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Abstract

Androgen receptor (AR), a ligand-dependent nuclear transcription factor and a member of steroid
hormone receptor family, plays an important role in prostate organogenesis by regulating epithelial
differentiation and restricting cell proliferation. Although rarely mutated or amplified in treatment-
naive prostate cancer (PCa), AR signaling drives tumor growth and as a result, therapies that

aim to inhibit AR signaling, called ARSIs (AR signaling inhibitors), have been in clinical use

for >70 years. Unfortunately, the clinical efficacy of ARSIs is short-lived and the majority of
treated patients develop castration-resistant PCa (CRPC). Numerous molecular mechanisms have
been proposed for castration resistance; however, the cellular basis for CRPC emergence has
remained obscure. One under-appreciated cellular mechanism for CRPC development is the AR
heterogeneity that pre-exists in treatment-naive primary tumors, i.e., although most PCa cells
express AR (i.e., AR"), there is always a population of PCa cells that express no/low AR (i.e.,
AR19) Importantly, this AR heterogeneity becomes accentuated during ARSI treatment and
highly prominent in established CRPC. Here, we provide a succinct summary of AR heterogeneity
across the PCa continuum and discuss its impact on PCa response to treatments. While AR PCa
cells/clones exhibit exquisite sensitivities to ARSIs, AR™!° PCa cells/clones, which are greatly
enriched in stem cell signaling pathways, display de novo resistance to ARSIs. Finally, we offer
several potential combinatorial strategies, e.g., ARSIs with stem cell targeting therapeutics, to
co-target both AR* and AR™1° PCa cells and metastatic clones.
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1. Introduction

Androgen receptor (AR), encoded by the NR3C4 gene, is a ligand-regulated nuclear
transcription factor (TF) in the steroid hormone receptor superfamily, which also includes
estrogen receptor (ER), glucocorticoid receptor (GR) and progesterone receptor (PR) [1,2].
Like all other family members, AR consists of C-terminus ligand-binding domain (LBD), a
DNA-binding domain (DBD) and a relatively unstructured N-terminal domain (NTD) where
many cofactors bind (Fig. 1A). The FXXLF motif at aa 23-27 mediates highly specific,
androgen-dependent interactions between the N-terminus in one AR molecule with the
C-terminal LBD in another AR molecule whereas the WXXLF motif (especially WHTLF)
at aa 453-457 mediates androgen-independent interactions between two AR molecules [3,4]
(Fig. 1A). 1t’s generally thought that, upon binding of the ligands such as testosterone

(T) or dihydrotestosterone (DHT), dimerized AR translocates to the nucleus, interacts with
basic transcriptional machinery as well as many other nuclear and chromatin coregulators,
and ultimately regulates the transcriptional output (activation or repression) of thousands

of target genes involved in cell differentiation and proliferation [5-7]. A recent study, by
employing STARRseq (Self-Transcribing Active Regulatory Regions sequencing), mapped
genome-wide AR enhancer binding, and the results showed that AR-regulated enhancers
often interact with gene-specific promoters and form central chromosomal loops to activate
gene transcription [8].

AR and AR signaling are important for normal prostate development. Deregulated AR
signaling has also been implicated in prostate cancer (PCa) growth and progression, which
is why therapies that target androgen production (i.e., androgen-deprivation therapy; ADT)
and AR signaling (e.g., enzalutamide; Enza), collectively called AR-signaling inhibitors
(ARSIs), have been the mainstay treatment for patients with advanced and metastatic

PCa for >70 years. Nevertheless, the therapeutic efficacy of ARSIs is generally short-
lived, and the majority of treated PCa become refractory within ~6-20 months. Lack of
enduring clinical effects in ARSIs may be intimately linked to cancer cell heterogeneity,
an omnipresent feature of most human tumors [9]. Indeed, PCa is very heterogeneous in
that one patient may harbor multiple tumor foci at different stages of clonal evolution and
manifesting inherently distinct sensitivity to ARSIs [10-12]. At the cellular level, cancer
cell heterogeneity may arise from clonal evolution driven by genomic alteration as well as
from intra-clonal phenotypic differentiation and functional maturation of stem-like cancer
cells or cancer stem cells (CSCs) [13]. These two mechanisms may operate hand-in-hand to
create cellular heterogeneity. Yet another way of increasing tumor cell diversity is through
cell plasticity, i.e., de-differentiation of ‘mature’ PCa cells back to more primitive cells

or trans-differentiation to another cell lineage [9,13]. Herein, we discuss the impact of
PCa cell heterogeneity on PCa development and therapy resistance by focusing on the AR
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heterogeneity from 3 different angles, i.e., AR heterogeneity in its biological functions,
subcellular localization, and expression levels.

