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Abstract
Prostate cancer (PCa) is the most commonly diagnosed noncutaneous malignancy and second
leading cause of cancer-related deaths in US males. Clinically, locally confined disease is treated
surgically and/or with radiation therapy. Invasive disease, however, must be treated with
pharmacological inhibitors of androgen receptor (AR) activity, since disease progression is
fundamentally reliant on AR activation. However, despite initially effective treatment options,
recurrent castration-resistant PCa often occurs due to aberrant reactivation of AR. Additionally, it
is appreciated that many other signaling molecules, such as transcription factors, oncogenes, and
tumor suppressors, are often perturbed and significantly contribute to PCa initiation and
progression to incurable disease. Understanding the interplay between AR signaling and other
signaling networks altered in PCa will advance therapeutic approaches. Overall, comprehension of
the molecular composition promoting neoplastic growth and formation of CRPC is paramount for
developing durable treatment options.
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Prostate cancer (PCa) is the most commonly diagnosed noncutaneous malignancy and
second leading cause of cancer-related deaths in US males. The prognosis for locally
confined disease is favorable with treatment by surgical resection and/or radiation therapy.
PCa at all stages is impingent on activity by the androgen receptor (AR) nuclear receptor,
and as such, treatment options for invasive disease relies on targeting this pathway.
Androgen deprivation therapy (ADT), often coupled with direct AR antagonists, is the
standard of care for disseminated disease, and affords patients with 24–36 months of disease
regression. However, despite initially effective treatment options, recurrent PCa (termed
castrate-resistant (CRPC)) is often detected due to aberrant reactivation of AR. Progression
to CRPC also accumulates perturbations in signaling pathways that propagate cell cycle
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progression and uncontrolled proliferation. The ability to understand the molecular
composition that promotes neoplastic growth, and drives formation of incurable CRPC is
paramount for developing durable treatment options. This review will focus on key
molecules that have been implicated in PCa initiation and progression including
transcription factors, oncogenes, and tumor suppressors.

Prostate Development and Hyperplasia
The developed prostate gland is comprised of luminal and basal epithelial cell layers
surrounded by stroma. Luminal epithelial cells are polarized, columnar cells that line
prostate lumen, and basal cells are elongated cells that separate lumen from stroma. These
cells are pathologically distinguishable based on various cellular markers. For example,
luminal epithelia express high levels of AR and are positive for cytokeratin 8 and 18, CD57,
and NKX3.1. Basal epithelial cells express low levels of AR, and stain positive for
cytokeratin 5 and 14, p63, CD44, and GSTP1. A rare cell type within this compartment are
neuroendocrine cells, which are AR-negative, post-mitotic, and secrete neuropeptides and
growth factors for luminal cell growth 1. Finally, while not discussed further here, stroma
plays a potential role in epithelial cell homeostasis and PCa progression 2, 3. Prostate
embryonic and postnatal development depends on multiple critical regulators of
differentiation, such as NKX3.1, Forkhead box A1 (FOXA1), and AR. The NKX3.1
transcription factor is a member of the NK subfamily of homeobox genes, which play a role
in organogenesis in multiple species. In prostate, NKX3.1 expression at embryonic day 15.5
represents the earliest prostate-specific gene, and is instrumental for development of
prostatic bud formation 4. In postnatal mice, NKX3.1 expression in luminal epithelial nuclei
corresponds with regions of active morphogenesis within the end of prostate buds, while
genetic deletion of nkx3.1 results in decreased ductal branching and altered secretory protein
production 4. Interestingly, although nkx3.1 is an androgen-regulated gene and castration of
adult mice decreases protein expression, NKX3.1 precedes androgen production, which
suggests there are alternative mechanisms to initiate expression during development 5.

Androgens and AR signaling is requisite for prostate cellular functions and architectural
maintenance. For example, androgen ablation during early stages of murine embryonic
development inhibits adult prostate development, and lack of functional AR results in
prostatic absence 6. ADT in developed prostate glands results in luminal epithelial cell
apoptosis and subsequent lumen involution, which can be rescued by testosterone
supplementation 7. AR signaling within the context of normal tissue promotes a pro-
differentiation gene signature and is important for differentiation of prostate terminal end
buds. Despite dependence on androgens for normal prostate development, there is limited
evidence to suggest that androgens autonomously promote PCa. Testosterone administration
does not increase the incidence of PCa, and serum testosterone levels and PCa risk are not
correlative 8, 9. These findings illustrate the differences in androgen function in developing
and normal prostate versus PCa, wherein androgens are potent mediators of cancer growth
and progression. Finally, FOXA1 transcription factor is expressed throughout all stages of
prostate development and maturation and regulates expression of AR target genes. Mice
with prostate-specific FOXA1 deletion contain improperly formed pubertal ducts composed
of immature luminal epithelial cells and an abundance of surrounding stroma. Furthermore,
FOXA1 is coexpressed with AR and regulates AR target gene expression. As will be
highlighted, deregulation of developmental genes in differentiated cells is a common
mechanism to promote aberrant growth and proliferation.

As men age, the incidence of hyperplastic lesions significantly increases, such that 80% of
80-year-old men harbor detectable benign prostate hyperplasia (BPH). However, BPH is not
a precursor to PCa and does not require treatment. In contrast, High Grade Prostate
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Intraepithelial Neoplasia (HGPIN) represents in situ adenocarcinoma and is recognized to
progress to PCa. HGPIN is a multifocal lesion identified by dysplasia of prostate luminal
epithelial cells and a decrease in basal layer cells. The vast majority of PCa are multifocal
adenocarcinoma, which contain invasive epithelia cells that are classified as luminal based
on cytokeratin staining. There is a great need to diagnose and treat PCa early while therapies
are effective and clinical responses are durable. One potential facet of PCa biology to
provide insight into tumor prognosis for therapeutic options is determining the PCa cell of
origin capable of tumor initiation.

