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ABSTRACT

The androgen receptor (AR) is a critical transcription
factor in prostate cancer (PC) pathogenesis. Its ac-
tivity in malignant cells is dependent on interactions
with a diverse set of co-regulators. These interac-
tions fluctuate depending on androgen availability.
For example, the androgen depletion increases the
dependence of castration-resistant PCs (CRPCs) on
the ACK1 and HOXB13 cell survival pathways. Acti-
vated ACK1, an oncogenic tyrosine kinase, phospho-
rylates cytosolic and nuclear proteins, thereby avoid-
ing the inhibitory growth consequences of androgen
depletion. Notably, ACK1-mediated phosphorylation
of histone H4, which leads to epigenetic upregulation
of AR expression, has emerged as a critical mecha-
nism of CRPC resistance to anti-androgens. This re-
sistance can be targeted using the ACK1-selective
small-molecule kinase inhibitor (R)-9b. CRPCs also
deploy the bromodomain and extra-terminal domain
protein BRD4 to epigenetically increase HOXB13
gene expression, which in turn activates the MYC tar-
get genes AURKA/AURKB. HOXB13 also facilitates
ligand-independent recruitment of the AR splice vari-
ant AR-V7 to chromatin, compensating for the loss
of the chromatin remodeling protein, CHD1, and
restricting expression of the mitosis control gene
HSPBS8. These studies highlight the crosstalk be-
tween AR—-ACK1 and AR-HOXB13 pathways as key
mediators of CRPC recurrence.

PROSTATE CANCER: GENERAL PRE-CRPC TREAT-
MENT STRATEGIES

Prostate cancer (PC), a common cancer in men worldwide,
is a major cause of cancer-related deaths, with an inci-
dence rate of 7.1% (1). Despite its prevalence, PC is not
life-threatening in most patients, because it grows slowly at
the organ-confined stage. Surgery, chemotherapy, radiation
and androgen deprivation therapy (ADT) are some of the
treatment options for men with advanced or high-risk PC
(Figure 1, left panel). The 10-year progression-free survival
for men with high-risk localized PC varies slightly depend-
ing on the treatment but is generally ~81-85% (2). For men
with metastatic PC, treatments include chemotherapy, ADT
or immunotherapy. Although treatment for metastatic PC
has continually improved, the 5-year survival rate for Amer-
ican men with metastatic PC has remained at ~28%. Bone
is a frequent site for metastasis, which is present in 10—
12% of men at initial diagnosis (3,4). Comorbidities for men
with active growth of metastatic bone PC may include skele-
tal fractures and spinal cord compression at the metastatic
sites, and are often associated with substantial pain. Radio-
therapy is mostly palliative at this stage. Moreover, a charac-
teristic feature of castration-resistant PC (CRPC) is a high
degree of heterogeneity and tumor plasticity (5,6). Recent
advancements in molecular diagnosis, pathology and imag-
ing support the discovery of new targets for clinically signif-
icant PC (Figure 1, right panel).

CRPC

Owing to the preponderance of androgen receptor (AR)
expression and function at various stages of PC progres-
sion, AR axis-targeted therapies have emerged as critical to
combat high-risk disease (7,8). These therapies, namely the
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Figure 1. A multipronged approach for the treatment of advanced PCs.
Analysis of PC is integrated at the molecular, cellular, histological and clin-
ical levels to improve diagnoses and to tailor treatments for superior out-
comes. Gleason scoring system: Gleason score 6, low risk; Gleason scores
3 + 4 or 4 + 3, medium risk; Gleason scores 8-10, high risk. Left panel:
Organ-confined (very low risk or low-risk) PC is treated with active surveil-
lance, including follow-up for prostate-specific antigen at 3-6 months and
a digital rectal exam/biopsy once per year. Organ-confined (intermediate-
risk) PC is treated with surgery or focal therapy. Organ-confined (high-
risk) PC is treated with surgery (robotic or laparoscopic prostatectomy, bi-
lateral orchiectomy or transurethral resection of the prostate), radiother-
apy [external beam radiation therapy, conformal (computer-assisted) ra-
diation therapy, hypofractionated radiation therapy, brachytherapy or in-
ternal radiation therapy], intensity-modulated radiation therapy, proton
therapy, chemotherapy (docetaxel, cabazitaxel and paclitaxel), luteinizing
hormone-releasing hormone agonists, ADT (enzalutamide, apalutamide,
darolutamide, abiraterone acetate and ketoconazole) and immunotherapy
(Provenge). Right panel: Elucidating the genetic and epigenetic alterations
promoting plasticity of metastatic CRPC (mCRPC) is critical to iden-
tifying vulnerabilities and novel therapeutic opportunities for interven-
tion. Understanding the heterogeneous nature of PC with advancements
in pathology and prostate magnetic resonance imaging should aid in the
optimization of the pre-biopsy risk discrimination for clinically significant
PC.

