ, androgens, estrogens, and regulated growth factors
are intimately involved in carcinogenesis (10). The role of genes involved in
stress response, detoxification, and fatty acid metabolism is being clarified
and represent completely new areas of diagnostic, therapeutic, and prevention
targets (12–15).

The signaling and genetic concepts reviewed in this book will be rapidly
translated into patient care. In other cancers such as renal cell carcinoma,
similar basic science discoveries have been rapidly accepted. As just one
example, targeted therapies using the tyrosine kinase inhibitors sorafenib and
sunitinib have been approved in patients with advanced disease and are under
study as an early adjuvant therapy in renal cell carcinoma (16). The approvals
of these and other pending new drugs that block specific molecular targets are
just one example of the new direction in all future cancer therapies including
prostate cancer.

5. FUTURE SURGICAL APPROACHES

In some respects, the future of prostate cancer care is already here and
thriving. After the years of widespread acceptance of nerve-sparing radical
prostatectomy, laparoscopic prostatectomy became an accepted procedure in
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the late 1990s. The latest in minimally invasive radical prostatectomy was
rapidly eclipsed by robotic prostatectomy (17). The early data suggests that the
oncologic outcomes are equivalent for patient with low-risk prostate cancer,
and there may be advantages in blood loss and overall recovery. However, the
advent of robotic prostatectomy has come a major paradigm shift, one that is
likely to repeat itself in the new millennium. While robotic prostatectomy is
appealing to patients for its cutting-edge technology it has been largely driven
by marketing and consumer demand before there was a consensus amongst
experts in the field of prostate cancer. As surgeons gain experience with
merging this technology with oncologic and patient outcome analysis and are
able to critique the benefits and limitations, these more technologic approaches
to prostate cancer treatment will likely become more commonplace.

High-intensity-focused ultrasound (HIFU) is another high-tech approach to
prostate cancer ablation that has wide acceptance worldwide but is not yet
approved in the USA (18). There are several trials ongoing that will likely
make this technique available in the USA in the next 2–3 years. Cryotherapy
remains an area of continuing refinement with improvements in delivery and
image guidance expected to continue (19).

6. FUTURE OF RADIATION THERAPY

Over the last 20 years, several technological advances have enhanced the
planning and delivery of radiation therapy (RT), thereby allowing for dose
escalation to the whole prostate, with reduced toxicity and better disease-
free survival. These benefits have now been demonstrated in large multi-
institutional databases as well as multiple clinical trials and have resulted from
a wide range of RT delivery systems including proton beam therapy (20–24).
The current “standard” dose of primary RT for prostate cancer is now between
75 to 80 Gy, which is 10–20% higher than what can be safely delivered with
conventional RT techniques. To translate these therapeutic benefits into routine
clinical imaging of the prostate gland, verification of its position is required
during RT.

To accomplish this goal, image-guided radiation therapy (IGRT) has been
developed, to be used in conjunction with external beam RT and prostate
brachytherapy (PBT). Successful execution of IGRT depends on a detailed
understanding of a multiplicity of imaging modalities, the guidelines for target
definition, and the methods of real-time monitoring of prostate gland motion.
A review of published data shows that, with accurate imaging, accurate target
volume delineation, and target positioning, tumor control improves to 90%
without any notable increase in acute or late toxicity (25–31). Significant
toxicities associated with the critical normal tissues such as the rectum, small
intestine, bladder, urethra, and penile base limit the potential of dose escalation,
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particularly when concurrent hormonal therapy is given. Beyond simple target
localization and verification, there are active investigations to use fiducial
dosimeters to monitor on-line for the first time actual radiation dose delivery.

The development of IGRT created a new era of RT for prostate cancer.
Real-time electronic portal imaging with intraprostatic fiducial markers has
been shown to improve targeting accuracy in 25–50% of the cases, and the
commercial ultrasound-based system–BAT (developed by the Nomos Corpo-
ration, Swickley, PA)—is used to track prostate movement by the acquisition
of transverse and sagittal suprapubic ultrasound images. The next generation
of target volume localization and verification involves megavoltage CT and
cone beam CT. The implementation of IGRT has opened the door to achieve
higher than 85% disease control by focused, hypofractionated, high biologi-
cally equivalent dose of RT with IMRT or PBT. Proton beam RT has a proven
benefit for prostate cancer due to its physical characteristics, which lead to
high and conformal dose distribution in the tumor while reducing the entrance
dose and stopping the beam distal to the target. These novel approaches rely
heavily on IGRT technology and were considered experimental just a couple
of years ago. However, because of the potential significant improvement of
clinical outcome and accumulating clinical data, they are quickly becoming
standard treatment for prostate cancer at cancer centers and are moving into
community practice. While proton beam therapy facilities are very costly, it is
hoped that smaller and more cost-efficient units will allow the technology to
be more widely applied.

7. PROSTATE CANCER PRIMARY PREVENTION

The mandate from the NCI is to expand opportunities for cancer prevention
by 2015. As part of the NCI’s 2015 Challenge Vision for the Nation’s Cancer
Program, the NCI will “accelerate the discovery, development, and delivery of
cancer prevention interventions by investing in research focused on systems
biology, behavior modifications, environmental and policy influences, medical
and nutritional approaches, and training and education for research and health
professionals” (32). Prostate cancer is a high governmental priority in this
area. Prostate cancer provides a useful target for chemoprevention because
of its high prevalence, long latency time, hormonal dependency, identifiable
precursor lesions, and the presence of a serum marker, namely PSA. For these
reasons, many NCI and industry-sponsored trials are underway to identify
effective chemopreventive agents.