PCa Cell of Origin
Luminal cells are the purported cell of PCa origin primarily due to luminal cell markers
present in PCa and the absence of basal cells. However, several recent studies have provided
evidence that basal and/or luminal epithelial cells could be tumor initiating. A prominent
mechanism to address questions of prostate gland formation, PCa initiation, and cell of
origin is tissue recombination, which involves injecting a combination of prostate epithelial
cells and murine urogenital sinus mesenchyme (UGSM) under the kidney capsule. This
technique results in development of a fully differentiated and functional prostate gland under
physiologic androgen levels, and enables manipulation of molecules required for prostate
gland formation. It was hypothesized that initiating cells resided amongst a subset of
epithelial cells capable of repopulating prostatic lumen following ADT-mediated involution.
Castrate-resistant Nkx3.1-expressing cells (CARNs) were identified as a rare population of
epithelial cells that survive androgen ablation and are only found in the luminal
compartment 10. CARNs promote a 9-fold growth of glands that contain luminal, basal and
neuroendocrine cells when repopulated following androgen supplementation, and when
clinically relevant genetic lesions were modeled in CARNs, such as PTEN deletion, there
was a rapid development of luminal PCa without the presence of basal cells 10. Using a
similar approach, human luminal prostate cells were sorted for basal cells, and found to be
sufficient to produce glandular structures containing both luminal and basal cells, which
suggested basal cells have a role in PCa initiation 11. In the same study, luminal epithelial
cells were not able to produce glands in tissue recombination experiments. Furthermore,
primary basal cells, but not luminal cells, transduced with AKT/ERG, or AKT/ERG/AR
were capable of promoting abnormal structures or adenocarcinoma 11. Finally, in contrast to
the aforementioned studies, basal and luminal cells were tracked using lineage-specific
keratin-14 and keratin-8-mediated expression of fluorescent proteins, respectively 12. The
authors determined that both cell types are independently capable of giving rise to PCa when
combined with PTEN deletion. Based on these studies, there is no definitive answer for
which cell type gives rise to PCa, which could be due to differences between human and
murine cells employed in tissue recombination, technical differences, or an incomplete
comprehension of cellular plasticity under dedifferentiation pressures. It is possible that
genes controlling differentiation status are variable between model systems or cell types and,
given the importance of these factors on disease state, have influence on the formation and
progression of PCa.

Developmental Genes Re-wired
As described above, throughout prostate development and maturation, genes such as nkx3.1,
FOXA1 and AR function to mediate gland formation and cellular differentiation. However,
aberrant activation of developmental genes within differentiated prostate epithelium can
promote hyperplastic proliferation and/or progression of PCa.
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A. NKX3.1
Nkx3.1 homeobox gene is one of the earliest expressed prostate-specific proteins that is
maintained and necessary at all stages of prostate differentiation and into adulthood.
NKX3.1 acts as a transcriptional repressor when bound to consensus DNA sequences by
recruiting co-repressor complexes or suppressing transcriptional activators. The gene is
located on chromosome 8p21, which is a region displaying loss of heterozygosity in 50% of
primary PCa and 80% of metastatic disease. NKX3.1 mutation has likely relevance for
human disease, as variants unable to bind DNA are linked to increased risk for PCa
development, and functional variants that result in reduced Nkx3.1 stability are a risk factor
for sporadic PCa. However, NKX3.1 is not typically considered a classical tumor suppressor
since loss is not sufficient for tumorigenesis, both alleles are not deleted in PCa, and
NKX3.1 is still significantly expressed in aggressive PCa 13.

Based on mouse models of PCa progression, the stage where NKX3.1 downregulation
occurs is variable. Analysis of established mouse models of PCa identified spontaneous
NKX3.1 loss coincident with PTEN loss or MYC overexpression-driven tumors. However,
in PTEN null tumors, NKX3.1 loss was detected in the earliest hyperplastic stages, while
MYC overexpression resulted in NKX3.1 loss during the transition from PIN to invasive
adenocarcinoma 14. Furthermore, only the PTEN mouse model recapitulates an “NKX3.1
loss gene signature” suggesting that timing of loss is important for activation of downstream
signals driving tumorigenesis. Recently, analysis of NKX3.1 binding sites from wild type
(WT), heterozygous, and null mice determined that NKX3.1 repressed and activated target
genes 15. Interestingly, one quarter of these targets were also direct MYC targets, which
NKX3.1 could antagonize direct interaction at gene promoters with MYC. Biologically,
NXK3.1 loss and MYC overexpression cooperate to promote tumorigenesis in mouse
models resulting in Low Grade PIN (LGPIN) and microinvasive cancer 15. Frequent
deletion of the NKX3.1-containing region in human PCa, and the ability to promote
hyperplasia and PIN in murine models strongly suggest that NKX3.1 plays a significant role
in the initiation of PCa.

B. AR
Years of work have aimed to understand the basis of AR reactivation and progression
toward CRPC. Although CRPC was initially described as “androgen-independent”, more
recent investigations demonstrated that recurrent AR activity is the key mediator of
progression to castrate-resistant stage. Numerous mechanisms to reestablish AR activity are
utilized in CRPC, and sufficient to drive progression. Prevalent means of AR reactivation
will be discussed below.