ADTs, delay the disease progression (9-12). However, pa-
tients invariably develop resistance to ADT and progress
to a lethal stage referred to as CRPC (11,13). Approxi-
mately 10-20% of men with PC develop CRPC within 5
years of initial diagnosis. The risk of death in men with
non-metastatic CRPC correlates with age and comorbidi-
ties, and biochemically with a <9-month doubling time of
prostate-specific antigen levels (14). CRPCs not only are re-
sistant to first-line ADT but also, within ~18-24 months,
develop resistance to second-generation therapies, includ-
ing enzalutamide, a potent second-generation AR antag-
onist that prevents AR nuclear translocation and chro-
matin binding (15,16), and abiraterone, an androgen syn-
thesis inhibitor (17). A treatment-induced resistance mech-
anism that emerges in CRPCs is the expression of AR splice
variants, such as AR-V7 (18-21). AR-V7 lacks the ligand-
binding domain (LBD) and thus is insensitive to the levels
of anti-androgens in the tumor milieu (22). Thus, elucidat-
ing the molecular alterations promoting mCRPC is critical
to identify vulnerabilities and novel therapeutic opportuni-
ties for intervention.

ACK1-AR-HOXB13 AXIS

The AR engages a diverse group of proteins (transcription
factors and kinases) and consequently promotes PC growth
in androgen-dependent and androgen-independent condi-
tions (Figure 2). Recent molecular, cellular and tumor stud-
ies have revealed that the ACK1 tyrosine kinase and the
HOXB13 transcription factor are two critical regulators of
recurrent CRPC growth, particularly in response to second-
generation anti-androgens (23-30). These proteins form a
self-sustaining co-regulatory protein network axis in PC in
response to ADT. Mechanistically, ACK1 modulates AR
gene expression through epigenetic regulation (27), and its
androgen-independent activity through tyrosine phospho-
rylation (23,31,32) and interaction with co-regulators (33).
In contrast, HOXB13 regulates AR expression and func-
tion, as well as AR and AR-V7 chromatin binding in mCR-
PCs (29,34). Thus, targeting this axis is critical to suppress
CRPC recurrence. The current review discusses these mech-
anisms in depth.

AR IN CRPC PATHOPHYSIOLOGY

AR, a transcription factor, is expressed predominantly by
the glandular epithelial cells lining the lumen of the pro-
static acini and is essential for maintaining the normal
prostate gland differentiated state and secretory functions
(35,36). AR has three distinct domains: an N-terminal
transactivation domain, a middle zinc-finger DNA-binding
domain, a hinge region, and a C-terminal LBD (37).
The androgen ligands (testosterone or the higher affin-
ity dihydrotestosterone) bind the ligand-binding pocket
in the LBD and subsequently induce LBD dimerization
and regulation of AR transactivation (37). Some first- and
second-generation anti-androgens may block this dimer-
ization of the LBD and thus inhibit AR activity (37).
Androgen-bound AR translocates from the cytosol to the
nucleus, binds the androgen response elements (AREs)
and subsequently drives expression of target genes such
as KLK3/PSA (36,38-40). In normal cells, AR activity is
exquisitely regulated through limited expression, cytoso-
lic localization and association with protein complexes
(40). In contrast, AR is overexpressed (41-43) or function-
ally activated in most PCs through a variety of mecha-
nisms (24), such as gene body amplification (44-46), AR
distal enhancer amplification (44,45,47), increased histone
acetylation/phosphorylation at AR enhancers (27,48,49),
overexpression of its co-regulators (29,30,43) and protein-
stabilizing post-translational modifications (23,50-52). AR
deregulation ultimately leads to increased pathologically ac-
tive AR at tumor-specific AR-binding sites, an outcome
correlating with PC progression (27,53,54).

The interaction of the AR with its co-regulators and
the chromatin state arguably play vital roles in determin-
ing which survival pathways are activated after androgen
deprivation. AR epigenetic regulators, such as the BRDs,
which regulate lineage-specific programs, have emerged
as critical mediators of castration resistance (Figure 2).
CRPCs overexpress a subset of the bromodomain pro-
teins BRD2, BRD4 and ATAD2 (55). Mechanistic stud-
ies have suggested that BRDs directly interact with AR
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Figure 2. Oncogenic and tumor-suppressive pathways regulated by the ACK1-AR and AR-HOXBI3 axes in PCs. AR is a transcription factor whose
activity is regulated by the binding of its ligand, the androgen testosterone (T) to the C-terminal LBD. AR engages a diverse group of proteins (chromatin
regulators, transcription factors and kinases), thus promoting PC growth in the absence of androgen. Specific chromatin regulators such as the tumor
suppressor gene CHD1, which has ATP-dependent chromatin remodeling activity, is required for maintaining genome integrity as well as 4 R transcription.
Most CHD1-enriched sites (80%) are promoter independent and colocalize with AR/HOXB13/FOXA 1-enriched enhancers. In the androgen-depleted
state, the acetyl (ac)-lysine reader bromodomain proteins (BRDs) have emerged as key mediators of castration resistance. An emerging AR interactor is the
non-receptor tyrosine kinase ACK 1, which regulates 4R gene expression through epigenetic regulation and its androgen-independent activity by tyrosine
phosphorylation (pY). HOXB13’s interaction with AR regulates its transcriptional activity by influencing AR/AR-V7 chromatin binding in mCRPCs.
HOXBI13 regulates a proliferative program in CRPC through overexpression of mitotic kinases (AURKA /B and CIT) and repression of a putative tumor

suppressor, HSPBS. Autoregulatory BRD4-HOXB13, BRD4-AR and A
with www.biorender.com.

