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Simple Summary: Approximately 1 in 8 men will be diagnosed with prostate cancer (PCa) at some
point in their lifetime. Five-year survival rate for patients with local or regionally spread disease is
near 100%, but this drops to 30% when the cancer has spread to distant sites. Androgen receptor
(AR) signaling plays a pivotal role in normal prostate development and PCa cell survival. Therapies
targeting the AR pathway are mainline treatments, but resistance is a major clinical problem. From the
literature and our own meta-analysis of PCa databases, we aimed to review the connections between
PCa genetic alterations and the AR signaling axis at the primary stage. Assessing how combinations
of PCa genetic drivers that arise in patients affect AR signaling will aid in stratifying patients who
will likely respond to AR-directed therapies, and those who will require other therapeutic agents
upfront in order to prevent disease progression.

Abstract: While many prostate cancer (PCa) cases remain indolent and treatable, others are aggressive
and progress to the metastatic stage where there are limited curative therapies. Androgen receptor
(AR) signaling remains an important pathway for proliferative and survival programs in PCa, making
disruption of AR signaling a viable therapy option. However, most patients develop resistance to
AR-targeted therapies or inherently never respond. The field has turned to PCa genomics to aid in
stratifying high risk patients, and to better understand the mechanisms driving aggressive PCa and
therapy resistance. While alterations to the AR gene itself occur at later stages, genomic changes at
the primary stage can affect the AR axis and impact response to AR-directed therapies. Here, we
review common genomic alterations in primary PCa and their influence on AR function and activity.
Through a meta-analysis of multiple independent primary PCa databases, we also identified subtypes
of significantly co-occurring alterations and examined their combinatorial effects on the AR axis.
Further, we discussed the subsequent implications for response to AR-targeted therapies and other
treatments. We identified multiple primary PCa genomic subtypes, and given their differing effects on
AR activity, patient tumor genetics may be an important stratifying factor for AR therapy resistance.

Keywords: prostate cancer; Androgen receptor; AR; genomics; hormone receptor; lineage plasticity;
therapy; resistance; subtype

1. Introduction

Prostate cancer (PCa), the most commonly diagnosed cancer in men in the United
States, remains the second leading cause of U.S. male cancer related deaths. The majority
of cases (89%) are diagnosed when the disease is localized to the prostate and neighboring
organs, providing a five-year survival rate of nearly 100%. However, once the disease has
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spread to distant sites, patients have a significantly lower five-year survival rate of 30% [1].
Developing novel therapies to treat metastatic PCa is critical. However, identifying tools to
better stratify the large percentage of local disease cases and treat aggressive cases upfront
is another important step in preventing PCa mortality.

The androgen receptor (AR), a steroid hormone nuclear receptor, is a critical tran-
scriptional regulator of epithelial lineage programing in the prostate [2]. AR functions as a
transcription factor activated by androgen ligands to control gene expression programs
responsible for many functions, including cell differentiation, growth and survival [3].
The AR signaling axis is a critical dependence for many early and late stage PCa tumors,
making AR-directed therapies a front-line treatment for local and metastatic disease [4–6].
These therapies include two general mechanisms of action: Depleting androgen hormone
levels, known as androgen deprivation therapy [7], and directly inhibiting AR function
using antiandrogens, such as enzalutamide. These therapies can delay disease progression
by an average of 2–3 years, but most patients develop resistance with the emergence of
castration-resistant PCa (CRPC) [8–10]. Unfortunately, at this point, there are not many
other long-term CRPC therapies. The duration of response to ADT and antiandrogens,
often in combination with other treatments, varies greatly among patients [11]. This poses
the question of whether underlying molecular features of PCa differentially drive the
response or lack thereof to these AR-targeted therapies. Despite many efforts, clinically
validated biomarkers predicting response to ADT have yet to be identified [11,12].

Many genomic alterations drive PCa, most predominately fusions and copy number
alterations, with mutations being less frequent [13–16]. The landscape of alterations be-
comes even more complex in metastatic disease, in part, due to varying selective pressures
inflicted upon tumors at this stage [13,17]. Particularly after ADT, these selective pressures
drive many changes in AR including AR gene amplification, rearrangements, mutations,
and alternative splicing [10,18]. Alterations to the AR gene itself are largely restricted to
the metastatic disease stage [15,19,20]. However, AR signaling, a central network in PCa,
can still be altered at the primary stage. Many prevalent genomic alterations in primary
PCa directly or indirectly influence AR signaling.

The development of better strategies to treat metastatic PCa is important and has
been extensively covered in the literature. In this review, we will instead focus on genomic
alterations that constitute primary PCa, and summarize the interplay between primary
PCa genomics and AR. Studies evaluating primary PCa have largely been focused on
individual genomic alterations. While these studies are important, single alterations largely
do not confer a difference in survival or understanding of therapy resistance [15,21]. Most
importantly, PCa, even at the early stage, is comprised of many co-occurring alterations.
Mouse models repeatedly highlight the insufficiency of single drivers to promote disease
development, and it is probable to assume the same is true in humans. In addition to
discussing individual genetic alterations, we will highlight alterations that significantly
co-occur and the joint implications these have on the AR axis. We will include a review of
the current literature, as well as discuss our own meta-analysis of primary PCa databases.
Finally, we will also review what is known about the relation of these genomic subtypes
to AR-targeted therapy response and other therapies that have preclinical indications for
specific alterations.