1. AR amplification/overexpression—The most common mechanism to reactivate AR
signaling is through increased expression, achieved through gene amplification or
upregulated protein levels. While most studies address the impact of increased AR
expression in progression to CRPC, mouse models demonstrate the ability of de novo AR
upregulation to promote murine PIN or PCa 16, 17. Clinically, however, AR amplification is
seen nearly exclusively in tumors that recur after ADT 18, suggesting there is a selection for
increased AR as a means to circumvent therapeutic intervention. Mechanistically, increased
AR expression sensitizes cells to sub-physiologic concentrations of androgen 19, overrides
inhibitory affects of AR antagonists, such as bicalutamide 20, and correlates with shorter
recurrence-free survival in patients 21. PCa cells with AR overexpression have an increased
number of AR-binding sites on chromatin that promote an altered androgen-dependent gene
signature 22. PCa cell xenograft models demonstrate that increased AR expression is the
only consistently detected aberration in tumors that are refractory to ADT 23 and,
importantly, elevated AR is significantly overrepresented in CRPC tumor samples,
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compared to benign tissue or untreated primary tumors 24. Given the ability of increased AR
in model systems to promote murine PIN and the lack or AR amplification in primary PCa,
understanding mechanisms to alter AR protein stability could afford new therapeutic
opportunities for treating early stage disease.

2. AR Mutations—AR mutations represent a selective response to ADT, and as such,
somatic mutations are uncommon in early-stage, treatment naïve tumors but are routinely
detected in CRPC patients. Germline mutations associated with cancer risk are rare in all
stages of PCa progression, although at least one missense mutation has been identified and
may predict early onset PCa 25. Most AR mutations are gain-of-function, which can be
mapped to the ligand-binding domain and result in androgen hypersensitivity or decreased
ligand specificity. For example, T877A is the most common point mutation, which is
located in helix 11 of ligand binding domain (LBD) and broadens ligand specificity such
that the anti-androgen, hydroxyflutamide (flutamide), can have partial agonist activity and
also be activated by other steroids (eg. estrogen, cortisol) 26, 27. Furthermore AR-T877A is
activated by endocrine disruptor, bisphenol A (BPA), which promotes AR transcriptional
activity and cell cycle progression in castrate conditions 28, 29. While the precise incidence
of AR mutations is still unclear, ranging from 8 to 25% of metastatic tumors, it is
hypothesized that mutations impact progression to CRPC 26. Recently, whole genome
sequencing of treatment naïve PCa and heavily treated CRPC tumors revealed that AR was
commonly mutated only in CRPC samples 30, 31. Sequencing of AR mRNAs from CRPC
metastases identified that, compared to treatment naïve tumors, patients treated with AR
antagonists flutamide or bicalutimide specifically contained LBD gain-of-function
mutations. Interestingly, mutational variations existed between different antagonist
treatments, suggesting that chemical compositions of therapies drive conformational
changes in AR that promote altered activity 32. Given the selection of AR mutations in
response to various therapeutic pressures, new individualized treatment regimens may be
necessary to specifically target mutated AR in CRPC patients.

3. AR Splice Variants—Recently, constitutively active AR splice variants (SVs), created
by gene splicing or genomic rearrangement, were detected in PCa cell lines and tumor
samples 33–35. For example, AR variant AR3/AR-V7 is the most abundantly detected
variant, and is linked to a 35-kb intragenic tandem duplication of AR exon 3 and flanking
sequences 34, 36, while ARv567es is produced by intragenic deletion of exons 5, 6, and 7 37.
Consequently, these variants remain constitutively active in the absence of the ligand-
binding domain, having maintained the elements necessary for their transcriptional
regulatory function (N-terminal AF1 and DNA binding domain) 38. Although variants retain
the elements necessary for AR function, it is unclear whether the ability to dimerize with full
length AR in vivo is affected. Based on siRNA-mediated depletion, both the necessity and
expendability of full length AR for SV expression was demonstrated 39–41. Although AR
SVs conserve the ability to drive classical AR target gene transcription (like KLK3/PSA),
there is interest in determining whether alternative gene signatures in CRPC cells are due to
SV expression 36, 40, 42. A SV gene signature, which was independent of FL AR, was found
to be unique from parental AR full length-driven transcriptional profile 40. This suggests the
ability of SVs to promote CRPC through alternative transcriptional output. However, the
impact of AR SVs in the clinical context of CRPC is only beginning to be appreciated.
Analysis of CRPC bone metastases detected AR3 variant transcript and protein, which
correlated with decreased rate of survival after surgery 43. Based on IHC staining and
transcript analysis of metastatic CRPC, compared to primary tumors, a significant increase
in SV-positive staining was observed with multiple variants detected per patient, yet there
was no correlation between SV expression and proliferation index of tumors 44. As most
current AR antagonists target AR LBD, presence of variants renders the cell refractory to
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effects of ADT. Thus, there is a critical need to elucidate the transcriptional network that is
controlled by these variants in order to more effectively combat these clinically challenging
tumors.