via their N-terminal regions (56), and this interaction reg-
ulates chromatin recruitment at AR target genes (55,56).
Interaction between AR and BRD4 facilitates increased
chromatin accessibility in CRPCs compared with benign
prostatic hyperplasias. In agreement with this finding,
the chromatin displays maximal internucleosomal spac-
ing, increased transcriptionally permissive histone acety-
lation and decreased repressive methylation, thus under-
scoring the structural changes promoting resistance to AR-
targeted therapies (57). AR interaction with other epige-
netic modifiers, such as histone/lysine acetyltransferases
and histone/lysine demethylases, increases chromatin ac-
cessibility at AR target genes, some of which are also
overexpressed in PC; however, epigenetic alterations oc-
cur in a site-specific and context-dependent manner (50,58—
60). These epigenetic alterations include removal of repres-
sive histone H3 lysine 9 me2/3 methylation (H3K9me2/3)
by the AR interacting histone demethylases KDMI1A and
KDM3A (61-64) or increased histone H3K27 acetylation
by CBP/p300, thus promoting expression of a subset of AR
target genes (50,58-60). Whereas the BRD inhibitor JQI
(29,55,56) and the p300/CBP inhibitors A485 and GNE-

CK1-AR circuits perpetuate mCRPCs in response to ADT. Figure was created

049 (65,66) suppress AR target gene expression and in-
hibit prostate xenograft tumor growth, their broad epige-
netic substrate activity has limited their potential clinical
use. Consequently, the identification of more targeted ap-
proaches and therapeutic vulnerabilities in CRPC is being
pursued.

ACK1/TNK2: A NOVEL REGULATOR OF AR EPIGE-
NETIC EXPRESSION AND FUNCTION IN CRPCS

An emerging AR interactor is the non-receptor tyrosine
kinase ACK1, which contributes to PC pathophysiology
by rapidly integrating growth signals from receptor tyro-
sine kinases, thus supporting the growth of PC cells in an
androgen-independent manner (67,68). ACK1 phosphory-
lates AR and AKT, and subsequently initiates an intracel-
lular response associated with cell survival and metabolism
(23,69) (Figure 2). The AKT serine/threonine kinase is fre-
quently activated in metastatic PCs and is a well-studied
effector of PI3K signaling (70). However, inhibition of
PI3K signaling is insufficient to completely block tumor
growth in Pten-null PCs, despite inhibition of activated
AKT. Increased Ar gene transcription, in a Her2/Her3-
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dependent manner, is frequently observed in the presence
of Pten ablation (71). Moreover, significant increases in
phosphorylated ACK1 (pY284-ACK1), AR (pY267-AR)
and AKT (pY176-AKT), as well as total AR expression,
are observed during human PC progression and in metas-
tasis (23,72). Stimulation of the CRPC-derived cell line
CWR-R1 with heregulin induces transactivation of AR, in
agreement with HER2’s modulation of AR protein stabil-
ity and function in PC (73,74). HER2 promotes ACK1 ki-
nase autoactivation (23,72), which is followed by phospho-
rylation of AR and AKT at Y267 and Y176, respectively,
in PTEN-deficient human PC models (23,69,72). Physio-
logically, probasin-caACKI (catalytically activated human
ACKI1) transgenic mice with elevated levels of pY284-
ACKI1 and pY176-AKT develop prostatic intraepithelial
neoplasia as well as rare prostate adenocarcinomas. At
the molecular level, the ACK1/pY267-AR complex en-
ters the nucleus and binds the 4R promoters/enhancers as
well as AR target genes (KLK3), DNA damage response
genes (ATM and TP53) and genes associated with lipid
metabolism (SREBFI) (23,27,32,69) (Figure 2). In agree-
ment with this finding, human prostate tissue microarray
profiling with AR and activated ACK1 antibodies has re-
vealed upregulation of both the AR and activated ACK1
in CRPC (27,72). In an androgen-independent state, the
ACK1/AR complex is recruited to the ARE 111 enhancer of
the KLK3/PSA gene (23) as well as to the A REM enhancers
present ~100 kb upstream of the AR gene (27). ACK1 phos-
phorylates histone H4 at tyrosine 88 (forming H4-pY88)
in the context of the chromatin at the AREM enhancers.
Treatment with the anti-androgen enzalutamide does not
affect ACK1-mediated histone H4-Y88 phosphorylation
(27). Subsequently, these pY88-H4 epigenetic marks act as
docking sites for the WDR5/MLL2 complex, thus pro-
moting AR and AR-V7 transcription through deposition of
transcription-activating H3K4 trimethyl marks and recruit-
ment of the transcription machinery (27). This feed-forward
epigenetic mechanism drives CRPC progression and is tar-
getable with ACK1 small-molecule inhibitors (Figure 3).