The National Cancer Institute has sponsored two large trials to inves-
tigate prostate cancer chemoprevention: the Prostate Cancer Prevention Trial
(PCPT) and the Selenium and Vitamin E Cancer Prevention Trial (SELECT)
(33). The latter evaluates treatment with selenium, vitamin E, and both
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supplements together. The PCPT used the 5-�-reductase inhibitor finasteride
(Proscar, Merck, Rahway, NJ, USA) to prevent prostate cancer in a prospective
randomized trial. The PCPT demonstrated a nearly 25% reduction in the
prevalence of prostate cancer compared to placebo. The Reduction by Dutas-
teride of Prostate Cancer Events (REDUCE) trial, launched in 2002, is a 4-
year, placebo-controlled trial of the second-generation 5-�-reductase inhibitor
dutasteride (Avodart, GSK Middlesex, United Kingdom), 0.5 mg/day, in
decreasing prostate cancer in high-risk patients (34). Other trials are investi-
gating cyclooxygenase-2 (COX-2) inhibitors with the results of these and the
SELECT and REDUCE trials expected in the next 2–3 years.

The first cancer-specific vaccine was made available for general use in
2006 (35). This targets several members of the HPV family of viruses that are
linked to cervical cancer. While no virus has been consistently identified in the
pathogenesis of prostate cancer, other non-viral-based vaccine strategies are
rapidly moving toward approval (36). These immunotherapeutic approaches
will be initially directed at advanced disease but will likely find a place for
study in the primary prevention of prostate cancer.

8. QUALITY OF LIFE ISSUES IN PROSTATE CANCER

While development treatment modalities have traditionally taken center
stage, issues surrounding the quality of life of these different treatments is
becoming increasingly recognized as an important issue (37). These patient-
centric issues are particularly important to quantify in a disease such as prostate
cancer where so many different treatment approaches are available from active
surveillance to aggressive and potentially life-saving multimodality therapy.
As noted, RT improvements have greatly enhanced the safety profile of this
modality. There is active research in areas such as penile rehabilitation, tissue
engineering, and nerve grafting following definitive therapy for prostate cancer
as well as strategies to reduce or eliminate side effects related to systemic
approaches such as hormonal therapy (38,39).

9. SUMMARY

In 1991, a panel convened by the NCI stated “Because prostate cancer rates
are increasing and the United States population is aging, the death rate will
increase again by 50% in the next 15 years.” (40). The report also cited 28,000
prostate cancer deaths per year. Although the male population has aged, it is
reassuring that these dire warnings have not been realized. Our 2007 estimate
for prostate cancer deaths in the US is 27,720; approximately the same as the
28,000 number from 1991 (41).

There was a gradual increase in prostate cancer deaths that peaked in the
early 1990s, prompting concerns that PSA screening had lead to a prostate
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cancer epidemic and over treatment of many men. Despite the dramatic changes
in the rates of prostate cancer diagnosis, reductions in the death rate from
prostate cancer have been noted, with mortality from prostate cancer in the
USA declining 2.6% a year from 1990 to 1998 (41). We recognize that many
men are currently over treated and rely upon investigations noted in this book
and elsewhere to provide the markers of aggressiveness to guide therapy in the
future. However, a key question is will the increase in the overall health and
length of life of males in the future make prostate cancer the increasing clinical
problem we fear today? Or, will we find the unexpected advances that changed
our colleagues 1991 predictions change our future predictions as well?

The authors of this 1991 report had no idea of the impact that PSA screening
would have on this disease. Since the mid 1980s, the average index cancer
found at radical prostatectomy decreased by over 50%, from 5.3 to 2.4 cc
due almost exclusively to PSA screening (42). However, the golden age of
the believers of PSA screening may be over. As these authors note, “today
the majority of PSA measured in men with prostate cancer is due to the BPH
component and not due to cancer.” The recently completed PCPT trial also
raised concern when many men with low PSA levels (<4.0 ng/ml) were found
to have prostate cancer, with many of them noted to be aggressive (43). PSA is
and continues to be a key component in our ability to detect the disease, guide
treatment decisions, and follow up for recurrence. The need for new markers is
clearly at hand and a high priority for the coming years, not only for screening
but for the identification of the clinically significant cancers considered by
many to be the “holy grail” of prostate cancer research today.

These slow and steady collective advances in this disease have been
beneficial although many questions and controversies remain. The “multi-
disciplinary” approach to prostate cancer in both scientific investigation and
patient care represents the new approach to this disease. Our colleagues in
diverse fields of epidemiology, sociology, nutrition, molecular biology, cellular
biology, radiology, urologic surgery, radiation oncology, and medical oncology
are to be commended and credited with this progress. Our patients and their
families are now also considered to be a part of this multidisciplinary team.

The new understanding about prostate cancer by patients is due to the
increased profile of prostate cancer in the media and unprecedented access
to medical information. Since the first book specifically dedicated to prostate
cancer was written in 1993, dozens more have followed as the public seeks
more and more information on prostate cancer (44). Today over 16 million
web sites contain some type of information on prostate cancer, some, unfor-
tunately, of questionable value. Prominent statesman, entertainers, and sports
figures have been willing to discuss this disease publicly over the last 15
years, something never seen before. The leadership of individuals such as
Michael Milken, a well-known public advocate for prostate cancer research
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and education, who penned the introduction to this book, has done much to
bring a more organized approach to research in this field. We look forward to
the next 15 years of developments and what the latest in scientific and techno-
logic advances will bring to further eradicate the morbidity and mortality of
this disease.
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