3. Posttranslational Modifications of AR—Numerous posttranslational modifications
(PTMs) of AR dictate activity, structure, and stability, including: phosphorylation,
ubiquitylation, SUMOylation, acetylation and methylation. Overall, the majority of PTMs
result in AR activation and are selected for during progression to CRPC. AR is capable of
being phosphorylated on sixteen different tyrosine, serine, or threonine residues, which
represents the most abundant PTM. For example, Ser81 is the most highly phosphorylated
residue in response to androgens and plays a role in AR-mediated cell cycle progression
manifest through AR binding to chromatin and transcriptional activity 45, 46. One potential
mechanism of AR protein upregulation, which is implicated in CRPC, is altered protein
stability mediated by ubiquitylation (Ub) and proteasomal degradation pathways.
Ubiquitylation of AR by CHIP and MDM2 E3 ligases promote protein degradation 47, 48,
while deubiquitylases cleave ubiquitin moieties from AR and increase protein expression
due to degradation bypass 49. AR Ub is also implicated in transcriptional activation since
RNF6-mediated Ub increases AR activity without altering protein stability 50, and MDM2
Ub of AR at gene promoters is necessary for AR turnover and effective transcription 51.
Small Ubiquitin-like MOdifier (SUMO) addition is similar in structure to Ub, although it
reduces transcriptional activity without altering protein stability 52. Therefore, Ub and
SUMOylation are two PTMs that inhibit AR activity. AR acetylation by several
acetyltransferases occurs primarily in the hinge region and increases transactivation, and
reversal of this process by HDAC/SIRT1 is inhibitory 53. Acetylation and phosphorylation
appear to be integrated since acetylation-dead AR mutants are not as efficiently
phosphorylated 54. Finally, AR lysine methylation by SET9 increases activity by regulating
N- and C-terminal interactions and recruitment to target genes 55, 56.

Although AR PTMs are all capable of modulating AR activity and influencing PCa
progression in vitro, there is limited evidence of clinical implication. In one study, AR serine
210 phosphorylation, mediated by Akt, was identified to correlate with decreased survival in
hormone-therapy refractory patient samples 57. Together with in vitro data demonstrating
AR pSer-210 activates AR under low androgen conditions 58, it is proposed that AR
phosphorylation mediates progression to CRPC. While biochemically intriguing, most
PTMs have not been studied within the context of clinical disease and need to be translated
to the patient setting to understand clinical utility.

4. Intratumoral androgen synthesis—An alternative mechanism to reactive AR
signaling in absence of circulating androgens is autocrine androgen production by prostate
tumor cells. Multiple studies examining the enzymes necessary for androgen synthesis in
PCa specimens demonstrated that all components are present and many are elevated in
metastatic or recurrent tumors 26. Key enzymes responsible for conversion of cholesterol to
androgen precursors (CYP17A1 & HSDD3B2) were shown to be nearly 10-fold higher in
metastatic PCa, while reduction enzymes, AKR1C3 and SRD5A1/2, responsible for
conversion of precursors to androgen, were elevated 8 and 9.2 fold respectively 59. Such a
robust increase in androgen production machinery likely increases local concentrations of
available androgens during CRPC, reactivating AR signaling cascade. It is possible that
tumors with intratumoral androgen synthesis are not truly castration resistant and could
represent a treatable patient population with combinational therapy targeting localized
androgen synthesis and AR activity.

Inhibition of cholesterol metabolism to testosterone has led to clinically viable options for
treating CRPC tumors. Abiraterone acetate (Abiraterone) inhibits CYP17A1 enzymatic
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activity, which converts cholesterol into androgen precursors. Abiraterone treatment
effectively decreases growth of PCa bone metastases 60 and is FDA approved for treatment
of metastatic PCa with prior docetaxel treatment 61. However, Abiraterone treatment is
capable of selecting for resistance due to increasing intratumoral levels of CYP17A1 62, and
promoting accumulation of androgen precursors capable of activating AR 63. Therefore, it
may be necessary and advantageous to combinatorially treat PCa patients with CYP17A1
inhibitors and AR antagonists to abrogate resistance.

5. New Approaches to Target AR Signaling—AR antagonists are initially effective
against invasive PCa, but AR perturbations are selected that diminish overall efficacy of
prolonged treatment and give rise to CRPC. Therefore, alternative strategies of inhibiting
AR are imperative for durable treatment of aggressive PCa. Second generation AR
antagonists, such as MDV3100 and ARN-509, are currently in clinical trials and have
greater preclinical efficacy than Casodex 20, 64. Casodex acts as a partial antagonist by
binding AR in place of androgen, resulting in nuclear translocation, binding to DNA, and
recruiting corepressors to inhibit transcription. In comparison, MDV3100 impairs AR
translocation and blocks recruitment to DNA, which functions to more profoundly inhibit
AR transactivation 20. Based on phase I/II clinical data, 22/30 men with CRPC had steady
PSA level declines, with nearly half obtaining greater than 50% reduction 65. Early
AFFIRM phase III trial results comparing MDV3100 with placebo in over 1000 patients
demonstrated 37% reduction in the risk of death 66. ARN-509 is earlier in phase I/II trials,
but preclinical experiments demonstrated greater efficacy in xenograft models and improved
bioavailabilty, compared to MDV3100 64. Alternatively, targeting the unstructured AR N-
terminal domain, rather than the LBD like other antagonists has made EPI-001 a novel AR
antagonist currently in preclinical testing. EPI-001 reduces AR transcriptional activity by
disrupting coactivator recruitment independent of ligand binding and effectively inhibits
xenograft tumor growth in mice 67. Therefore, if clinical testing validates preclinical
findings, EPI-001 should potently inhibit constitutively active AR SVs that are not affected
by traditional LBD-targeting antagonists. Finally, AR antisense oligonucleotides, such as the
third generation EZN-4176, have shown promising preclinical results due to downregulation
of AR expression 68, and are in phase I/II clinical trial. Although novel AR antagonists are
still awaiting approval for clinical applications, they will greatly enhance first line treatment
options for patients and potentially give physicians a mechanism to target sustained AR
activity in CRPC.