2. AR functional heterogeneity: Oncogenic vs. tumor-suppressive

In the normal prostate, AR is expressed primarily in differentiated luminal epithelial as well
as stromal cells with only low expression in basal cells. The majority (98-99%) of primary
PCa at diagnosis are adenocarcinomas in which most PCa cells present as AR™ luminal
cells; therefore, AR and AR signaling have been the primary therapeutic target in the clinical
treatment of PCa patients [14,15]. As a result, AR has been categorically thought of, by
many, as a ‘default’ oncogenic driver of prostate tumorigenesis. In reality, however, AR
functions are more complicated and may be context-dependent. Genetic ablation studies in
the mouse prostate suggest that, in the normal prostate epithelium, AR cell-autonomously
restricts cell proliferation and promotes epithelial differentiation and as such, AR functions
as a tumor suppressor [16—21]. Thus, the Ardeficient prostate epithelial cells exhibit
increased proliferation with concomitant loss of differentiation forming abnormal glandular
structures [16,17]. Of interest, in the mouse prostate with epithelial-specific Arknockout,
there is a significant expansion of the CK5*/CK8™" progenitor (intermediate) cell population
accompanied by atrophy of the smooth muscle cell compartment [17-19,21]. Further
studies from the Chang group [18,19], comparing primary (TRAMP) tumor development
in mouse models where the Arwas knocked out in both prostate epithelium and stroma
versus epithelium-specific Arknockout showed that while Arknockout in both stroma and
epithelia resulted in smaller tumors at early stages, epithelium-specific Arknockout led to
larger tumors with high cell proliferation, suggesting that AR normally behaves as a tumor
suppressor in the epithelium but as a tumor promoter in the stroma [20].

The tumor-suppressive functions of AR have also been demonstrated in immortalized
prostate epithelial and PCa cells. For example, in immortalized BPH-1 (Benign Prostate
Hyperplasia 1) cells that were forced to express AR via lentiviral-mediated transduction,
androgen-induced AR signaling led to inhibition of cell proliferation and increased
differentiation [22]. Similarly, transfection of PC3 cells with a full-length AR expression
vector repressed a6p4 integrin expression, adhesion on laminin, invasion and colony
formation [23]. In fact, AR re-expression in PC3 cells led to transcriptionally functional
AR protein, which subsequently transactivated p21 and inhibited cell proliferation /n vitro
and xenograft growth /n vivo[24]. Intriguingly, similar tumor-inhibitory effects of restored
AR expression were not observed in DU145 cells, presumably due to dysregulation of AR
coregulators in DU145 cells [24]. Other studies using AR-re-expressed PC3 cells in tissue
recombination assays also revealed inhibitory effects of AR on invasion and metastasis
[18,19]. The dichotomous functions of AR as a tumor suppressor vs. a PCa driver are, to
a certain degree, also mirrored in AR-specific transgenic mouse models [25,26]. Although
transgenic expression of oncogenic AR mutants (e.g., AR-T857A, which confers ligand
promiscuity to allow AR activation by different ligands or AR-E231G, which exhibits
increased ligand-independent activity) has been reported to drive tumor development in
the mouse prostate [26], overexpression of wildtype AR, however, only causes subtle
hyperplasia without apparent neoplastic phenotypes [25].
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So how is AR turned from a tumor suppressor in normal prostate epithelium to an oncogenic
driver in PCa? One potential mechanism could be related to AR functioning not only

as a transcriptional activator but also as a transcriptional repressor [27]. For example, in
VCaP cells and under androgen-sufficient conditions, the AR, via recruiting LSD1 and
H3K4me2, binds to an enhancer in the AR second intron to repress the expression of AR
itself as well as many genes involved in DNA synthesis and cell-cycle progression [28].
Intriguingly, under castrated conditions, low levels of androgen stimulate AR activity on
enhancer elements leading to increased expression of AR as well as AR-repressed genes
[28]. Under supraphysiological androgen levels, AR suppresses the transcription of DNA
replication genes by direct association with hypo-phosphorylated retinoblastoma protein
(RB) [29].

Another mechanism might be related to the oncogene c-MYC [30,31], which is
overexpressed in >80% of early precursor lesions (prostate intraepithelial neoplasia or
PIN) and PCa, and is the only oncogene that is sufficient, by itself when overexpressed,

to immortalize primary human prostate epithelial cells and to drive full-blown tumor
development in the mouse prostate. It is known that androgen-mediated AR signaling
within normal prostate epithelial cells results in GO growth arrest coupled with terminal
differentiation into PSA-expressing secretory luminal cells. This AR-driven terminal
differentiation requires DNA binding of the AR protein, is associated with decreases in
c-MYC mRNA and protein and increases in p21, p27, and SKP2, does not require functional
p53, and ultimately leads to down-regulation of cyclin D1 and RB phosphorylation [30,31].
Strikingly, transgenic expression of a constitutive vector encoding c-MYC to prevent c-
MY C down-regulation overrides AR-mediated growth arrest in normal prostate epithelial
cells, suggesting that AR-induced c-MYC down-regulation is critical in the growth arrest
of normal prostate epithelial cells [30,31]. In contrast, in PCa cells, androgen-induced AR
signaling up-regulates c-MYC expression. Interestingly, a novel pathway linking AR to
PCa cell proliferation has recently been described wherein AR negatively regulates protein
synthesis via transcriptional control of the translation inhibitor 4EBP1 [32]. Consequently,
low AR allows increased assembly of the elF4F translation complex, which drives PCa cell
proliferation [32].