2. Individual Alterations

In order to gain a comprehensive picture of the genomic landscape of primary PCa,
we have evaluated the most common alterations across multiple independent cohorts:
TCGA [21], MSKCC [15], and BROAD [22]. The distributions of these alterations within
each cohort, based on the data available, are illustrated in Figure 1. While it is important
to note that heterozygous and homozygous deletions can have different functional con-
sequences, we have included both in our analysis to accurately represent the frequency
of alterations to these genes. Based on available RNA expression data, we have evalu-
ated trends for AR mRNA levels and AR-Score values across all individual alterations
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(Figure 2a,b). AR-Score is a generalized measure of AR transcriptional activity based on
expression of a panel of validated AR target genes [23]. The AR-Score and AR mRNA
levels are normalized across patients within each cohort. Evaluating AR mRNA does
not completely reflect the AR protein level, which would be ideal for understanding the
functional level of AR. Unfortunately, AR protein expression is not available for many
cohorts, so AR mRNA will be used to generally assess potential changes to AR expression
induced by PCa genomic alterations. AR-Score will be used as a better representation of
downstream AR signaling activity.
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Figure 1. Genomic alterations across multiple primary PCa cohorts. Meta-analysis of three independent cohorts of primary
PCa evaluating frequencies of the most common genomic alterations at this disease stage: TCGA [21], MSKCC [15], and
BROAD [22]. The MSKCC dataset had few samples with mutation data, so mutational frequencies are underrepresented
in this cohort. Shallow and deep deletions indicate heterozygous and homozygous deletions, respectively. Gain and
amplification indicate low-level and high-level copy gain, respectively. Calls for alterations are based on algorithms used
and parameters set within each cohort’s data repository.
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Figure 2. AR activity across primary PCa genomic subtypes. (a) Normalized AR-score values for patients with each
indicated alteration in the TCGA and MSKCC cohorts. (b) Normalized AR mRNA reads for patients with each indicated
alteration in the TCGA cohort. (c) AR Score values for subgroups of patients in the TCGA and MSKCC cohorts that
contain the alterations listed versus patients that contain none of the alterations listed. (d) Normalized AR mRNA reads
for subgroups of patients that contain the alterations listed versus patients that contain none of the alterations listed. All
data points represent medians (point) with interquartile range (lines). The dotted line is the average across all patients in
the cohort. Only available alterations or subgroups with at least 5 patients were included in analyses. Mann-Whitney test;
* p < 0.01, *** p < 0.0001, **** p < 0.00001, ns = not significant.
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Based on these analyses and the review of the literature, we will first discuss what
is known about the mechanistic relationships between each individual alteration, the AR
signaling axis, and AR-targeted therapies. However, as illustrated in Figure 1 and Table 1,
there are alterations that significantly co-occur within patients. These “subtypes” are more
clinically relevant to evaluate, so we will also discuss the joint implications of co-occurring
alterations on the AR axis and treatment response.

2.1. ETS-Factors

The most common genomic alterations in PCa involve the fusions of ETS family
transcription factors and AR responsive genes. The fusion between ERG and TMPRSS2 is
the most frequent, occurring in 46–51% of primary PCa cases (Figure 1) [24]. Other ETS
family fusions including those of ETV1, ETV4, and FLI1 occur less frequently in 1–9% of
primary cases (Figure 1) [24–26]. ETS factor fusions in the prostate are early events and
are not sufficient to drive PCa without concurrent alterations, such as PTEN deletions.
However, the overexpression of ETS factors in mice can promote precancerous lesions and
lead to increased invasion in human cultured cells [27–30]. Interestingly, AR plays a role in
generating these fusion events by bringing these chromosomal regions in proximity [31–33].

ERG in particular exhibits significant crosstalk with AR, and these interactions along
with the interplay with epigenetic modifiers have implications for PCa cell lineage pro-
gramming. AR transcriptionally controls the differentiated state of prostate epithelial cells,
while ERG functions to combat this and maintain a more de-differentiated cell state [34].
These two transcription factors control the divergent programs through a variety of actions.
ERG and AR bind many of the same genes, such as KLK3 (encoding PSA), but induce
opposite changes in expression [35]. Additionally, ERG can directly control expression
of AR and its target genes, as well as indirectly influence AR through interactions with
HDAC1 [36–38]. Our meta-analysis in Figure 2a illustrates this inverse relationship, with
ERG fusion positive cases exhibiting AR scores below or near the cohort average. This
trend was also true for ETV1 and ETV4 fusions. In a small clinical study, TMPRSS2:ERG
fusion tumors exhibited a potential increase in survival after ADT [39]. Alternatively,
some preclinical models suggest that ERG fusion positive PCa may respond to high dose
androgens [40]. Given that ERG fusions are very prevalent and often occur with many
other alterations, its implication for therapeutic responses are likely context dependent.

2.2. MAP3K7

Deletions of MAP3K7, present in 17–35% of primary PCa cases (Figure 1), are some of
the most common copy number alterations in primary PCa. MAP3K7 is a member of the
greater MAP kinase family that signals downstream to p38, JNK, and NF-kB, and is a bona
fide tumor suppressor in PCa [41]. MAP3K7 loss is sufficient for initiating precancerous
and cancerous lesions in tissue recombination mouse models, is associated with high-grade
PCa, and is linked to biochemical recurrence and prostatic brain metastases [42–46].

Despite the prevalence and clinical impact of MAP3K7 loss, very few studies have
evaluated its impact on AR activity. A putative mechanism of AR regulation by MAP
kinases is direct phosphorylation, but a link between AR phosphorylation and MAP3K7
loss has not been identified [47,48]. Our previous study demonstrated that MAP3K7 loss,
when co-lost with CHD1, is associated with increased AR activity [45]. Our meta-analysis
supports these initial findings. Patients with MAP3K7 deletions exhibited above average
AR scores but not AR mRNA levels (Figure 2a,b). A previous study from our group also
suggests that MAP3K7 loss sensitizes PCa cells to DNA damage and cell cycle inhibitors
through disruption of homologous recombination [49]. Many more studies focused on
MAP3K7 loss are needed however to better understand its mechanistic role in altering AR
activity and promoting aggressive PCa.
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Table 1. Co-occurrence and mutual exclusivity of alterations in the TCGA cohort.