C. FOXA1
AR activation results in binding to enhancer and promoter elements on DNA and culminates
in transcription of target genes. ‘Pioneer’ transcription factors were identified to rearrange
chromatin structure from a closed to open state to enable binding of transcriptional
regulators, such as AR. FOXA1 binding facilitates AR accessibility to chromatin and has
been shown to coincide with the majority of AR-binding sites 69. Despite a high degree of
AR and FOXA1 overlap, depletion of FOXA1 does not completely abrogate AR recruitment
to chromatin but redistributes AR binding and promotes a new gene profile 69, 70. Overall,
FOXA1 in PCa appears to both inhibit and promote AR binding to regulate cell-specific
transcriptional programs 71. Interestingly, FOXA1 has a similar influence on AR chromatin
accessibility in apocrine breast cancer cells, which lack estrogen receptor expression but are
AR positive and sensitive to AR antagonism 72, 73. Analysis of PCa samples indicates that
FOXA1 is elevated in primary PCa, independently predicts for shorter time to PCa death 69,
and is highly expressed in CRPC metastases 74, 75. Non-silent mutations in FOXA1 DNA-
binding domain were identified in primary PCa, which could influence interaction between
FOXA1 and target genes. Overall, FOXA1-mediated regulation of AR binding drives a
specific gene profile that appears to govern primary PCa, CRPC, and a subtype of breast
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cancer. Based on in vitro FOXA1 depletion studies, it is unclear whether targeting FOXA1
would attenuate AR activity and tumor growth, or if new AR binding sites would promote a
similar tumorigenic signaling network.

Oncogenes and Tumor Suppressors in Prostate Cancer
Oncogene activation and tumor suppressor abrogation are common events in initiation and
progression of most cancers, though relatively few are implicated in PCa. As whole-genome
sequencing becomes commonplace, our understanding of oncogene drivers and tumor
suppressor gatekeepers will expand. Currently, there are several molecules altered in PCa
initiation and progression. The prototypical oncogene Myc and the product of
TMPRSS2:ETS gene fusions are often elevated throughout the course of disease
progression. Additionally, the PI3K/AKT/mTOR pathway is regularly activated in PCa due
to loss of tumor suppressor PTEN, while RB activity and/or expression loss promotes
CRPC.

A. Myc
Oncogenic transformation of prostate epithelial cells differs from most solid tumors because
there are few bona fide oncogenes implicated in PCa initiation and progression. The proto-
oncogene, Myc, is a transcription factor that regulates expression of genes involved in nearly
every biological process, and is often upregulated in PCa. In non-transformed cells, Myc
expression is tightly controlled because while increased expression can promote growth and
proliferation, it can also drive cell senescence or apoptosis. myc is located at chromosome
8q24, which is a locus often found amplified in PCa. As such, myc amplification is detected
in roughly 30% of PCa patients but there remains some discrepancy as to whether Myc is
overexpressed or amplified in primary tumors 76, 77. Myc overexpression is sufficient for
immortalization and transformation of human prostate epithelial cells 78, and Myc alone is
capable of promoting tumor formation in tissue recombination experiments 79. Similarly,
mice engineered to maintain ‘Super-Lo’, ‘Lo’, or ‘Hi’ levels of Myc expression 80 all
developed PIN lesions spontaneously, and Lo and Hi models progressed to invasive
disease 81. Conversely, Myc was shown to initiate progression of epithelial cells to PIN and
invasive PCa only when combined with other oncogenic lesions, such as PTEN/p53
heterozygosity 82, although Myc expression levels or mouse genetics could account for
discrepancies.

In addition to the role of Myc for PCa initiation, the relationship between Myc expression
and PCa progression has also been assessed. myc amplification is significantly higher in
metastatic tumors, compared to primary, and Myc protein levels correlate with disease
progression 83, 84. Although it is not clear if Myc amplification causes CRPC or is selected
for during ADT, one study concluded that amplification was observed as a consequence of
endocrine therapy 85. In addition to expression levels, intracellular localization of Myc may
be a prognostic indicator. Under conditions of elevated Myc expression, nuclear Myc
protein was upregulated in PIN and prostate adenocarcinoma in the absence of
amplification 86. Additionally, high Myc expression in primary PCa predicted recurrence,
aggressive disease, and poor prognosis 83, 87, 88.

These data suggest that mechanisms distinct from gene amplification can influence PCa
progression. Despite data implicating Myc in disease progression, poor prognosis and
metastatic phenotype 89, this pathway cannot currently be targeted pharmacologically. Myc
amplification and/or expression status may be most useful to stratify patients for optimizing
therapeutic outcome.
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B. TMPRSS2:ERG Fusion
Chromosomal rearrangements in leukemias and sarcomas are known to play a role in
tumorigenesis, but are rarely found in cancers of epithelial origin 90. Recently, a fusion
between the 5′ untranslated region of transmembrane protease serine 2 (TMPRSS2), an
androgen-regulated gene, and the 3′ exon of ERG, an erythroblast transformation specific
(ETS) transcription factor family member, was discovered under conditions of ERG
overexpression. While there are several ETS family members capable of rearranging with
TMPRSS2, ERG is most commonly detected. Fusion is created through interstitial deletion,
which excises intragenic regions on chromosome 21 91, 92, or by interchromosomal
rearrangements between two independent chromosomes 21. Concordant with TMPRSS2 as
an AR target, androgen-mediated AR activation regulates TMPRSS2:ERG expression 93–95,
while fusion prevalence decreases upon castration of mice with TMPRSS2:ERG fusion-
positive xenografts 96. As a potential mechanism for AR-mediated fusion formation, acute
DHT stimulation was described to shorten distances between TMPRSS2 and ERG in
androgen-responsive cell lines, and AR mediated chromosome proximity and double strand
breaks 97, 98.