3. AR signaling heterogeneity: Functions in the nucleus vs. other cellular

compartments.

AR, as a TF, has been thought to mostly localize and function in the nucleus, and the
nuclear AR, through interactions with a myriad of proteins, regulates genes that are essential
to PCa development. Within the nucleus, AR can directly interact with components of the
basal transcriptional machinery (e.g., TFIIF and TFIIH) and the RNA polymerase 11, as

well as with coregulators [5-7]. Furthermore, specific TFs interact with AR in different
ways, with some binding the AR directly and influencing its ability to interact with the
androgen-responsive elements (AREs) while others competing with AR for the availability
of coregulators [5].The FXXLF motifs, commonly found in coactivators, preferentially bind
the AR-LBD (Fig. 1A) when the AR is not bound to the DNA.
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On the other hand, AR may also function outside of nucleus. Indeed, the AR-interacting
proteins and AR coregulators can be localized in several different cellular compartments
(Fig. 1B-D), and key interactions characterize every step of the AR life cycle and functional
role, from the basal cytoplasmic state to ligand binding, from nuclear translocation to

the transcription of target genes, and from the disassembly of the transcriptional complex
to AR degradation. By combining /n sifico analysis of publicly available databases with
literature search and curation, we have identified 513 potential * AR-interacting’ proteins
and coregulators, which may physically interact with AR (either directly with AR or
indirectly through other proteins) or functionally interact and interface with AR but
without any physical relationship (Fig. 1B; Table S1). By interrogating the Human Protein
Atlas (HPA) and Uniprot databases, we observed that these AR-interacting proteins,

as expected, are mostly localized in the nucleus; however, many AR interactors are

also localized in the cytosol or both nucleus and cytosol (Fig. 1C-D). Intriguingly, AR-
interacting proteins have also been reported on the plasma membrane (PM) and many

other cellular compartments (Fig. 1C-D; Table S1). The ‘primary’ functions of these
AR-interacting proteins range from transcriptional regulation, chromatin remodeling and
histone modifications (acetyltransferases, deacetylases, methyltransferases, demethylases),
to ubiquitination/proteasome pathway, splicing and RNA metabolism, DNA repair, signal
transduction, cell cycle, apoptosis, chaperone dynamics, and cytoskeleton regulation (Fig.
1C). In principle, AR interactors or coregulators in different cellular compartments could be
involved in regulating the ill-characterized non-nuclear (i.e., non-genomic) functions of AR
and in mediating castration resistance.

Compared to our understanding of the genomic (nuclear) actions of AR, the molecular
events governing AR localization to other cellular compartments and the downstream

AR signaling events remain much less understood. A recent study showed that AR

could translocate to PM through interactions with the microtubule-based motor protein
kinesin 5B (KIF5B), and disruption of KIF5B functions interfered with AR-PM association
and AR signaling [33]. Of interest, the heat-shock protein 27 (HSP27) was activated

by membrane-associated AR and, upon activation, HSP27 indirectly potentiated the AR
transcriptional activity by mediating membrane-to-nuclear signal transduction [33]. The
study suggests that the PM-associated AR may play a role in sustaining AR signaling in
CRPC through enhancing nuclear AR transcriptional activity in the presence of castration
levels of androgens [33]. Similarly, AR has been reported to localize in the mitochondria
and regulate mitochondrial functions [34]. The study revealed that ligand-independent AR,
through a potential mitochondrial localization signal (MLS) located at the N-terminus of
the AR protein (Fig. 1A), could translocate to the mitochondria in both cell lines and
primary prostate tissues, and the mitochondrially located AR controlled expression of
many nuclear DNA (nDNA)-encoded mitochondrial oxidative phosphorylation subunits and
downregulated the mitochondrial DNA (mtDNA) content [34]. Of note, the PC3-AR PCa
cells showed significantly reduced mtDNA content and mtDNA-encoded COX Il protein due
to the mitochondrial translocation of AR [34]. Intriguingly, the mtDNA content in prostate
tumors of African Americans (AA) is >6 times less than in PCa in Caucasian-Americans
(CA), and bioinformatics analyses in more than 6000 AA and 33,000 CA prostate tumors
revealed that the AR missense mutations in the NTD and MLS domains were present only
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in AA PCa patients, potentially contributing to deregulated mitochondrial functions and PCa
aggressiveness in the AA patient tumors [34].