Subtype A B Neither A Not B B Not A Both Log2 Odds
Ratio p-Value q-Value Tendency

MAP3K7: HOMDEL HETLOSS CHD1: HOMDEL HETLOSS 203 76 12 42 >3 <0.001 <0.001 Co-occurrenceMAP3K7,
CHD1, SPOP MAP3K7: HOMDEL HETLOSS SPOP: MUT = MISSENSE 210 88 5 30 >3 <0.001 <0.001 Co-occurrence

CHD1: HOMDEL HETLOSS SPOP: MUT = MISSENSE 272 26 7 28 >3 <0.001 <0.001 Co-occurrence
CDKN1B: HOMDEL HETLOSS MAP3K7: HOMDEL HETLOSS 180 35 83 35 1.117 0.004 0.017 Co-occurrence

CHD1: HOMDEL HETLOSS PARP1: HOMDEL HETLOSS 264 45 15 9 1.816 0.007 0.033 Co-occurrence
MAP3K7: HOMDEL HETLOSS PARP1: HOMDEL HETLOSS 209 100 6 18 2.648 <0.001 <0.001 Co-occurrence

ERG: FUSION MAP3K7: HOMDEL HETLOSS 92 123 89 29 −2.037 <0.001 <0.001 Mutual
exclusivityExclusive from

ERG ERG: FUSION ETV1: FUSION 153 151 28 1 <−3 <0.001 <0.001 Mutual
exclusivity

ERG: FUSION CHD1: HOMDEL HETLOSS 135 144 46 8 −2.617 <0.001 <0.001 Mutual
exclusivity

ERG: FUSION PARP1: HOMDEL HETLOSS 158 151 23 1 <−3 <0.001 <0.001 Mutual
exclusivity

ERG: FUSION FOXA1: MUT 168 152 13 0 <−3 <0.001 0.002 Mutual
exclusivity

ERG: FUSION MYC: AMP GAIN MUT =
MISSENSE 115 123 66 29 −1.283 <0.001 0.002 Mutual

exclusivity

ERG: FUSION ETV4: FUSION 167 150 14 2 −2.652 0.005 0.022 Mutual
exclusivity

ERG: FUSION SPOP: MUT = MISSENSE 146 152 35 0 <−3 <0.001 <0.001 Mutual
exclusivity

TP53: HOMDEL HETLOSS MUT SPOP: MUT = MISSENSE 194 104 34 1 <−3 <0.001 <0.001 Mutual
exclusivityExclusive from

SPOP PTEN: HOMDEL HETLOSS SPOP: MUT = MISSENSE 207 91 33 2 −2.859 <0.001 0.004 Mutual
exclusivity

SPOP: MUT = MISSENSE BRCA1: HOMDEL HETLOSS MUT 260 35 38 0 <−3 0.011 0.045 Mutual
exclusivity

ERG: FUSION PTEN: HOMDEL HETLOSS 151 89 30 63 1.833 <0.001 <0.001 Co-occurrenceERG, PTEN,
TP53 PTEN: HOMDEL HETLOSS TP53: HOMDEL HETLOSS MUT 181 47 59 46 1.586 <0.001 <0.001 Co-occurrence

ERG: FUSION TP53: HOMDEL HETLOSS MUT 141 87 40 65 1.397 <0.001 <0.001 Co-occurrence
PTEN: HOMDEL HETLOSS BRCA2: HOMDEL HETLOSS MUT 206 68 34 25 1.155 0.006 0.028 Co-occurrence

ATM, PARP1 PARP1: HOMDEL HETLOSS ATM: HOMDEL HETLOSS 285 17 24 7 2.29 0.003 0.017 Co-occurrence
RB1, BRCA2 RB1: HOMDEL HETLOSS MUT BRCA2: HOMDEL HETLOSS MUT 220 54 21 38 2.882 <0.001 <0.001 Co-occurrence
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Table 1. Cont.

Subtype A B Neither A Not B B Not A Both Log2 Odds
Ratio p-Value q-Value Tendency

RB1: HOMDEL HETLOSS MUT CHD1: HOMDEL HETLOSS 218 61 23 31 2.268 <0.001 <0.001 Co-occurrence
RB1: HOMDEL HETLOSS MUT SPOP: MUT = MISSENSE 224 74 17 18 1.68 0.001 0.008 Co-occurrence

PIK3CA PIK3CA: AMP GAIN MUT =
MISSENSE TP53: HOMDEL HETLOSS MUT 201 27 74 31 1.641 <0.001 <0.001 Co-occurrence

PIK3CA: AMP GAIN MUT =
MISSENSE

AKT1: AMP GAIN MUT =
MISSENSE 270 50 5 8 >3 <0.001 0.002 Co-occurrence

PIK3CA: AMP GAIN MUT =
MISSENSE MAP3K7: HOMDEL HETLOSS 188 27 87 31 1.311 0.002 0.009 Co-occurrence

PIK3CA: AMP GAIN MUT =
MISSENSE SPOP: MUT = MISSENSE 252 46 23 12 1.515 0.008 0.036 Co-occurrence

PIK3CA: AMP GAIN MUT =
MISSENSE CHD1: HOMDEL HETLOSS 237 42 38 16 1.248 0.011 0.045 Co-occurrence

FOXA1 FOXA1: MUT ATM: HOMDEL HETLOSS 294 8 26 5 2.821 0.004 0.018 Co-occurrence
FOXA1: MUT PARP1: HOMDEL HETLOSS 300 9 20 4 2.737 0.01 0.04 Co-occurrence