Given dependence on AR signaling, TMPRSS2:ERG fusions were initially hypothesized to
be critical for PCa initiation. However, numerous in vitro and clinical studies analyzing the
incidence of ETS fusions in PCa implicate invasion and metastasis functionality. In mouse
models, ERG upregulation was not sufficient for epithelial cell transformation, but did
corroborate with enhanced AR signaling and AKT/PI3K perturbation to promote invasive
PCa 99. ERG modulation did not correspond with changes in cell proliferation, but
overexpression induced a gene signature profile similar to networks associated with invasion
while ERG depletion increased expression of genes related to differentiated luminal prostate
epithelial cells 100. Despite AR-mediated regulation of TMPRSS2:ERG fusions, ERG can
negatively regulate AR by binding to the AR gene and promoting a dedifferentiated
‘polycomb gene signature’ via EZH2 101, 102. These data suggest that TMPRSS2:ERG may
maintain or promote PCa into a de-differentiated state that could contribute to a migratory,
mesenchymal cell phenotype.

Overall, approximately 50% of primary and metastatic PCa contain a variation of the fusion,
which correlates with poor prognosis 103, 104. Compared to fusion-negative patients, those
who presented with TMPRSS2:ERG-positive disease and participated in ‘watchful waiting’
treatment regimen had more aggressive disease and a poorer prognosis 105. The contribution
of TMPRSS2:ERG fusions in metastatic disease has been aided by rapid autopsy biopsies.
By comparing primary tumor and metastasis, it was concluded that the mechanism of fusion
rearrangement was conserved, and this suggested tumor aggressiveness could be predicted
based on rearrangements found in primary disease 91. Furthermore, analysis of hormonally
naïve PCa and CRPC demonstrated that selection for fusion-positive cells is not occurring
over course of tumor progression based on equivalent levels of TMPRSS2:ERG fusions 91.
TMPRSS2:ERG fusions gained significant attention because of the high incidence in both
primary and metastatic tumors, however, the impact on clinical treatment regimen is
questionable. Recently, TMPRSS2:ERG was identified to interact with poly(ADP-ribose)
polymerase 1 (PARP1) and DNAPKcs, which are both required for ERG-mediated
transactivation and invasion 106. Additionally, PARP1 inhibition significantly attenuated
growth of PCa cell xenografts, demonstrating a potential approach to treat ETS-fusion
positive tumors. TMPRSS2:ETS fusions have also increased interest in mining for
additional fusions that may be playing a role in PCa. To that end, SLC45A3-BRAF, ESRP1-
RAF1, RAF1-ESRP1, and C15orf21:MYC fusions were described in PCa107, 108. However,
additional study is needed to rigorously determine if the fusion is a consequence and
passenger of PCa progression or it actively promotes CRPC.
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C. PI3K/PTEN/AKT
Phosphatidylinositol 3-kinase (PI3K) functions by transducing signals generated by receptor
and non-receptor tyrosine kinases that govern cell growth, proliferation, survival and
motility. PI3K can drive cell proliferation through phosphorylation of membrane-bound
phospholipids, which recruits and activates AKT, and subsequently transduces a signal
transduction cascade through mammalian Target of Rapamycin (mTOR) 109. Conversely,
tumor suppressor phosphatase and tensin homolog deleted on chromosome 10 (PTEN)
opposes PI3K activity by PIP3 dephosphorylation, which abrogates PI3K-mediated
downstream signaling, including AKT and mTOR activation. Given the complex regulation
of PI3K activation it is not surprising that AKT, PTEN, and mTOR are routinely altered in
PCa 110, 111. For example, 70% of primary PCa are PTEN haploinsufficient, while complete
loss is often described in metastatic disease. pAKT is detected most often in high grade
(≥Gleason 8) PCa, compared to low grade (≤Gleason 7) PCa 112, which also correlates with
elevated mTOR activity.

Models of Pten loss in mice closely mimic human PCa based on timing of disease
progression 113, expression of molecular markers, such as downregulation of NKX3.1, and
similarities in gene expression profiles 114. Furthermore, these models provide evidence that
PTEN loss is involved in PCa initiation. For examples, heterozygous deletion of PTEN in
murine embryo fibroblasts (MEFs) significantly increases cell proliferation, whereas
homozygous deletion renders cells senescent via a p53-mediated mechanism 115, 116.
Overall, loss of a single PTEN allele is principal for initiation of early stage PCa, as this is
often detected in primary PCa, and loss of the second allele occurs in combination with
other aberrations to promote invasive cancer.

In addition to initiation, PTEN loss alters AR signaling and the cellular response to ADT,
and is a key determinant for CRPC formation. In mouse models of homozygous PTEN loss,
animals castrated as early as 2 weeks still developed PIN lesions and gene profiling
demonstrate that PTEN loss suppresses androgen-responsive gene expression by modulating
AR activity. Thus, PI3K and AR are involved in a reciprocal feedback loop under conditions
of PTEN deletion, such that PI3K inhibition activates AR and vice versa 117. Interestingly,
castrated PTEN WT mice and intact PTEN null mice express a similar AR gene signature,
suggesting that PTEN-mediated PIN is independent of AR signaling. In fact, PTEN
epithelial loss represses AR signaling in concert with increased EZH2 118. In human tumor
biopsies, AR staining was heterogeneous in PTEN null regions, but adjacent PTEN positive
regions stained uniformly for AR. Also, tumors were reliant on PI3K/PTEN/mTOR pathway
and showed additive benefit of combining ADT and mTOR, demonstrating utility of
combinatorial treatment. 118

PTEN loss or PI3K/AKT pathway activation is often found in invasive and metastatic
human PCa, however, PTEN deletion in mice fails to recapitulate fatal metastases 119. One
explanation of this observation is that PTEN loss alone can promote cellular senescence.
When PTEN loss is combined with other prominently altered pathways, which alone have
little influence on tumor initiation or disease aggressiveness, a cooperative effect can be
achieved. For example, loss of the tumor suppressor, p53, in concert with PTEN loss
increases tumor progression rate and drives lethal PCa progression 120. Additionally,
overexpression of human epidermal growth factor 2 and 3 (HER2/3) receptor tyrosine
kinases confer poor prognosis in PCa patients whose tumors have low PTEN expression,
and is sufficient to overcome PTEN-induced cellular senescence 121. Finally, BMI1
inhibition slows growth of PTEN-deletion-induced PCa, suggesting that BMI1 deregulation
can contribute to PTEN-mediated PCa progression 122.