4. AR expression heterogeneity: AR* vs. ARlo,

4.1 AR heterogeneity in treatment-naive, castration-resistant, and metastatic PCa.

Why and how would ADT and antiandrogens such as Enza gradually lose their therapeutic
efficacy and patients develop what’s called castration-resistant PCa or CRPC? The
therapeutic premise of ADT/antiandrogens is that the targeted PCa cell population expresses
the target, AR, and relies on AR/AR signaling for their survival. In reality, however, PCa
cells that express little AR, i.e., AR™'°, have been reported for decades across the spectrum
of PCa development and progression [35-47]. For instance, all treatment-naive primary
prostate tumors have been shown to harbor not only the bulk AR* PCa cell population

but also AR™1° cells with varying abundance [e.g., 37-41]. Besides the heterogeneity in

AR expression within primary tumors, several studies have revealed an inverse correlation
between AR expression and tumor aggressiveness, with AR highly expressed in low grade
and more differentiated tumors [38,39]. AR expression varies in hormone-refractory PCa

as well, with most cells being AR* in some CRPC but most cells being AR~ in other
hormone-refractory tumors [e.g., 36, 37,42—47]. Indeed, tissue microarray analysis of CRPC
specimens reveals regions of AR* cells, AR™1° cells or a mixed population. By screening
195 CRPC cores and whole-mount sections from 89 patients” CRPC, we have recently
reported 4 patterns of AR expression in treatment-failed PCa: AR™1° (27%), nuclear AR*/Ni
(25%), mixed AR*/N and AR~ (8.7%), and mixed nuclear/cytoplasmic AR (39.3%) [36].

AR heterogeneity has also been observed in PCa metastases to other organs such as lymph
nodes, bone, lung and the liver. Immunohistochemical (IHC) analysis AR in metastatic
lesions of CRPC patients revealed wide variations in AR expression, with 41.5% of the
samples showing <10% AR™ cells [42]. Moreover, Davis et al. reported that the percentage
of AR™ cells and AR staining intensity are much lower in CRPC metastases compared to
benign tissues [45]. Labracque and colleagues recently characterized CRPC metastases by
IHC, RNA-seq, and gene set enrichment analysis (GSEA), defining 5 phenotypes based on
the expression of AR and neuroendocrine (NE) marker expression: AR-high (AR*/NE"),
AR-low (AR!?/NE-), double-positive (AR*/NE*), double-negative (AR/NE-), and small
cell or neuroendocrine PCa (AR7/NE™) [47]. These discussions highlight the presence of
AR™10 PCa cells across the PCa spectrum, i.e., treatment-naive tumors, CRPC and PCa
metastases.

4.2 AR alterations in castration resistance.

Both ADT and antiandrogens are very efficient AR-directed therapies that target the AR*
PCa cells. The normal serum levels of T in 60-year-old men are ~500 ng/dl and ADT is
capable of reducing T levels to <50 ng/dL (i.e., the castrate levels of T), and most advanced/
metastatic PCa patients initially respond to ADT (using gonadotropin-releasing hormone
(GnRH) agonists or antagonists) very well by manifesting dramatic tumor-debulking effects.
Numerous molecular mechanisms have been uncovered and proposed for the development
of CRPC [15,35], most of which, understandably, surround altered AR expression and
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dysregulation in AR signaling, since the AR™ PCa cells represent the bulk cell population in
treatment-naive tumors. First of all, ADT, though powerfully inhibiting testicular androgen
synthesis (normally representing >90% of T in circulation) and reducing systemic levels
of T, does not completely wean tumor cells of androgens because PCa cells can employ
alternative substrates and metabolic pathways to generate AR ligands within tumors, a
phenomenon dubbed intracrine androgen production [48-50]. Following ADT, despite

the prominent reduction of circulating T, a significant amount of intratumor androgens

is still detected in localized PCa as well as in metastatic CRPC [48-50]. The adrenal
androgens dehydroepiandrosterone (DHEA) and androstenedione (AD) are products of de
novo steroidogenesis in the adrenal gland beginning with cholesterol (note that adrenal
androgens normally represent only a small fraction of the total androgens in circulation).
Both DHEA and AD can be converted to T/DHT in the prostate (tumors). Secondly,
castration may push AR* PCa cells to activate, and rely on, signaling from other steroid
hormone receptors such as GR [51,52] and PR [53,54].

Thirdly, under the selective pressure from ADT/antiandrogens, AR is well-known to
undergo genomic amplifications that result in AR overexpression and AR hyperactivity,

or sustain point mutations in the LBD that confer ligand promiscuity [55,56]. Indeed,
amplification of the AR locus has been reported in ~30% of CRPC, and AR overexpression
is sufficient to confer resistance to ARSIs. Also, at least 4 major point mutations in the LBD,
i.e.,, L702H, W742C, H875Y, and T878A, have been reported, which occur in 15-20% of
CRPC and often turn AR antagonists to agonists within PCa cells. Furthermore, two recent
studies [57,58] identified recurrent structural alterations in the AR gene enhancers that
became duplicated or amplified and contributed to increased AR expression and activity in
CRPC. One study uncovered amplification of a somatically acquired intergenic AR enhancer
to be a major driver of therapeutic resistance in advanced PCa, as disruption of this enhancer
region decreased proliferation by suppressing AR levels whereas insertion of an additional
copy of this region was sufficient to increase proliferation under low-androgen conditions
and decreased sensitivity to Enza [57]. Epigenetic data generated in localized PCa and
benign prostate specimens suggests that the region spanning the AR intergenic regulatory
elements may represent a developmental enhancer [57]. In the other study, whole genome
sequencing in 23 mCRPC biopsies and cell-free DNA sequencing data from 86 mCRPC
patients showed that in addition to frequent rearrangements in known PCa driver genes,
complex rearrangements of the AR locus were also observed in most CRPC [58]. Notably,
70-87% of CRPC cases, compared to <2% of primary PCa, showed highly recurrent tandem
duplications of an upstream enhancer of AR, and a subset of patient cases also displayed
both AR and/or MYC enhancer duplications [58]. Notably, nearly all these AR mutations
and structural alterations are present only in CRPC but not in primary tumors, suggesting
that the genomic alterations in AR are mostly induced by AR-targeting therapies.