AR ENHANCERS AS MEDIATORS OF THERAPEUTIC
RESISTANCE IN CRPCS

Another epigenetic mechanism of therapeutic resistance ob-
served in most mCRPCs is the amplification of a 9-kb ge-
nomic region ~620-700 kb centromeric to the AR gene
body, in a manner possibly mediated by the selective pres-
sure of exposure to anti-androgens (44,45,47). The chro-
matin at this distal 4R enhancer contains H3K27 acety-
lation marks. An intriguing feature of this distal 4R en-
hancer is DNA hypomethylation and the absence of his-
tone marks in adult tissues (45). Moreover, cistrome anal-
ysis has revealed the binding of pioneer factors, includ-
ing HOXB13, FOXA1 and GATA2, at this AR enhancer
in LNCaP cells as well as in benign and primary local-
ized prostate tumors (45). However, this 4 R enhancer lacks
H3K27ac, H3K27me3 and H3K4me2 epigenetic marks in
primary tumors, thus defining it as a vestigial enhancer that
is reactivated specifically in mCRPCs (45). These results
suggest that a prerequisite step in CRPC resistance to anti-
androgens may be the overexpression and recruitment of
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Figure 3. Epigenetic regulation of AR by ACK1in mCRPCs. The ACK 11—
AR complex is recruited to the 4R enhancer, where it phosphorylates hi-
stone H4 at residue Y88, thus driving AR transcription. The ACK1 cat-
alytic inhibitor (R)-9b blocks tyrosine phosphorylation and autoactivation
of ACK1 as well as tyrosine phosphorylation of its substrates, thereby in-
hibiting the androgen-independent AR program in CRPCs. PC cells in-
variably develop resistance to AR antagonists, and intriguingly, perturba-
tions in AR are common in patients with CRPC. These resistance-causing
perturbations include structural alterations in AR enhancers, AR gene
amplifications or mutations and AR splice variants that lack the LBD,
such as AR-V7. Post-translational modifications that facilitate androgen-
independent AR recruitment to chromatin regions distinct from those tar-
geted by androgen-bound AR, as well as the interaction of AR-V7 with
HOXBI13, are among the distinct mechanisms of transcriptional regula-
tion in CRPCs. Figure was created with www.biorender.com.

these pioneer transcription factors to de novo genomic loci,
before transcriptionally activating acetylation is deposited
at H3K27 by histone acetyltransferases. The mechanistic
details of the enhancer amplification are unclear but may
depend on the activity of pioneer factors and chromatin re-
modeling enzymes.

The pioneer factors HOXB13, FOXA1 and GATA?2 reg-
ulate androgen-dependent and androgen-independent AR
function in PCs (75,76). In early-stage PCs, FOXA1 co-
regulates the luminal AR transcriptional program through
specific gain-of-function mutations in its DNA-binding do-
main (77). However, the mutational spectrum of FOXAI
differs in metastatic PCs, in which it activates the Wnt
signaling program or undergoes structural rearrangements
within its locus that drive autoexpression (77). Moreover,
10-20% of CRPC tumors overcome AR dependence and
consequently evade AR-targeted therapy (78). One such
mechanism is the aberrant N-M YC expression in CRPCs,
which enables the switch from luminal epithelial to neu-
roendocrine lineage subtypes. However, despite the domi-
nance of N-Myc, the pioneer transcription factors HOXB13
and FOXAI1 are recruited to specific genomic loci in an
AR-independent manner in NEPCs (79). Collectively, these
studies underscore a gain of function for the pioneer factors
in lineage plasticity.

EPIGENETIC REGULATION OF HOXB13, A PC RISK
GENE

HOX gene family members are evolutionarily conserved
and comprise a large group of transcription factors (80).
This conservation is evident in their structural organiza-
tion and the temporal and spatial expression of their indi-
vidual members in tissues, cells and lineage-specific man-
ners (80). HOX genes regulate development during early
embryogenesis through a highly coordinated collinear ex-
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Figure 4. Pioneer transcription factors are recruited to the HOXBI3 reg-
ulatory region. Meta-analysis of publicly available chromatin immunopre-
cipitation sequencing (GSE56288) to probe AR, FOXA1 and HOXB13
binding has revealed occupancy of these factors at the HOXBI3 transcrip-
tion start site and 3’ exon 2 in human prostate tumors and in prostate cell
lines expressing all three factors. Two BRD4-binding sites, BRAH1 and
BRAH2 (BRD4 recruitment site at HOXBI3), are present at nucleotides
268 and 799 upstream of the HOXBI3 transcription start site.

pression program along the anterior—posterior axis, thus es-
tablishing the master body plan (81). Mutation within or
deregulated expression of individual HOX genes is associ-
ated with malignancies of different cell types as well as de-
velopmental defects (82). Hoxb13 is essential for the proper
development of the ventral prostate gland in mice (83). In
humans, HOXBI3 is expressed predominantly in the lumi-
nal epithelial cells of the prostate and, to a lesser extent, in
cells that compose the basal layer. This gene encodes a 34-
kDa sequence-specific DNA-binding protein with a proxi-
mal N-terminal HOXA homology domain and a distal 60-
amino acid DNA-binding homeodomain. Although its ex-
pression is independently regulated and is not under the
control of AR during normal prostate development, AR-
and FOXA1-binding sites are present near the HOXBI3
promoter in PC, thus suggesting a role for chromatin in this
de novo recruitment of transcription factors in malignant
cells (Figure 4). Moreover, in men with PC, a rare germline
mutation in HOXBI3 at rs138213197, corresponding to the
amino acid change G84E (glycine to glutamate), in addi-
tion to mutations at other sites, has been reported (84-86).
Specifically, HOXB13 G84E is associated with an increased
risk of additional cancers (87). However, the mechanism
through which these mutations contribute to prostate tu-
mor development is unclear, thus suggesting the existence
of other mechanisms underlying HOXB13 pathogenesis.
In mice, Hoxbl3 expressed in prostatic lineage cells
is developmentally regulated, and its expression is main-
tained in a poised state through combinatorial expres-
sion of transcriptionally activating H3K4me3 and repres-
sive H3K27me3 epigenetic marks (88,89). These bivalent
domains are a characteristic feature of the promoters of
developmentally regulated protein-coding genes, including
Hoxbl13 (89). Loss of H3K27me3 at the HOXBI13 gene lo-
cus also occurs in primary colon tumors, as compared with
matching normal mucosa (90). A dynamic swapping of re-
pressive for activating acetylation marks at H3K27 facili-
tates rapid activation and deactivation of gene expression
patterns in response to intracellular and external stimuli
(91). However, another layer of epigenetic reinforcement in-
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Figure 5. HOXB13 may compensate for CHDI deficiency, thus promot-
ing chromatin accessibility. CHDI regulates the binding of AR and con-
sequently differentiation through promoting the expression of the canon-
ical AR transcriptome. In CHDI-deficient conditions, AR enhancers are
enriched in HOXBI13 binding and HOX motifs. CHDI deficiency in tu-
mor cells is associated with a diversion of AR binding toward a malignant
program likely mediated by the activation of HOXB13 transcriptional net-
work. Figure was created with www.biorender.com.