Schrecengost and Knudsen Page 10

Semin Oncol. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



PTEN loss is a common event in PCa that appears to play a role in initial hyperplastic events
and can promote progression to invasive PCa and CRPC when combined with other genetic
insults, such as p53 loss, and overexpression of BMI1 and HER2/3. There are currently
numerous approaches being investigated to inhibit this pathway. mTor inhibitors have
shown some efficacy as single agents in vitro 123, however clinical trials have yielded less
promising results. Given that PI3K and AR reciprocally regulate functions 117,
combinatorial PI3K and AR inhibition is currently being pursued. Preclinical assessment of
this strategy identified a profound antiproliferative effect of combining PI3K inhibition and
AR antagonism, compared to single treatments, in the absence of PTEN 117. This
combination therapy represents the future of PCa treatment, whereby dual modulation of
dominant signaling nodes dramatically increases therapeutic efficacy.

D. RB
p130 retinoblastoma (RB) protein is a tumor suppressor inactivated in the majority of
epithelial cancers. RB functions to regulate cell cycle progression via binding to E2F family
members and suppressing E2F-mediated gene transcription. Phosphorylation of RB by
cyclin-dependent kinases (CDKs) results in inactivation and subsequent E2F-mediated cell
cycle progression 124. Within the context of cancer, absence of RB signaling allows cells to
improperly cycle, leading to aberrant proliferation.

Recently, RB loss was identified as being overrepresented in PCa metastases and CRPC 125.
When non-neoplastic tissue, PCa, and CRPC were applied to a previously defined RB loss
signature, only CRPC specimens clustered with the signature. Overall, greater than 70% of
metastatic CRPC specimens were RB negative, based on immunohistochemistry, and an RB
loss signature was associated with poor patient prognosis. Furthermore, modeling RB loss in
ADT-sensitive PCa cells was sufficient to confer castration resistant tumor growth. The
mechanism for this CRPC phenotype was identified to be E2F1-mediated activation of AR
gene transcription, which resulted in elevated AR protein expression 125. In patient samples,
AR inversely correlated with RB status, but directly correlated with E2F1. These data
demonstrate the ability of RB loss to impinge on AR signaling and attenuate ADT, which
represents a clinical biomarker for stratification of treatment strategies. For example,
patients with RB-negative tumors have been shown to respond to chemotherapy, while RB-
proficient tumors that have been inactivated through CDK-mediated phosphorylation may
demonstrate benefit from treatment with CDK inhibitors.

Polycomb Repression
Polycomb group (PcG) proteins were originally characterized in drosophila to regulate
expression of genes critical for development. Two main complexes, Polycomb Repressive
Complex (PRC) 1 and 2, silence genes by enzymatically modifying histones and altering
chromatin structure, and upregulation of PRC1/2 in cancers can block cell differentiation
and promote a stem cell phenotype 126. PRC1 contains BMI1 and RING1B, which are ring
domain-containing enzymes that add monoubiquitin moieties to lysine 119 of histone H2A
(H2AK119ub1) and perturb chromatin compaction. In comparison, PRC2 represses gene
expression by promoting di- and tri-methylation of lysine 79 on histone H3 (H3K79me2/3)
through EZH2 127. In particular, EZH2 is the most extensively studied enzyme of the PcG
proteins and is responsible for H3K79me3-mediated gene silencing. As these complexes
control expression of genes critical for development, BMI1 and EZH2 are often deregulated
in cancers 128 and promote initiation and progression of Pca 129. EZH2 regulation in PCa
can be controlled through gene amplification 130, microRNAs 131, ERG-mediated
activation 132, and Myc 133. Recently, EZH2 was identified to promote BMI1 expression by
repressing miRNAs that directly inhibited BMI1 expression 134, demonstrating a complex
interplay between EZH2 and BMI1.

Schrecengost and Knudsen Page 11

Semin Oncol. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Although AR is known to drive transcription of a large number of genes, there is also a large
cohort of understudied genes bound by AR and repressed. AR-repressed genes are enriched
for H3K79me3, and EZH2 occupancy is increased following AR activation. Interestingly,
many AR-repressed genes are developmental regulators that are equally suppressed in
embryonic stem cells. In support of the hypothesis that PRC1/2 perturbation alters
differentiation status in cancer, CRPC cells have basal repression of pro-differentiation
genes 135. Furthermore, EZH2 was identified in a PCa-specific repressive co-regulatory
network with histone deacetylases and ERG. EZH2 was capable of mediating repression of
AR-induced transcription. In particular, EZH2 has been shown to repress cytoskeletal
proteins, vinculin and E-cadherin, which increases metastasis and contributes to epithelial
dedifferentiation 136, 137. Clinically, PRC2 genomic sites and H3K79me3 marks in late-stage
aggressive PCa confirmed data from cell lines, indicating that developmental regulators
were repressed by EZH2 in PCa. Furthermore, similarly repressed genes were identified in
multiple metastatic tumors, and a ‘polycomb repressed gene signature’ derived from these
samples could predict for patient outcome 138.