Finally, persistent castration may select for AR splicing variants (AR-Vs) that completely
lack the LBD, conferring ligand-independent AR activities in PCa cells [59-63]. Most of the
LBD-less AR variants retain an intact and somewhat functional nuclear localization signal,
allowing their constitutive nuclear localization independently of androgens. Knockdown

of AR-Vs, but not full-length AR, inhibited androgen-independent PCa cell growth

under bicalutamide or Enza treatment [63], suggesting that AR-Vs play an important
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role in developing castration resistance. In some CRPC, both AR-V7 and AR-V9 were
co-expressed to promote resistance to AR-targeted therapies in an androgen-depleted
environment [62].

4.3 AR™° pCa cells and de novo castration resistance.

What about AR™1° PCa cells/clones that preexist in treatment-naive tumors and frequently
become enriched during tumor progression and ADT/antiandrogen treatment? By prediction,
such PCa cells would not be susceptible to ARSIs. Our recent systematic work has validated
this prediction [36]. By establishing isogenic LNCaP cell clones that homogenously

express RFP-tagged AR (by using the ZFN-mediated genomic integration) and the clones
that lack functional full-length AR (by using CRISPR/Ca9-mediated knockout), we have
demonstrated that, although the AR/RFP LNCaP cells require androgens for their in vitro
and /n vivo growth and are exquisitely sensitive to castration/Enza, the AR-KO LNCaP
clones are resistant to these ARSIs de novo [36]. Importantly, the AR-KO LNCaP cells
possess unique intrinsic biological properties that allow their aggressive growth and confer
a significant competitiveness (over the AR/RFP cells) in androgen-ablated hosts [36]. The
de novo castration resistance in AR™1° PCa cells has also been observed in our paired
androgen-dependent (AD) and androgen-independent (Al) xenograft models. When we
serially propagated 4 xenograft AD tumors, i.e., LNCaP, LAPC4, VCaP and LAPC9, in
castrated mice, these tumors, in a time- and passage-dependent manner, manifested model-
specific changes in AR expression and subcellular distribution during their progression to
the Al state [36]. Specifically, the LNCaP Al tumors evolved into the AR*/N phenotype

and LAPC9 Al tumors the AR™1° phenotype whereas the LAPC4 and VVCaP Al tumors the
mixed nuclear/cytoplasmic AR, much like the AR expression patterns observed in patient
CRPC [36]. While all 3 Al models that retained AR expression responded to Enza, the
AR10 LAPC9 Al tumors were resistant to Enza de novo [36]. Expression profiling revealed
that the AR-/lo LAPC9 CRPC is greatly enriched in gene signatures associated with stem
cells, neurogenesis, lipid metabolism and immune responses [36]. Critically, our analysis in
whole-mount CRPC specimens revealed prominently increased abundance of AR™° cells in
patients” CRPC [36].

Studies from others also demonstrated intrinsic castration resistance in AR1° PCa cells
[46]. It is worthwhile to point out that the AR™1° PCa cell populations in treatment-naive
tumors vs. ADT-treated and CRPC will likely possess different transcriptomic profiles and
epigenetic landscapes despite that they share similarities in phenotype and therapy resistance
[13,36].

5. AR heterogeneity and potential therapeutic strategies

The AR™1° pCa cells generally represent the minority in treatment-naive tumors but
significantly increase in castration-resistant tumors but all CRPC harbor both AR™1° and
AR PCa cells [35-37]. Therefore, it’s reasonable to speculate that AR~1° PCa cells
may be constantly interacting with, and cross-talking to, the AR* cells within the same
tumor. Understanding the cross-interactions and cross-regulations between the two PCa
cell populations may shed new biological light on CRPC evolution and uncover novel
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therapeutic targets in both pre-existent and therapy-induced AR™1° PCa cells. On the other
hand, as de novo NEPC are mostly AR-negative and ARSIs frequently cause relapsed

PCa with much reduced and heterogeneous AR expression [64—66], perhaps we can learn
from these PCa subtypes about the signaling and pro-survival mechanisms in the AR~/
PCa cells/clones. Below, we highlight a few signaling pathways and molecules that could
represent potential therapeutic targets in tackling PCa cell heterogeneity.