stituted by DNA methylation maintains developmentally
regulated genes in a repressed state in differentiated adult
cells. DNA hypermethylation at cytosine 5 in the CpG din-
ucleotide at existing or new loci is targeted for gene si-
lencing through the action of the EZH2-containing poly-
comb repressor complex, which deposits H3K27me3 marks
at the chromatin (92-94); an example is colorectal cancers,
in which the DNA methyltransferase DNMT3B targets
HOXBI3 for repression (95). Therefore, to activate develop-
mental genes such as HOXBI3 with hypermethylated CpG
islands, a three-step process is required: (i) DNA demethy-
lation; (i) removal of the repressive H3K27me3 marks (96);
and (iii) their replacement with activating histone acety-
lation marks. Recent studies have revealed enrichment in
H3K27 acetylation as well as H4K5 and K8 acetylation
at the HOXBI3 promoter-proximal region in CRPC (29).
Moreover, treatment with GSK126, a PRC2 catalytic in-
hibitor of H3K27me3, does not affect HOXBI13 expression
in CRPC cell line C4-2B indicating a state of constitutive
activation (29).

Increased HOXBI13 expression may also open chromatin
in CRPCs, thus permitting transcription and compensating
for the loss of activity of chromatin remodeling enzymes,
such as the tumor suppressor gene CHD1, which encodes a
protein with ATP-dependent chromatin remodeling activity
(97-99) (Figures 2 and 5). In the non-malignant state, the
chromatin remodeling activity of CHD1 maintains genome
integrity and AR transcriptional functions (100). In addi-
tion to regulating AR chromatin-binding activity, CHDI
regulates homologous recombination (HR) double-strand
break repair, and its decreased expression is associated
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with increased sensitivity to ionizing radiation, and sensi-
tivity to poly(ADP-ribose) polymerase (PARP) inhibitors
(101,102). Approximately 10-15% of primary human PCs
exhibit recurrent deletions of CHDI (103,104). However, in
mice, prostate-specific genetic ablation of Chdl does not di-
rectly lead to PC, although combining Chdl ablation with
Pten deletion leads to invasive carcinoma, thus indicating
cooperativity between these two tumor suppressors (100).
Furthermore, silencing of CHDI expression in high AR-
expressing human prostate xenograft tumors (LNCaP/AR)
confers resistance to AR blockade, specifically to enzalu-
tamide, owing to alterations in chromatin and enrichment
in transcription factors that direct cells away from the lu-
minal lineage (105). Mechanistically, CHDI1 regulates the
binding of AR and thereby differentiation through promot-
ing the expression of the canonical AR transcriptome. Its
deficiency in tumor cells is associated with a diversion of
AR binding toward a malignant program (100). In agree-
ment with this finding, CHD1 deletion results in enrichment
in HOXB13 binding at most AR enhancers, thus suggesting
that the ability of pioneer factors to gain access to inaccessi-
ble chromatin is likely to compensate for the loss of CHD1
chromatin remodeling activity (100) (Figure 5).

BRD4-MEDIATED EPIGENETIC REGULATION OF
HOXB13IN CRPCS

Recent studies have revealed the epigenetic regulation of
HOXBI3 gene expression by BRD4 as an important mech-
anism of transcriptional upregulation in PCs. The BET bro-
modomain protein binds two HOXBI3 promoter-proximal
sites, BRAH1 and BRAH2 (29). The chromatin at the
BRAHI1 and BRAH2 sites is characterized by the presence
of H3K27 acetylation and enrichment of RNA polymerase
IT but not repressive H3K27 methylation, a signature in-
dicative of actively transcribed regions (29). In support of
this epigenetic regulation, different classes of BET bromod-
omain inhibitors—such as the prototype compound JQ1 or
the dual activity bromodomain kinase inhibitors MA4-022-
1, MA4-022-2 and SG3179—-effectively suppress HOXB13
expression and inhibit CRPC proliferation and xenograft
tumor growth (29,30,56) (Figure 6). Although JQ1 also sup-
presses expression of ¢-M YC, another important oncogenic
transcription factor, it is not a major effector of BRD4-
mediated survival in HOXB13-positive and AR-positive
CRPCs (29,30,56). Exogenous expression of HOXBI13 res-
cues JQ1-mediated inhibition of cell proliferation, thus re-
vealing that HOXBI13 is a critical downstream effector of
BRD4 in CRPCs (29). This finding may be attributed to
the active BRD4-HOXBI13 regulated network of genes that
promote the cell cycle, DNA metabolism, cell division and
survival in a M YC-independent manner (29,30). An exam-
ple is the expression of the mitotic kinase genes AURKA/B
in highly proliferative AR-positive luminal epithelial PCs
and in circulating tumor cells from patients with CRPC
(106). AURKA/B is a target of the M YC transcription fac-
tors in neuroendocrine cancers (107) and other cancer types
(6,108), but it is regulated by HOXB13 in a subset of CRPCs
(29,30). BRD4 deploys HOXB13 and MYC in aggressive
PCs, creates a transcription factor dependence in CRPCs
and NEPCs (neuroendocrine PCs), respectively, and con-
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Figure 6. Targeting AR/HOXBI13 pathways in lethal PCs. Among the
several known AR co-regulators, HOXB13 has a unique role in defining
the AR transcriptome in a context- and stoichiometry-dependent man-
ner. BRD4 epigenetically regulates HOXBI13 expression in PCs. BRD4—
HOXB13 co-regulated transcriptional networks promote androgen inde-
pendence and cell proliferation. In addition, AR-V7, a splice variant of
AR upregulated in CRPCs, lacks the ability to bind androgen and relies
on HOXBI13 for chromatin recruitment. HOXB13 downregulation induces
HSPBS expression in mCRPCs, and inhibits cell migration and prolifera-
tion. Consequently, HOXB13-positive PCs are sensitive to BET bromod-
omain inhibitors.