BMI1 mediates epigenetic silencing by H2A ubiquitylation and is involved in DNA damage
and repair. However, AKT-mediated phosphorylation of BMI1 is critical for oncogenic
potential, such that BMI1 overexpression alone in a transgenic mouse model resulted in PIN
lesions, but in concert with PTEN haploinsufficiency (and increased AKT activity), invasive
PCa that recapitulated human disease was observed 112. Based on human samples, BMI1
expression is detectable in low grade PCa, BMI1 and pAKT correlate with an increased
pathological grade, and expression is maintained throughout disease progression 112.
Overall, altered EZH2 and BMI1 expression, as well as resultant genes alterations, represent
exciting therapeutic targets that control a tumor-specific transcriptional program not present
in normal tissue.

Genome-wide Analysis of PCa Genetic Alterations
The ability to assess all genetic gains, losses, and mutations has been applied to PCa and has
given great insight into the genetic landscape of this disease 139. The first reported study
sequenced the complete genome of 7 high grade primary PCa, along with matched normal
tissue 140. Overall, just under 1 somatic mutation per megabase (Mb) was detected, which is
comparable to breast cancer. Surprisingly, each sequenced genome contained an average of
100 inter- or intra-chromosomal rearrangements, such as TMPRSS2:ERG 139, 140.

Since that initial report, two additional studies have analyzed larger cohorts of patients to
understand the genetic alterations in an unbiased approach. Barbieri et al. sequenced 112
primary PCa tumors that were treatment naïve 30 while Grasso et al sequenced 11 localized
treatment naïve PCa tumors and 50 lethal, heavily pretreated CRPC tumors 31. In both
studies, rate of mutation was slightly higher than the initial study at 1.4 mutations per Mb
and 2.0 mutations per Mb (among CRPC tumors), respectively. These studies are of
diagnostic and therapeutic value because they identified new classifications of mutations and
potential targets. For example, SPOP was identified as a highly mutated protein in PCa.
When SPOP mutation-positive tumors were stratified for other mutation occurrences, it was
discovered that TMPRSS2:ERG fusions were never detected, and p53/PI3K/RB mutations
were significantly decreased 30. This could represent a new treatment option for patients
with specific SPOP mutations. A novel mutation in the pioneering factor FOXA1 was also
identified and shown to inhibit AR signaling and promote tumor growth 31. Given the
infancy of these publications, many of the detected mutation still require validation to
determine if there is any functional consequence. However, it represents the current
paradigm shift from single molecule research to genome-wide analysis.
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Conclusion
To date, there have been numerous molecules implicated in PCa initiation or progression to
CRPC, many of which can be inhibited in vivo (Figure 1). Modeling PCa in murine models
has provided extensive understanding of the phenotypic progression from PIN to PCa to
CRPC. However, comprehensive understanding of PCa initiation has remained elusive,
which is necessary for targeting pathways implicit in early stage disease and for abrogating
cancer growth prior to invasion and metastasis. Currently, assessment of molecules
implicated in initiation, such as NKX3.1, FOXA1, and Myc is based primarily on genetic
mouse models or correlative analysis from human tumor samples. Incomplete insight in this
process is further compounded by the inability to effectively target most molecules
associated with initiation. For example, Myc is historically difficult to inhibit
pharmacologically and is suggested to be ‘undruggable’. However, it was identified that
inhibition of molecules that support Myc oncogenic programs is a therapeutic option for
Myc inhibition 141. Similarly, understanding that cell-specific Myc targets are not all equal
could result in the targeting of targets to effectively inhibit Myc activity in PCa
initiation 142. Overall, our understanding of PCa progression to CRPC vastly outweighs
what is known regarding disease formation.

With the increased utility of whole genome sequencing, it is apparent that PCa treatments
will increasingly move toward precision medicine. Possessing the capability to determine
precisely what mutations and genetic aberrations are present in the tumor of a patient will
potentially propel the ability to effectively treat CRPC. However, as new technological
advances are attained, it will be necessary to determine how to understand the increasing
volumes of data. For example, despite the capability to determine every mutation in a tumor,
comprehensive appreciation of biological contexts or mutational crosstalk is not
manageable. Therefore, extensive validation of genetic alterations is crucial for translation to
therapeutic interventions. Overall, whole genome analysis has the potential to significantly
expand the landscape of molecules implicit to PCa.
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Figure 1. Molecules implicated in PCa initiation and progression
Initiation of PCa and progression to CRPC involves deregulation of numerous signaling
pathways. Expression of NKX3.1, FOXA1, and Myc is altered in early stage PCa, which
plays a role in disease initiation. However, there are currently no effective means to target
these aberrations. Additional molecules are perturbed in transition to CRPC and are capable
of being pharmacologically inhibited. TMPRSS2:ERG fusion expression promotes invasive
phenotypes and can be inhibited by PARP1 inhibitors, RB status (loss of expression or
function) can stratify patients for responsiveness to chemotherapy or CDK inhibitors, and
loss of PTEN expression increases PI3K/AKT/mTOR signaling, which can be inhibited with
targeted inhibitors. AR signaling is central to PCa and progression to CRPC. Prior to CRPC,
invasive PCa is treated with AR antagonist bicalutamide, although novel inhibitors
MDV3100, ARN-509, and EPI-001 are in clinical trials and may provide more effective
treatment options. In response to antagonists, AR activity is regained through increased
expression, gain-of-function mutations, constitutively active splice variants,
posttranslational modifications (PTMs), and intratumoral androgen synthesis. Abiraterone
inhibits autocrine androgen synthesis and is approved for CRPC treatment. Red and green
arrows indicate decreased or increased protein expression/activity detected in PCa,
respectively.

Schrecengost and Knudsen Page 21

Semin Oncol. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