5.1 Role of RB and TP53 and lineage plasticity.

As discussed above, AR is a tumor suppressor and pro-differentiation TF in normal prostate
epithelial cells. Hence, from a cell biology perspective, AR™ cells are differentiated and able
to produce PSA whereas the AR™10 prostate epithelial and PCa cells are less mature and
undifferentiated. In support, our single cell video-microscopy studies using a lentiviral-based
reporter have revealed that the undifferentiated (PSA~19)AR~1° PCa cells are not only
resistant, de novo, to ARSIs, chemotherapeutic drugs and radiation but also possess stem
cell traits being able to undergo asymmetric cell division and differentiate into AR*(PSA*)
PCa cells [13,37]. Of interest, the tumor-suppressive functions of AR involve recruitment

of RB to the target genes and chromatin [29], and loss of B and/or 7P53is common to

de novo NEPC, small cell carcinoma and other AR™1° aggressive PCa variants [64,66]. In
fact, genetic deletion of Rband/or p53is sufficient to cause aggressive prostate tumors with
reduced and heterogeneous AR expression and frequently with features of NEPC [67-69], a
phenomenon called lineage plasticity. Thus, deletion of Prfen in the mouse prostate induces
rather indolent adenocarcinomas that are homogenously AR* and progresses very slowly;
however, co-deletion of Prenand RbI causes the so-called double knockout (DKO) tumors
that are much more aggressive and also show rather heterogenous AR expression [69]. The
DKO tumors are initially castration-sensitive but gradually evolve into castration-resistant
that are lethal to the hosts. Strikingly, the castration-refractory DKO prostate tumors have
largely lost AR assuming an AR™1° phenotype [69]. Simultaneous deletion of all 3 tumor
suppressors, i.e., Pten, Rb1 and p53, led to AR-negative de novo NEPC [69]. These

elegant genetic mouse studies [69] highlight the dynamic changes in AR* and AR™1° PCa
cell populations and distinct PCa subtypes imposed by the loss of critical prostate tumor
suppressors and raise the possibility that restoration of the tumor suppressor functions could
potentially curb the lineage plasticity (i.e., the conversion of AR* to AR™!° PCa cells) and
sensitize PCa to ARSIs.

5.2 Cancer stem cell (CSC) signaling

Interestingly, the above-mentioned DKO tumors, especially the AR~ castration-resistant
DKO tumors, exhibited significantly increased stemness as evidenced by upregulation of
numerous genes normally involved in stem cell regulation and neurogenesis such as SOX2
and EZH2 [69]. In LNCaP human PCa cells, similar deletion of B and 7P53also
caused lineage plasticity by turning these cells into basal-like prostate cells with increased
expression of SOX2 and other stemness genes and resistant to ARSIs [68]. Indeed, the
AR™1° pCa cells seem to preferentially employ stem cell/CSC signaling to support their
survival and resistance to various therapies [13,36,37,70]. For example, the AR-negative
prostate tumors have been shown to upregulate B-catenin signaling [71], a well-established
developmental and stem cell signaling pathway. The (PSA™19)AR~/1° PCa cell population,
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mentioned earlier, is highly enriched in authentic CSCs that can undergo asymmetric

cell division, possess stem cell gene expression profiles, and are inherently resistant to
ARSIs and many other PCa therapies [13,36,37,70]. The PSA™10 PCa cell population is

yet heterogeneous harboring more tumorigenic subsets, e.g., the ALDHMNCD44*a2p1* (or
Triple Marker*/TM*) subpopulation that can both initiate and propagate CRPC in fully
castrated hosts at as few as 100 cells [70]. Our focused cell biology, mechanistic and /n vivo
therapeutic studies in these well-defined PCSC (prostate cancer stem cell) populations have
identified several CSC-enriched therapeutic targets in AR™1° PCa cells, including CD44,
OPN (osteopontin) and NANOG [13]; IGF-1R [13,37]; SOX9, ReglV, and ALDH1A1 [70];
and integrin a2, MYC, and, importantly, BCL-2 [13,36,37,70; see below].

BCL-2 is a well-studied pro-survival BCL-2 family member that has been implicated

in facilitating castration resistance (reviewed in [36]). Our early studies indicated that

in (PSA~19)AR~/10 pCa cells, BCL-2 is preferentially associated with the bivalent (i.e.,
H3K4me3 and H3K27me3) chromatin occupancy [37]. In the LNCaP AD — Al progression
model, castration slightly upregulated BCL-2 in the ADT-resistant tumors and ADT/Enza
led to further substantially increased BCL-2 [36]. Thus, combination of Enza and the BCL-2
antagonist, ABT-199, inhibited the emergence of Enza-resistant AR*/Ni CRPC by 75%, and
ABT-199 alone also inhibited the growth of AR™1° LAPC9 Al tumors [36]. Significantly,
BCL-2, but not BCL-xL and MCL-1, is exclusively upregulated in PCa patients who have
been treated with neoadjuvant ADT [36]. These recent results [36] have led to an ongoing
phase Ib/11 clinical trial of treating Enza-naive metastatic PCa patients with a combination
of Enza and Venetoclax, the FDA-approved BCL-2 inhibitor (NCT03751436). Notably,
BCL-2 has recently been reported to be a potential therapeutic target in AR/ NEPC and
small-cell carcinoma [72]. RNA-seq data, collected from AR-active PCa (ARPC), small-cell
neuroendocrine PCa (SCNPC) and two NEPC, were cross-compared to identify conserved
druggable targets. This analysis revealed BCL-2 as highly upregulated in SCNPC compared
to ARPC, and treatment with the BCL-2 inhibitor Navitoclax reduced SCNPC PDX tumor
growth /in vivo [74].