Cancer

sequently sensitizes them to BRD4 inhibitors. Collectively,
these studies also highlight a means to target the BRD4-
HOXB13-AR epigenetic axis in CRPCs and to restrict the
pathogenicity of CRPC progression (Figure 6) (29). The
contextual dependence of CHDI normal and deficient hu-
man prostate tumors on AR and HOXB13 signaling sug-
gests that ACK1 inhibitors, as well as BET bromodomain
inhibitors, may be potential therapeutic targeting strategies
either individually or in combination.

HOXB13 REPRESSES HSPBS, A MITOSIS REGULA-
TORIN PC

HOXBI13 acquires a neomorphic oncogenic function in
human cancers, and its expression is associated with re-
currence after radical prostatectomy and aggressive PCs
(109-111). The role of HOXBI13 in CRPC recurrence is
supported by its ability to recruit ligand-independent AR
and AR-V7 to genomic sites (29,34,112). In addition to
transcriptional activation, HOXB13 may promote prostate
tumor progression through direct transcriptional repres-
sion of tumor suppressors. A genetic screen for HOXBI3
effectors has revealed that the heat shock protein gene
HSPBS is repressed in PCs (30). Accordingly, analysis of
The Cancer Genome Atlas (TCGA) prostate adenocarci-
noma dataset has revealed that whereas HOXBI3 gene ex-
pression is increased (Figure 7A), HSPBS expression is sig-
nificantly downregulated during disease progression and
this decrease is independent of the presence of known fre-
quent genetic alterations observed in PC (Figures 7B-C).
Silencing of HOXB13 reverses HSPBS gene expression in
multiple PC cell lines (30). Metastatic PCs with low HSPB8
levels are hyperproliferative, as evidenced by their high ex-
pression of mitotic kinases. In contrast, overexpression of
HSPBS restrains proliferation and migration, thus suggest-
ing that it restricts mitosis and motility (30). Consistently,
HSPBS gene expression shows significant differences be-



tween patients with prostate adenocarcinoma with metasta-
sis to lymph nodes (LN) LN-N1 compared to LN-NO with
no evidence of metastasis (Figure 7D). Physiologically,
autosomal dominant mutations in HSPBS are associated
with myopathy and benign prostatic hyperplasia (113,114).
Molecularly, a role of HSPBS in conjunction with BAG3
in clearing AR polyQ mutant proteins is proposed in a re-
cent study, which, if not cleared, are associated with spinal
and bulbar muscular atrophy, an X-linked motoneuron dis-
ease (115). Whether specific subsets of high-HOXB13 /low-
HSPBS prostate cells are channeled away from differentia-
tion and redirected toward proliferation remains unclear. It
will be critical to determine whether a high-HOXB13/low-
HSPBS state defines the subset of men with rapidly growing
and potentially fatal cancers, such as the high-risk ductal
carcinomas that exhibit high HOXB13 expression (116). To-
gether, these studies suggest that HSPBS is a mitotic check-
point protein in normal prostate cells and is one of the first
defenses eliminated by PC cells to boost proliferation.

Collectively, these new studies have uncovered the impor-
tance of epigenetic deregulation of AR and HOXBI3 as crit-
ical mechanisms underlying the lethality of metastatic PCs.
Importantly, these studies have revealed the requirement of
agents other than anti-androgens that target the ACK1-
AR and AR-HOXBI13 axes. Because HOXBI13 facilitates
ligand-independent chromatin recruitment of the AR splice
variant AR-V7 in CRPCs, and ACKI1 regulates AR/AR-
V7 expression, targeting the ACK 1 kinase with selective in-
hibitors may be beneficial.