CHD1: HOMDEL HETLOSS FOXA1: MUT 274 46 5 8 >3 <0.001 0.002 Co-occurrence
MAP3K7: HOMDEL HETLOSS FOXA1: MUT 211 109 4 9 2.123 0.012 0.047 Co-occurrence
RB1: HOMDEL HETLOSS MUT FOXA1: MUT 237 83 4 9 2.684 0.002 0.01 Co-occurrence

MYC MYC: AMP GAIN MUT =
MISSENSE BRCA1: HOMDEL HETLOSS MUT 219 76 19 19 1.527 0.002 0.013 Co-occurrence

MYC: AMP GAIN MUT =
MISSENSE BRCA2: HOMDEL HETLOSS MUT 212 62 26 33 2.118 <0.001 <0.001 Co-occurrence

MYC: AMP GAIN MUT =
MISSENSE ATM: HOMDEL HETLOSS 224 78 14 17 1.802 0.001 0.007 Co-occurrence

CHD1: HOMDEL HETLOSS MYC: AMP GAIN MUT =
MISSENSE 209 29 70 25 1.364 0.002 0.01 Co-occurrence

MAP3K7: HOMDEL HETLOSS MYC: AMP GAIN MUT =
MISSENSE 169 69 46 49 1.384 <0.001 <0.001 Co-occurrence

PIK3CA: AMP GAIN MUT =
MISSENSE

MYC: AMP GAIN MUT =
MISSENSE 213 25 62 33 2.181 <0.001 <0.001 Co-occurrence

RB1: HOMDEL HETLOSS MUT MYC: AMP GAIN MUT =
MISSENSE 185 53 56 39 1.282 <0.001 0.004 Co-occurrence

TP53: HOMDEL HETLOSS MUT MYC: AMP GAIN MUT =
MISSENSE 178 60 50 45 1.417 <0.001 <0.001 Co-occurrence

Statistical analysis for trends of co-occurrence and mutual exclusivity between all pairwise comparisons of genomic alterations in the TCGA cohort. Only statistically significant trends are included. Significant
genomic subtypes, based on alteration co-occurrences, are highlighted in orange, and alterations that occur across multiple subtypes are shown in gray. Alterations that are mutually exclusive from one another
are shown in blue.
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2.3. CHD1

The deletion of CHD1 is another common alteration in primary PCa. CHD1 binds to
promoters of actively transcribed genes marked with H3K4me3 and facilitates nucleosome
turnover to activate transcription [50,51]. Present on chromosome 5q, CHD1 is deleted in
17–18% of primary PCa (Figure 1). While CHD1 loss is not sufficient alone for tumorige-
nesis in mouse models, it is a PCa tumor suppressor and cooperates with other genomic
alterations to drive disease progression [42,45,52]. While no direct interaction has been
identified between AR and CHD1, the CHD1 interactome does involve nuclear receptor
cofactors [52]. Recent studies have discovered that loss of CHD1 affects the distribution of
AR chromatin binding. Many loci are differentially or newly bound by AR, resulting in
more oncogenic expression profiles [45,52]. In concordance with its effects on AR chromatin
distribution, patients with CHD1 loss exhibited higher than average AR scores, but not AR
mRNA levels in our meta-analysis (Figure 2a,b).

The loss of CHD1 has also been shown to promote AR-directed therapy resistance
via dysregulation of chromatin [53]. This dysregulation permits more lineage plasticity,
allowing other transcription factors to drive PCa cells away from the traditional luminal,
AR-dependent lineage. Interestingly, CHD1 expression was specifically associated with
resistance to AR antagonist therapies but not to abiraterone treatments, an androgen syn-
thesis inhibitor. While this study involved a small clinical cohort, it still might suggest that
patients with loss of CHD1 would benefit more from androgen withdrawal treatment [53].
Our recent study demonstrates that CHD1 loss might contribute to enzalutamide resistance
at the primary disease stage, as well and predict biochemical recurrence [45]. Loss of
CHD1 has also been associated with sensitivity to other potential therapies including DNA
damaging agents [54,55].

2.4. SPOP

The most frequently mutated gene in PCa is SPOP, occurring in 13–15% of primary
PCa cases (Figure 1). SPOP functions as an E3 ubiquitin ligase adaptor protein, and confers
the substrate specificity for the ubiquitination complex [56]. Mutations in SPOP often result
in the loss of binding and subsequent increased expression of its targets [57–59]. The ex-
pression of the common SPOP F133 mutant is capable of enhancing the invasiveness of PCa
cells and driving prostate tumorigenesis in vivo in the context of other alterations [56,60].

AR and many AR cofactors are well-characterized SPOP substrates in PCa [56,60].
Dysregulation of these by mutant SPOP contributes to increased AR protein and AR target
gene expression [21,61–63]. Consistent with these findings, increased AR activity is seen in
PCa cell lines and tumors with SPOP mutations [64]. In the TCGA primary PCa cohort,
SPOP mutations had higher AR transcriptional activity than any other alteration [21,60].
Our meta-analysis highlights similar patterns. Patients with SPOP mutations exhibited
AR-scores significantly higher than average (Figure 2a). Due to the positive effects on AR
protein levels and activity, it is likely that tumors with SPOP mutations would be more
susceptible to androgen deprivation or AR-targeted therapy. While more work needs to
be done to make this association in patients, PCa cells expressing mutant SPOP are more
sensitive to androgen deprivation [40]. SPOP mutations may also confer sensitivity to
an HDAC3 inhibitor due to its upstream regulation of AR, as well as resistance to BET
inhibitors due to the stabilization of the SPOP substrate BRD4 [65,66].