5.4 FGF signaling

Bluemn and colleagues recently reported [46] that the percentage of AR-negative tumors in
patients with mCRPC has increased significantly from 11% (during 1998-2011) to 36%
(during 2012-2016) since the introduction of potent AR antagonist such as Enza and
abiraterone. These AR-negative mMCRPC also lack the NE phenotype and are thus called
double-negative PCa (DNPC; [46]). Interestingly, the DNPC displayed elevated FGF and
MAPK pathway activity, which was inversely associated with AR activity. In DNPC, FGF
appears to activate MAPK signaling and bypasses a requirement for androgens and AR
dependence [46]. Thus, FGFR inhibition abrogated DNPC growth in model systems, and
FGF/MAPK blockade has been proposed as a therapeutic strategy to counteract the growth
of AR-null PCa cells in patients stratified by AR activity status [46].
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5.5 Polycomb repressor complex signaling

A recent study has implicated the PRC1 (Polycomb Repressor Complex 1) signaling in
regulating the DNPC [73]. The authors showed that PRC1 was required for tumor initiation
and metastasis in DNPC by promoting the expression of various pro-metastatic genes.
CCL2was identified as the major target, and the cytokine coded by this gene functions

in an autocrine fashion to promote the self-renewal of DNPC cells and in a paracrine
fashion to recruit M2-like tumor-associated macrophages and regulatory T cells, fostering
immunosuppression and neo-angiogenesis. Thus, targeting PRC1 in DNPC represents an
innovative strategy to reverse stemness and immune evasion, which may sensitize mCRPC
to immunotherapy [73].

6. Conclusions and perspectives

The androgen biosynthesis and AR functions in the nucleus have been the prime targets of
PCa therapy, and ARSIs, especially the new generation of antiandrogens Enza, Apalutamide
and Abiraterone, are ‘wonder’ drugs that manifest remarkable tumor-debulking effects in
virtually all PCa patients. Unfortunately, much like all other targeted anti-cancer therapies,
ARSIs gradually lose their ‘charm” and patients develop CRPC. Both intrinsic PCa cell
heterogeneity, which preexists in treatment-naive tumors, and PCa cell plasticity, caused by
genetic mutations in key tumor suppressors such as RB1 and TP53 as well as by epigenetic
mechanisms and treatments, may play intimate roles in CRPC development. One significant
aspect of PCa cell heterogeneity is reflected in the co-existence of both AR* and AR™° PCa
cells in primary tumors (Fig. 2A). These two cell populations, during months to years of
ADT, gradually evolve into (metastatic) CRPC that harbors both the AR*/" population and a
much expanded AR™° PCa cell population (Fig. 2A; [36]). Work from our lab [13,36,37,70]
and from other groups [46,71-73] suggests that such ADT-failed tumors could potentially be
treated with a combination of the next-generation antiandrogens with inhibitors against CSC
factors such as BCL-2, WNT and FGFR (Fig. 2A). Our ongoing phase Ib/11 clinical trial
(NCT03751436), based on preclinical modeling [36], represents such a combination and
aims to treat Enza-naive mCRPC patients with Enza and the BCL-2 inhibitor Venetoclax.
Such a combinatorial approach may be especially applicable to mCRPC patients at higher
risk of developing AR-negative disease such as those with RB1 and/or TP53 mutations.
Similar type of combinatorial strategies may also be conceptualized for the treatment of
primary PCa, in which the AR* PCa cells will be targeted by standard-of-care ADT and
Enza whereas the minor AR™1° population of PCa cells by CSC inhibitors (Fig. 2B). In
theory, such combinations should significantly delay and even prevent CRPC emergence and
progression (Fig. 2B). Other potential CSC targets may include molecules such as SOX2 and
EZH2, which frequently become upregulated in CRPC and uniquely enriched in AR cells
under androgen depleted conditions [68,69]. Further investigation is needed to elucidate the
role of critical AR coregulators and downstream AR targets under castrated conditions in
AR0 pCa cells.

As we discussed above, the AR heterogeneity may also be reflected at its functional levels
and its subcellular localizations. For example, there is evidence supporting non-genomic
AR activity mediated by membrane-associated AR. The membrane translocation appears to
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help sustain AR activity in CRPC by enhancing the AR nuclear activity in the presence of
low levels of androgen and by promoting cell proliferation, invasion, and survival through
AKT/ERK pathways [33]. Therefore, targeting AR membrane transport might also represent
a novel strategy to fully suppress AR signaling under androgen depleted conditions in
CRPC. Likewise, the AR functional heterogeneity in being both a tumor promoter and
tumor suppressor poses a challenge to standard-of-care ADT that systematically depletes
the androgen and consequently, may suppress both functions of AR. The ideal therapeutic
approach would be to selctively target the AR oncogenic functions without impacting

its repression of DNA replication and cell-cycle genes [27-31]. To develop such novel
therapeutics, we need to understand how in different contexts, AR dynamically recruits the
repertoire of unique coregulators involved in functional and cellular responses to androgen
depletion.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AA African American