TARGETING CRPCS WITH THE NOVEL ACK1 IN-
HIBITOR (R)-9B

The small-molecule inhibitor (R)-9b has emerged as the
most promising candidate, owing to its favorable drug-like
properties and limited off-target activity (27,117). Nearly
all patients with PC treated with abiraterone and enzalu-
tamide acquire resistance via increased expression of AR-
V7 splice variants (22); thus, a therapeutic strategy that not
only inhibits full-length 4R gene expression but also sup-
presses AR-V7 variant expression is warranted (27). (R)-9b
blocks ACK1-mediated H4-Y88 phosphorylation and sup-
presses AR/AR-V7 transcription, thus overcoming ENZ-
resistant CRPC growth (27). Currently, no available data in-
dicate that ACK 1 or pY88-H4 epigenetic marks have roles
in promoting splicing dysfunction causing AR-V7 expres-
sion. ACK1/pY88-H4 signaling is likely to be primarily in-
volved in keeping the 4 R locus transcriptionally active, even
in the presence of AR antagonists. Eventually, cancer cells
may use distinct mechanisms to switch from AR to AR-V7
transcription, or low AR-V7 expression due to splicing er-
rors in an AR antagonist-rich environment may select for
a subset of resistant CRPCs. ADT resistance may also be
mediated by rare CD44 populations (~0.1%) present in the
luminal epithelial-derived PC population (28). ACK1 ki-
nase is active in these CD44 stem-like cells, and in preclini-
cal models, ACK1 inhibitors have been found to effectively
suppress CD44 stem-like cell tumor growth (28). Thus, (R)-
9b may exemplify a ‘third-generation” AR antagonist that
can overcome CRPC and stem-like cell renewal.
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Pathogenic ACK1 activation has also been reported in
cancers of the lung, pancreas and breast, and AKT ki-
nase is a major target activated by ACKI1. Thus, (R)-9b
has the potential for targeting additional cancers. Other
ACKI inhibitors are in various stages of developmental
pipelines, and, together with (R)-9b, hold promise for ad-
dressing not only anti-androgen resistance but also radio-
resistance of CRPCs (27,31,72,117-120). The tyrosine ki-
nase Src is active in a subset of AR-positive PCs and feeds
into the AR axis; Src phosphorylates AR and regulates AR
target genes essential for CRPC survival (26,31). However,
AR/Src-regulated genes appear to be distinct from those
regulated by ACK1: ACK1 performs a specific function in
PC stem-like cell renewal (28), whereas the subset of Src-
regulated genes is associated with metastasis and poor prog-
nosis (26). Together, kinase inhibitors targeting these non-
receptor tyrosine kinases Src and ACK1 have the potential
to overcome multiple mechanisms of anti-androgen resis-
tance in hormone refractory PCs.

ACK1/AR-PY267 SIGNALING IN THE DNA DAMAGE
RESPONSE AND RADIO-RESISTANCE OF CRPCS

PC has a heritability of 57% and exhibits a high de-
gree of genetic mosaicism (Figure 8). Consequently, ge-
netic alterations affect macromolecular interactomes in-
volved in chromatin regulation, replication, transcription,
DNA repair, RNA splicing and protein turnover (Figure 8)
(121,122). Recurrent genetic alterations found in a subset of
early-onset PCs are germline or somatic mutations in genes
involved in DNA repair comprising the HR-dependent re-
pair pathways (BRCAI, BRCA2, ATM and FANCA); this
percentage doubles in men with metastatic PC (122-124). In
contrast, mCRPCs display both frequent amplification and
overexpression of the 4 R gene as well as frequent mutations
in the PTEN and TP53 tumor suppressor genes, thus sug-
gesting that selection of cells with AKT activation and loss
of the G1 checkpoint may result in a survival advantage due
to the avoidance of apoptosis and activation of metabolic
programs (123). In agreement with these findings, mouse
modeling studies with Pren and Trp53 deletions have reca-
pitulated the genomic alterations observed in humans (125).
Activated oncogenic kinases further establish a hierarchy in
this regulation by modifying several key proteins and pro-
moting PTEN-independent AKT activation (67). Prostates
from probasin-ca4ACKI transgenic mice expressing acti-
vated human ACKI1 as well as its substrates pY176-AKT
and pY267-AR display higher expression of the DNA dam-
age response protein ATM in cancerous tissue than in the
normal prostate (32,69). Androgen-independent pY267-
AR recruitment to the 4T M enhancer facilitates an increase
in ATM levels in CRPCs (32). Moreover, human CRPCs ex-
hibit a significant increase in A7'M gene expression that cor-
relates with activated ACK1/pY267-AR expression. Sim-
ilarly to the participation of androgen-bound AR in the
cellular response to DNA damage (126-129), androgen-
independent ACK1/AR signaling is active under castration
conditions and is associated with radio-resistance of CR-
PCs (32). Notably, this radio-resistance is targetable with
novel ACK1 inhibitors.
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Figure 7. HSPBS expression is downregulated during PC progression (TCGA dataset). (A) Box plots reveal an increasing trend in HOXBI3 expression
with increasing tumor grade, normal versus cancer; *P = 6.4E—05, ¥**P = 4 4E—08, ***P = 1.81E—08, ****P = 6.27E—09, ns = not significant. (B)
Box plots reveal a decreasing trend in HSPBS expression with increasing tumor grade; normal versus cancer; *P = 8.3E—07, **P = 4.94E—09, ***P =
8.84E—10, **** P = 7.7E—10; Gleason score 6 versus 7, 8 and 9, respectively: *P = 0.013, **P = 0.0015, *** P = 0.0007. (C) Box plots reveal decreased
HSPBS mRNA expression, independently of genetic alteration; normal versus genetic alteration; ** P = 6.0E—05, ****P > 1.3E—07, ns = not significant,
n = number of cases. (D) HSPBS mRNA expression is significantly downregulated in LN-positive patients; normal versus LN(NO) P= 3.63E-09; normal
versus LN(N1) P =4.77E-10; NO versus N1 **P = 3.0E—02. The #-test was performed using a PERL script with the Comprehensive Perl Archive Network
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Histone .
modifiers
MLL4, 2