2.5. PI3K Pathway

The Phosphoinositide 3-kinase (PI3K) pathway is often altered in primary PCa through
genetic alterations in components such as PTEN, PIK3CA, and AKT1. PTEN is an important
negative regulator of the pathway and at least one copy is deleted in 19–29% of primary PCa
(Figure 1) [67]. Loss of PTEN generally leads to increased AKT activity and is associated
with poor outcome [68,69]. Although less frequent, other members of this pathway includ-
ing PIK3CA and AKT1 are mutated or amplified in 5–16% and 2–3% of cases, respectively
(Figure 1).
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Many studies have shown an inverse relationship between AR signaling and PI3K
pathway activation [70–73]. AR target gene, FKBP5, stabilizes PHLPP1 and PHLPP2, impor-
tant phosphatases in the pathway, allowing for deactivation of phospho-AKT. This feedback
loop can, in turn, contribute to AKT-driven growth in castrate conditions, as androgen
deprivation leads to decreased FKBP5, PHLPP1 and PHLPP2 and increased AKT activation.
AKT is also able to phosphorylate AR and mark it for ubiquitination and degradation [74].
Our meta-analysis of primary PCa highlights the negative association between the PI3K
pathway and AR. Cases with PTEN loss displayed significantly below average AR scores in
multiple cohorts (Figure 2a). Interestingly, cases with PIK3CA amplifications demonstrate
slightly above average AR scores and AR mRNA levels, but it is hard to differentiate its
independent effects and those of co-occurring alterations (Figure 2a,b). Success of PI3K
pathway inhibitors has been limited in clinical trials, and given the reciprocal relationship
with AR, targeting one or the other independently would likely lead to resistance [75,76].
Further studies evaluating the potential dual inhibition of the PI3K and AR pathways are
warranted to better understand the potential clinical value in this approach.

2.6. TP53

TP53 participates in many tumor suppressing functions, and it is deleted or mutated
in 17–32% of primary PCa (Figure 1). This frequency greatly increases in metastatic CRPC
disease where TP53 loss is present in over 50% of cases [13]. Genetic mouse models
demonstrate insufficiency of Trp53 loss to drive disease progression on its own, although
some studies have seen evidence of precancerous events [77,78]. Given its role in DNA
damage response, the loss of TP53 also permits accumulation of more genomic changes
that can contribute to PCa disease progression [79,80].

Studies suggest that p53 intricately contributes to the regulation of AR. In PCa cell
lines, inhibition of p53 or TP53 overexpression both decreased AR-mediated signaling, and
TP53 loss of function was sufficient to decrease AR protein expression [81]. These results
suggest that a tight balance in p53 and AR levels is important for normal AR function, and
that disruption to this may contribute to disease progression. Likely, the clinical effects of
TP53 gene alterations on AR activity are dependent on other co-occurring alterations. In
our analysis, cases with TP53 deletions or mutations exhibited below average AR scores
and average AR mRNA levels across multiple cohorts, indicating that loss of TP53 in
primary PCa generally leads to decreased AR activity (Figure 2a,b). TP53 expression may
also have implications for sensitivity to chemotherapy in PCa. PCa cell lines transfected
with a dominant negative p53 mutant showed decreased sensitivity to chemotherapy,
while transfection of more advanced PCa cells lines that have mutant TP53 with WT-TP53
increased sensitivity [82].

2.7. Cell Cycle: RB1 and CDKN1B

Retinoblastoma, RB1, exhibits almost exclusively heterozygous deletions at the pri-
mary stage, occurring in about 17–44% of cases (Figure 1). Mouse studies have shown
that a loss of Rb1 alone causes hyperplasia that slowly progresses to PIN formation and
concomitant increase in proliferation [78,83]. Other than its control over cell cycle progres-
sion, RB1 also plays a role in regulating AR activity. RB1 loss increases E2F-1 activity and
expression of many of its target genes, including AR [83,84]. Subsequently, RB1 loss results
in increased AR target gene expression and castrate resistant growth in PCa cell lines. In
our meta-analysis of primary PCa, but the loss of RB1 displays average AR scores and AR
mRNA levels across cohorts (Figure 2a,b).

CDKN1B is another component of cell cycle regulation that is altered in PCa. An
important inhibitor of G1-S cell cycle progression, CDKN1B is lost or mutated in 17–23%
of primary PCa (Figure 1). CDKN1B alterations have not been widely studied in PCa, but
deletions of CDKN1B have recently been associated with development of metastasis in
African American men with clinically localized PCa [85]. These are initial findings in a
small clinical study, however, and need to be verified in other cohorts. Additionally, not
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much is known about the effects of CDKN1B loss on AR. Our meta-analysis shows an
association between CDKN1B deletions, average to above averge AR scores, and slightly
elevated AR mRNA levels (Figure 2a,b). However, CDKN1B deletions significantly co-occur
with alterations such as MAP3K7 and CHD1 deletions that increase AR activity so the exact
role of CDKN1B in AR regulation is hard to decipher (Table 1).

2.8. FOXA1

FOXA1, mutated or lost in 3–11% of primary PCa, encodes a pioneer factor that
binds closed chromatin and facilitates chromatin accessibility for transcription factors
(Figure 1) [86,87]. The majority of FOXA1 coding sequence mutations are located in the
DNA binding domain, and they can either decrease FOXA1 DNA binding affinity or
increase its activity and nuclear movement [21,88,89]. These particular DNA binding
domain mutations are not enriched in metastatic disease, and thus, are thought to originate
at the local stage [88].