AD Androgen-dependent

ADT Androgen deprivation therapy
Al Androgen-independent

AR Androgen receptor

ARE Androgen responsive elements
AR-KO AR knockout

ARSIs AR signaling inhibitors
AR-Vs AR splice variants

CA Caucasian American

CRPC Castration-resistant prostate cancer
CSCs Cancer stem cells
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DBD DNA-binding domain

DKO Double knockout (i.e., Prerr/\-Rb177)
DNPC Double negative prostate cancer

DHT 5a-dihydrotestosterone

DHEA Dehydroepiandrosterone

elF4F Eukaryotic initiation factor 4F

Enza Enzalutamide

GR Glucocorticoid receptor

LBD Ligand binding domain

MLS Mitochondrial localization signal
mMCRPC Metastatic castration resistant prostate cancer
MtDNA Mitochondrial DNA content

NEPC Neuroendocrine prostate cancer

NLS Nuclear localization signal

NTD N-terminal domain

nDNA Nuclear DNA

PCa Prostate cancer

PCSCs Prostate cancer stem cells

PSA Prostate specific antigen

TF Transcription factor
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Highlights:

. Discussed the dichotomous AR biological functions in normal prostate

epithelium (as a tumor suppressor) vs. in prostate cancer cells (as an
oncogenic driver)

. Presented an updated list of ‘AR-interacting’ proteins

. Focused on AR heterogeneity in subcellular localizations and expression
levels

. Discussed the impact of AR heterogeneity on therapy response/resistance

. Highlighted several signaling pathways and offered potential therapeutic

strategies in the AR™1° PCa
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Fig. 1. Domain structure of human AR and its subcellular mobilization.
(A) The protein domain structure of human AR. AR is a protein of 919 amino acids (aa)

consisting of several functional domains including N-terminal domain (NTD), DNA binding
domain (DBD) and ligand binding domain (LBD) at the C-terminus. Also depicted are the
FXXLF motif at aa 23-27, the WXXLF motif at aa 453-457, the nuclear localization signal
(NLS) and a putative mitochondrial localization signal (MLS).

(B) Pipelines and methods used to curate putative AR-interacting proteins. A total of 513
AR-interacting partners were identified using McGill/[HPRAD/Bio-Grid databases as well
as extensive literature search and curation (also see Table S1). Note that the AR-interacting
proteins encompass those that physically interact with AR (either directly with AR or
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indirectly through other proteins) as well as those that functionally interact and interface
with AR (signaling) but without any physical interactions.

(C) Categorization of AR-interacting partners via their functions and subcellular
localizations. The heatmap, generated using Morpheus (a Broad Institute’s web-based
heatmap builder), presents the 513 AR-interacting proteins according to their potential
involvement in the indicated biological processes (x-axis) and subcellular localizations (y-
axis). The heatmap legend indicates the relative probability (%) of AR-interacting partners
of falling into a specific functional category. For instance, the upper left box with 84
indicates that 84 AR-interacting proteins in the nucleus function, with 60-80% probability
(certainty), in ‘Transcriptional regulation’. On the other hand, the upper right box with 1
indicates that 1 AR-interacting protein in the nucleus functions, with 20-40% probability,
in ‘Protein synthesis’. Nuc (nucleus), Cyto (cytosol), PM (Plasma membrane), Golgi (Golgi
apparatus), ER (endoplasmic reticulum), Mito (mitochondria), CSK (cytoskeleton), Z-line
(the dark band in each myofibril where actin and myosin filaments overlap), CJ (cell
junction), EC (extracellular), ECM (extracellular matrix).

(D) Pie chart (%) presentation of the 513 AR-interacting proteins according to their
subcellular localizations.

Cancer Lett. Author manuscript; available in PMC 2022 October 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Jamroze et al. Page 21

A - Enzalutamide
- Apalutamide
- Abiraterone

- BCL2i
- WNTi
- FGFRi

Primary PCa mCRPC

ADT/Enza

; é AR
AR
/L mCRPC
CSC

Primary PCa inhibitors

Fig 2. Potential therapeutic strategies to target PCa cell heterogeneity and plasticity.
(A) Combinatorial strategies in the mCRPC setting.

(B) Combinatorial strategies in the primary PCa setting.

Please see Text for discussions. Note that the AR™1° PCa cell populations in treatment-naive
tumors (left) vs. ADT-treated and CRPC (right) will likely possess different transcriptomic
profiles and epigenetic landscapes despite that they share similarities in phenotype and
therapy resistance [13,36]. Also, the cartoon (adapted from ref. 36 with permission) was

not intended to imply that the AR*/N and AR~1° cell populations in mCRPC are directly
derived from the AR* and AR cell populations in treatment-naive primary tumors,
respectively. This is because ADT-induced cancer cell plasticity may inter-convert the two
cell populations, but the proposed combinatorial strategies may simultaneously target both
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PCa cell heterogeneity and plasticity in established CRPC (A) or significantly delay and
inhibit the emergence of CRPC when used to treat primary tumors (B).
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