KDM3A CBP, modifiers
EP300, EZH2,
ACK1

Figure 8. Heterogeneity of PCs. Mutual exclusivity as well as collaboration between genetic and epigenetic alterations within individual subsets provides
a framework of genetic redundancy, tumor heterogeneity and tumor evolution. Master regulatory networks directed by pioneer transcription factors
respond to cues from the intracellular and extracellular environment and consequently switch cell dependences on and off and enable transition to different
cell states. Oncogenes, tumor suppressors and collaborator genes that contribute to the heterogeneity of PC include BRCA2, DNA repair-associated
(breast cancer gene 2); BRCAI (breast cancer gene 1); PARP [poly(ADP-ribose) polymerase 1]; ATM (ataxia telangiectasia mutated); MLL4/KMT2B
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binding protein 1); NKX3.1 (NKX3 homeobox 1); and RB! (retinoblastoma 1).



Whether ACK1 inhibition can synergize with PARP in-
hibitors in mitigating mCRPC growth is currently un-
known. PARP functions in the base excision repair path-
way, which repairs single-strand DNA breaks. Importantly,
mutations in genes comprising the HR repair pathway sen-
sitize cells to PARP inhibition. Clinically, chemotherapy-
and ADT-treated patients with mCRPC with HR defects
rather than HR proficiency show a higher response rate
to PARP inhibition (88% in HR deficient versus 33% HR
proficient) and longer progression-free survival and over-
all survival (130). However, PARP may negatively reg-
ulate the non-homologous end joining pathway. Conse-
quently, in HR-deficient cells treated with a PARP inhibitor,
non-homologous end joining-mediated repair is stimulated,
thereby contributing to cytotoxicity and genome instability
(131). Whether ACK1 inhibitors synergize with PARP in-
hibitors in preventing the emergence of resistant clones and
might extend treatment benefits remains to be determined.

ACKI1 inhibitors may also have treatment potential
through their indirect participation in mechanisms lead-
ing to tumor development, such as the rare but recurrent
somatic missense mutations in the tumor suppressor gene
SPOP (CULLIN3-based E3 ubiquitin ligase substrate-
binding adaptor gene, speckle-type POZ protein) found in
10% of clinically localized PCs (124,132). SPOP regulates
transcription through multiple processes, including BRD4
degradation, splicing, DNA repair, proliferation and regu-
lation of the AR and AKT survival pathways, two key tar-
gets of ACK1 (69,132-134). Most tumors with SPOP mu-
tations display intrachromosomal modifications (i.e. dele-
tions, inversions and translocations), which precede muta-
tions in CHDI (103,104,135). Mechanistically, stabilization
of the bromodomain protein BRD4 is observed in some
hotspot SPOP mutants with loss-of-function mutations,
such as F133V, owing to decreased interaction of SPOP
with BRD4. However, the SPOP Q165P mutant protein
retains partial binding to BRD4. Although SPOP F133V-
expressing cells are resistant to the prototype BET inhibitor
JQI1, they remain sensitive to dual activity BET-CBP/p300
inhibitors (136-138). The effects of SPOP mutations such
as F133V on BRD4-mediated HOXBI13 epigenetic regula-
tion are unknown but may favor tumor growth, particularly
under conditions of androgen deprivation due to reduced
BRD4 degradation.

Together, these data suggest that ACK1/AR signaling in
association with the pioneer transcription factor HOXB13
plays a critical role in maintaining AR/AR-V7 mRNA
expression and functionality in CRPC recurrence. Conse-
quently, inhibition of activated ACK1 may be a highly ef-
fective strategy for overcoming CRPC resistance to anti-
androgens.

LIMITATIONS AND FUTURE DIRECTIONS

e What is the mechanism by which CRPCs upregulate
ACKI expression under the stress of androgen depriva-
tion?

e If overexpression/activation of ACK1 or HOXBI13 con-
fers resistance to anti-androgens such as enzalutamide, a
convergence to critical nodes is suggested. Is there a hier-
archy in how the ACK1-AR-HOXBI13 axis is regulated?
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e Which axis takes precedence: the epigenetic regulation of
HOXBI13 or ACK1-mediated 4R regulation in CRPC?

e How do pioneer factors identify ‘vestigial enhancers’ for
targeting and activation in CRPCs?

e Further mechanistic studies are required to understand
the crosstalk between the AR-ACK1 and AR-HOXBI13
networks and specific activation during CRPC recur-
rence.

SUMMARY

Overcoming resistance to second-line therapies has emerged
as a major challenge for PC researchers and clinicians.
The heterogeneity and mosaic patterns emerging from
treatment-induced changes in cancer cells underscore the
roles of genetic and epigenetic alterations in tumor plastic-
ity. Pharmacological profiling of patient-derived organoids
ex vivo will help address the challenge presented by tu-
mor cell heterogeneity and enable the evaluation of specific
targetable signaling pathways active in tumors. One limi-
tation that we foresee is that further mechanistic studies
will be necessary to understand the crosstalk between the
AR-ACKI1 and AR-HOXB13 networks and specific acti-
vation in CRPC progression. The redundancy and potential
compensatory roles between AR-ACK1 and AR-HOXB13
must also be established. Collectively, these studies under-
score the need to preempt tumor plasticity by targeting
aberrantly activated tyrosine kinases or epigenetic regula-
tors that promote androgen independence, either alone or
in conjunction with PARP inhibitors.
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