The role of FOXA1 in the promotion of prostate cell proliferation is largely attributable
to its interaction with AR as its pioneer factor. FOXA1 directly binds AR via interactions
between their DNA binding domains, and it is important for directing prostate lineage
specific AR programs and restricting non prostatic AR bindings events [90,91]. Mutations
in FOXA1 can subsequently alter these AR-directed programs in PCa. However, the effects
that FOXA1 mutations have on AR signaling seem to be dependent on the specific muta-
tions present and the models used to study them. The results have shown both enhanced
AR transcriptional activity in patient tumors and mouse prostate organoids, as well as
downregulation of AR signaling [21,88,89,92,93]. Some mutations that decrease FOXA1
DNA binding ability result in stronger AR binding, sequestering it away from DNA [89]. Al-
ternatively, increased expression of FOXA1 or the presence of activating FOXA1 mutations
demonstrate more active AR that is responsive to lower levels of DHT [94]. In our meta-
analysis, patients with FOXA1 mutations displayed slightly above average AR scores and
AR mRNA levels (Figure 2a,b). Due to the divergent effects of various FOXA1 mutations, it
is challenging to understand how FOXA1 mutations broadly affect response to AR-targeted
therapies. More in-depth studies on specific FOXA1 mutants in both preclinical models
and patient samples are needed to better understand their clinical impact.

2.9. DNA Repair: ATM, PARP1, BRCA1, BRCA2

Many genes involved in DNA repair are altered in PCa, and this in turn contributes
to the genomic instability and array of genomic alterations present in PCa. ATM (6–13%),
PARP1 (8–10%), BRCA1 (4–11%) and BRCA2 (6–22%) are some of the most common DNA
repair genes deleted or mutated in primary PCa (Figure 1). Changes to the DNA damage
response (DDR) pathway through these genetic alterations significantly contribute to PCa
disease progression. The loss of function of homologous recombination (HR) genes, such
as BRCA1/2 can result in greater dependency on error-prone non-homologous end joining
(NHEJ), consequently increasing the mutational burden in PCa [95]. The loss of PARP1
and ATM also contribute to the genomic instability of PCa through their critical roles in
recruiting repair proteins and coordinating repair with cell cycle arrest, respectively [96,97].

AR and DNA repair pathways contribute to each other’s regulation, which has in-
teresting implications for treatment resistance. DNA damage causes an increase in AR
activity to promote cell survival and induce expression of DNA repair genes [98]. PARP1
specifically is recruited to AR-bound sites and promotes AR transcriptional activity [99].
Inhibition of AR therefore reduces the function of DNA repair, particularly NHEJ [100].
Based on the role of PARP1 in promoting AR transcriptional activity, we might expect
PARP1 loss to decrease AR activity in patients. While PARP1 deletions are associated
with average AR mRNA levels, they are consistently associated with above average AR
scores in multiple cohorts (Figure 2a,b). The broader effects of PARP1 loss on DNA repair
activity may instead contribute to the subsequent increase in AR activity. Interestingly,
patients with ATM deletions also showed an association with above average AR scores
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and AR mRNA levels (Figure 2a,b). BRCA1/2 alterations showed differing associations
across cohorts, likely due to differences in co-occurring alteration frequencies (Figure 2a,b).
However, larger cohorts are needed to make significant associations between these DNA
repair genes and AR activity.

The interplay between AR and DNA repair is important for therapies as inhibition of
one pathway may be mitigated by activity of the other. For example, having increased DDR
activity in PCa with intact AR signaling can contribute to radiotherapy resistance [100]. This
relationship between AR and DNA repair has also opened the door for the combination
therapy involving ADT and radiotherapy [101,102].

2.10. MYC

One of the more commonly amplified regions in primary PCa is 8q24 which includes
the MYC gene locus [103]. Amplification of this region is associated with MYC expression,
and MYC amplifications are present in 8–29% of primary PCa (Figure 1) [104]. MYC is a
transcription factor that regulates many cellular processes, including ribosome biogenesis
and metabolism in PCa [105,106]. MYC overexpression was sufficient for induction of
PCa in a genetic mouse model, and in humans MYC amplification occurs early in disease
development and is predictive of recurrence after radical prostatectomy [104,107–109].

In both normal prostate tissue and PCa, AR and MYC exhibit a negative relationship.
AR signaling and treatment with androgens negatively regulates MYC expression, and
MYC overexpression downregulates many androgen response pathways [110,111]. While
MYC expression is important in general for PCa cells, MYC overexpression only confers a
growth advantage in the absence of androgens [111,112]. Additionally, MYC overexpres-
sion is sufficient to increase growth of androgen-dependent PCa cell lines treated with AR
antagonists, and in CRPC is associated with AR-v7 levels [111,113]. In our meta-analysis
of primary PCa databases, patients with MYC amplification exhibit roughly average AR
scores and AR mRNA levels based on cohort distributions (Figure 2a,b). Given that the
effects of MYC amplification on growth are largely compensatory in the absence of andro-
gens, the lack of impact on AR levels and activity is not surprising. These findings suggest
that MYC overexpression may contribute to resistance to AR-targeted therapies through
the promotion of compensatory growth pathways under androgen depleted conditions.
Because of its important role in PCa, there are ongoing efforts to target MYC directly and
indirectly for therapeutic intervention [114,115].

3. Genomic Subtypes

While it is valuable to mechanistically study individual genomic alterations, it is
more clinically relevant to understand the impact of multiple alterations that often occur
together. Other studies have delineated “subtypes” of primary PCa based on multiple
factors. However, these are largely centered on single alterations, as observed in the
seven subtypes highlighted in the TCGA study [21]. Instead, we will define subtypes as
groups of significantly co-occurring alterations (Table 1). We have identified five genomic
subtypes of primary PCa that each involve at least two significantly co-occurring alterations:
MAP3K7/CHD1/SPOP; ERG/PTEN/TP53; ATM/PARP1; BRCA1/TP53; BRCA2/RB1. These
subtypes are highlighted in Table 1, along with mutual exclusivity of alterations between
subtypes, and other alterations that co-occur broadly with aspects of multiple subtypes.

Given the centrality of the AR axis to PCa development, progression, and treatment
resistance, the impact that genetic alterations have on AR may contribute to the mechanisms
permitting co-occurring alterations and restricting mutually exclusive ones. We have
evaluated the impact of our defined subtypes on AR Score (Figure 2c) and AR mRNA levels
(Figure 2d) across the multiple cohorts. Based on the literature and our own analysis we will
review what is known about their joint implications on AR activity and related therapies.
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3.1. MAP3K7, CHD1, SPOP

One significant subtype present in primary PCa includes CHD1 and MAP3K7 deletions.
Deletions of CHD1 rarely occur without MAP3K7 loss (Figure 1, Table 1), and the co-loss of
CHD1 and MAP3K7 is largely mutually exclusive from ERG fusions and PTEN deletions.
Our group has evaluated the implications of MAP3K7 and CHD1 co-loss on the AR axis
and have found that PCa cells with this subtype exhibit increased AR activity, resistance to
enzalutamide, and increased AR splice variant levels. Additionally, patients with decreased
expression of these genes represent an aggressive subset who are more likely to relapse
after radical prostatectomy [45].

Based on our analysis, SPOP mutations also significantly co-occur with MAP3K7 and
CHD1 deletions (Figure 1, Table 1). The overlap of SPOP mutations and CHD1 deletions
has been of interest in the field in recent years. In a cohort of mCRPC, SPOP mutations
and CHD1 deletions were associated with abiraterone sensitivity marked by longer time
on treatment and higher response rates [116]. Studies spanning all three genes individually
and in pairs have also shown a synergistic sensitivity to DNA damage with potential
response to PARP inhibitors or DNA damaging agents [7,49]. Based on the independent
roles that SPOP mutations, CHD1 deletions, and MAP3K7 deletions have on increasing AR
activity, patients with all three alterations are likely to have striking enhancements to AR
signaling. In our meta-analysis, patients with all three alterations do, in fact, have higher
than average AR scores and represent a subtype with some of the highest AR activity
(Figure 2c). Based on these findings, it would be interesting to explore the potential of
androgen deprivation therapy along with DNA damaging agents in models of this subtype.
Further studies would be needed to understand how patients with this subtype respond to
these therapies.

3.2. Alterations Mutually Exclusive from ERG/ETS Fusions

ERG fusions, which are the most common alterations in primary PCa, constitute a
major component of other subtypes. As mentioned above, ERG fusions are mutually
exclusive from MAP3K7 and CHD1 deletions. Additionally, multiple genomic analyses of
primary PCa including our analysis in Table 1, show that SPOP mutations and ERG/ETS
fusions are mutually exclusive [21]. This may be due to competing divergent transcriptomic
changes between SPOP mutant induced AR signaling and ERG fusion signaling [40]. SPOP
mutations are also mutually exclusive from PTEN, TP53 and BRCA1 alterations, all of
which frequently occur with ERG fusions (Table 1).

ERG fusions have been linked to the activation and overexpression of MYC, leading to
the repression of epithelial differentiation genes [34]. This could explain the low frequency
of ERG fusion positive tumors with MYC amplifications, since ERG fusions are sufficient
for driving increased MYC expression and activity. Our analysis also found that PARP1
alterations and ERG fusions are mutually exclusive. This perhaps is because PARP1 and
ERG interact, and PARP1 is required for ERG-mediated transcription [117]. Taken with
PARP1 involvement in regulating AR transcriptional activity, the loss of PARP1 in ERG
fusion positive cancers would disrupt ERG expression and transcriptional activity [118].

MYC, FOXA1, and PIK3CA alterations are all mutually exclusive from ERG fusions
and tend to co-occur with alterations spanning multiple subtypes we discuss (Figure 1,
Table 1). These trends could indicate that these are early events in the development of PCa,
or that alterations to these genes are advantageous in many situations. Given the complex
interplay that each of these alterations has with the AR axis, the impact on AR may be
contextually driven by specific co-occurring alterations.

3.3. ERG, PTEN, TP53

Given the prevalence of ERG fusions, PCa has often been delineated as ERG fusion
positive or negative. While ERG fusions are mutually exclusive from the alterations
described above, they significantly co-occur with many others, including PTEN deletions,
TP53 alterations, RB1 deletions. Many studies have evaluated the impact that ERG fusions
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and PTEN deletions have on PCa tumorigenesis together, leading to increased tumor
size and invasiveness [119–121]. Individually, ERG fusions and PTEN deletions exhibit
an association with decreased AR scores in our meta-analysis (Figure 2a). However, in
the context of their co-occurrence, studies have discovered a different impact on the AR
axis. In a genetic mouse model with PTEN homozygous loss, ERG fusion restored AR
activity, increasing AR binding and transcriptional programming [121]. In the setting of
intact PTEN however, ERG fusions can prevent and restrict the luminal differentiation
program controlled by AR. Upon PTEN loss, the role of these fusions seems to support
some AR activity to cooperate with oncogenic PI3K pathway activity [121]. Additionally, a
preclinical analysis by one group suggests that in the setting of PTEN loss, ERG expression
maintains some AR transcriptional programming to promote resistance to AKT and AR
dual inhibition [122].

In therapy resistant prostate tumors, the combination of PTEN deletions and TP53
alterations has been associated with lineage plasticity involving decreased expression of
AR and luminal differentiation genes. These tumors were more resistant to antiandrogen
therapy, which is likely due to the lineage plasticity phenotype [123]. However, these
two alterations also significantly occur with ERG fusions, and it is important to study the
complete clinical context. Interestingly, another group found that the addition of ERG
expression prevented the decrease in AR and luminal differentiation gene expression seen
with PTEN/TP53 deficiencies alone [124]. Instead, through regulation of cell-cycle genes and
RB1 activity, ERG repressed E2F1-mediated mesenchymal gene expression and maintained
AR activity. Whereas, TP53/PTEN deficient tumors resisted antiandrogen therapy, the
addition of ERG fusions sensitized these to antiandrogen therapy. Alternatively, in ERG
negative mouse tumors with Trp53/PTEN losses, CDK4/6 inhibitors were more successful
in inhibiting tumor growth [124]. When comparing patients in our PCa cohort analysis with
all three alterations to those lacking all three, the co-occurring group exhibited significantly
lower AR scores despite what the literature might suggest (Figure 2c). It is important to
note, however, that AR score is just one measure of AR activity and does not capture all
changes to AR signaling. Overall, these findings suggest differential therapy indications
for TP53/PTEN deficient tumors with or without ERG fusions, but more studies are needed
to understand if these therapeutic strategies translate to patients with these subtypes.

3.4. ATM and PARP1

PARP inhibitors have more recently emerged as treatments for PCa with alterations
in HR genes such as BRCA1 and BRCA2 due to the dependency of these tumors on PARP
function [125,126]. This synthetic lethal treatment causes vast accumulation of DNA
damage resulting in cell death. Interestingly, in our analysis we found that deletions
of PARP1 and ATM significantly co-occur (Figure 1, Table 1). This suggests that the
synthetic lethality of targeting two aspects of the DDR pathways does not apply to all
DDR genes. This is reflected in the decreased efficacy of PARP inhibitors in treating ATM
deficient CRPC [127–130]. In our individual alteration meta-analysis, PARP1 deletions were
associated with an increased AR score, and ATM deletions were associated with increased
AR mRNA levels. Patients with dual loss of these genes also exhibit significantly higher
AR scores and AR mRNA levels than those without these alterations (Figure 2c,d). Given
that dual loss of these two genes likely results in an increase in DNA damage, AR signaling
may be stimulated to promote cell survival. Fortunately, PARP inhibition in combination
with ATR inhibition has shown promise [129,131,132]. However, the combination of ADT
may be important in this setting to prevent AR-driven cell survival.

3.5. BRCA1/TP53 and BRCA2/RB1

BRCA1 and BRCA2 deletions or mutations are largely mutually exclusive from each
other and tend to co-occur with different subsets of alterations. BRCA1 significantly occurs
with TP53 alterations while BRCA2 more commonly occurs with RB1 loss, PTEN loss, or
MYC amplifications (Figure 1, Table 1). Co-loss of RB1 and BRCA2 has been evaluated in
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PCa and is often due to large chromosomal deletions on chromosome 13. PCa cell lines
and patient derived mCRPC organoids with RB1 loss and BRCA2 mutations demonstrated
resistance to ADT and showed enrichment of EMT and invasion pathways [133]. In our
analysis, patients with co-loss of RB1 and BRCA2 demonstrate average AR scores and AR
mRNA levels that are not significantly different from patients without these alterations
(Figure 2c,d). This suggests that this subtype may not have a significant impact on the
AR signaling axis, at least not at the primary stage with largely heterozygous deletions of
RB1. Patients with alterations in TP53 and BRCA1, but do exhibit significantly decreased
AR scores, most likely driven by the loss of TP53 (Figure 2c). While PARP inhibitors
have shown success for BRCA1/2 deficient tumors, the effect of co-occurring alterations
on treatment response is largely unknown. Current studies are investigating combination
therapies including the addition of PI3K/Akt inhibitors to PARP inhibitors for HR deficient
tumors, which may be important for BRCA2 deficient PCa tumors that exhibit PTEN
co-loss [126].

4. Conclusions

Here, we reviewed how common genomic alterations in PCa, and significant subtypes
of co-occurring alterations, impact the AR signaling axis. We combined what is known
mechanistically from the literature, as well as analysis of AR activity measures from PCa
patient cohorts, in order to examine trends of AR activity across these subtypes. In general,
genomic alterations either increase AR activity to facilitate survival, decrease AR activity
and allow for lineage plasticity, or contribute to genomic instability that may further impact
androgen independence. We noted that significantly co-occurring alterations typically
have similar effects on AR activity. Whereas, mutually exclusive alterations have opposing
effects. This suggests that in general, tumors must decide between maintaining AR activity
or becoming more plastic. This could have valuable clinical implications in developing
therapies that stimulate synthetic lethality.

While we focused on potential patient response to the widely prescribed ADT and
AR antagonist therapies, it is important to note that other AR directed therapies are being
evaluated for PCa. Supraphysiological androgen therapy and selective androgen receptor
modulators (SARMs) are promising therapeutic strategies under investigation [134–136]. It
will be interesting to see if these treatments can combat genomic subtype driven, oncogenic
AR activity and re-establish a growth-inhibitory, differentiated AR program.

There are however a few caveats to our own analysis, as well as significant hurdles
when it comes to the application of tumor genomics in the clinic. The currently available
patient data for PCa, including the cohorts used in this review, largely involve bulk tumor
RNA-Seq. This along with tumor heterogeneity limits some of the interpretations that can
be made about genomic alterations in patients. It is unclear if some of the co-occurring
alterations occur in the same cells, mosaically within the same tumors, or represent in-
dependent multifocal areas of disease. The multifocal and heterogeneous nature of PCa
poses challenges for applying tumor genomic analysis to inform treatments. The growing
application of single cell -omics analysis will hopefully aid in elucidating the nature of co-
occurring alterations, as well as their effects on the AR axis. With continued advancements
in the field and more clinical studies, tumor genetics could be used to inform treatment
decisions. This may help delineate patients who will likely do well on AR monotherapies,
be inherently resistant to AR therapies, or need treatment combinations to combat the
inevitable acquired resistance to AR single agent therapies.
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