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Summary

Androgen receptor splice variant 7 (AR-V7) is crucial for prostate cancer progression and
therapeutic resistance. We show that, independent of ligand, AR-V7 binds both androgen-
responsive elements (ARE) and non-canonical sites distinct from full-length AR (AR-FL) targets.
Consequently, AR-V7 not only recapitulates AR-FL’s partial functions but regulates an additional
gene-expression program uniquely via binding to gene promoters rather than ARE enhancers. AR-
V7 binding and AR-V7-mediated activation at these unique targets do not require FOXAL but rely
on ZFX and BRD4. Knockdown of ZFX or select unique targets of AR-V7/ZFX, or BRD4
inhibition, suppresses growth of castration-resistant prostate cancer cells. We also define an AR-
V7 direct target gene signature that correlates with AR-V7 expression in primary tumors,
differentiates metastatic prostate cancer from normal, and predicts poor prognosis. Thus, AR-V7
has both ARE/FOXAL canonical and ZFX-directed non-canonical regulatory functions in the
evolution of anti-androgen therapeutic resistance, providing information to guide effective
therapeutic strategies.

eTOC Blurb

By cistrome profiling of endogenous androgen receptor (AR) versus an AR splice variant, AR-V7,
Cai et al uncovered non-canonical pathways uniquely targeted by ARV7 and ZFX, a previously
unknown AR-V7 partner. Targeting cofactors (ZFX or BRD4) or non-canonical downstream
pathways of AR-V7 provides potential therapeutic ways for treating prostate cancer.

Graphical Abstract
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Introduction

Androgen and androgen receptor (AR)-mediated signaling and gene transcription programs
are pivotal for prostate tumorigenesis (Watson et al., 2015). Androgen deprivation based
therapy of prostate cancer continues to improve with the FDA- approved inhibitors
abiraterone (de Bono et al., 2011) and enzalutamide (MDV3100) (Scher et al., 2012; Tran et
al., 2009). However, therapy resistance develops ultimately owing to various mechanisms,
including AR gene amplification or mutation (Chen et al., 2004; Gottlieb et al., 2012; Taylor
etal., 2010; Visakorpi et al., 1995), intratumoral androgen production (Montgomery et al.,
2008), expression of AR splice variants (AR- Vs) such as AR-V7 (Antonarakis et al., 2014;
Dehm et al., 2008; Guo et al., 2009; Hornberg et al., 2011; Hu et al., 2009; Li et al., 2013;
Sun et al., 2010; Watson et al., 2010), and cell lineage switch (Ku et al., 2017; Mu et al.,
2017). AR-Vs are detected by sensitive methods in early-stage prostate cancer and their
expression appears to increase substantially in castration-resistant prostate cancer (CRPC)
patients, indicating a tumor evolution process involving AR-V7 (Antonarakis et al., 2014;
Dehm et al., 2008; Guo et al., 2009; Hu et al., 2009; Hu et al., 2011; Miyamoto et al., 2015;
Sun et al., 2010; Watson et al., 2010). AR-V7 (also known as AR3) contains the N-terminal
transactivation and DNA-binding domains but lacks the ligand-binding domain that exists in
full-length AR (AR-FL) (Figures 1A and S1A). AR-V7 exhibits a ligandindependent,
constitutive activation function and its expression is correlated with resistance to abiraterone
or enzalutamide treatment in the clinic (Antonarakis et al., 2014). Profiling of AR-Vs
revealed a ligand-independent recruitment to androgen- responsive elements (ARES),
providing a mechanism by which AR-Vs sustain tumor growth without ligand (Chan et al.,
2015; Lu et al., 2015); however, antibodies used in these studies cannot differentiate AR-Vs
from AR-FL, raising a question of whether AR- Vs have regulatory functions distinctive
from AR-FL. Indeed, the broader alterations in the phenotype of CRPC occur seemingly
beyond the simple maintenance of persistent ARE-dependent transcriptional control. Thus,
the full oncogenic mechanisms by which AR-V7 mediates development of advanced
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prostate cancer remain elusive. Elucidating mechanisms underpinning drug resistance may
provide therapeutic approaches for targeting AR-V7 in advanced disease.

To this end, we performed genomic profiling of AR-V7 and AR-FL targets in same CRPC
cells, which includes chromatin immunoprecipitation followed by sequencing (ChIP-Seq)
with AR isoform-specific antibodies and RNA-Seq after isoform-specific knockdown (KD).
We found that AR-V7 has previously unappreciated oncogenic activities, in addition to its
established mechanism stimulating ligandindependent gene programs via binding to
canonical AREs. Specifically, our study revealed a family of AR-V7 binding sites that are
not targeted by AR-FL; these previously unknown AR-V7 binding sites are referred to as the
unique AR-V7 targets. Moreover, we identified a zinc finger protein, ZFX, as a crucial AR-
\/7 partner co-occupying a vast majority of AR-V7 unique binding sites. Integration of
datasets from prostate cancer cell lines and patients further defined clinical relevance of our
finding as we derived an AR-V/7-associated direct target signature, which correlates with
AR-V7 expression levels in primary tumors, separates metastatic prostate cancer from
normal, and predicts poorer clinic outcomes. Lastly, we show that inhibition of AR-V7 co-
factors (ZFX or BRD4), or KD of downstream targets uniquely co-activated by AR-V7 and
ZFX, suppressed the AR-V7-dependent CRPC cell growth. Thus, besides canonical ARE-
FOXAU1 signaling, this study unveils a crucial, yet unexplored pathway by which AR-V7
enforces the phenotypic alterations seen in men failing potent androgen deprivation.

AR-V7 exhibits ligand-independent binding in the genome of CRPC cells co-expressing
AR-V7 and AR-FL.

In order to dissect redundant and distinctive functions of AR-V7 and AR-FL in CRPC, we
used two antibodies against a unique epitope of either AR-FL or AR-V7 (Figure 1A) and
validated their isoform-specificity first by immunoblot (Figure 1B and S1A-B). By ChiIP-
gPCR of canonical AREs, we further confirmed antibody specificity in three prostate cancer
lines with differential AR expression— LNCaP expressing high AR-FL and almost none of
AR-V7, 22Rv1 co-expressing AR-FL and AR-V7, and PC3 lacking AR expression (Guo et
al., 2009; Hu et al., 2009) (Figure 1C). We next used these antibodies to map genomic
binding of endogenous AR-V7 and AR-FL by ChIP-Seq in 22Rv1 cells. We also did ChIP-
Seq for BRD4, an AR cofactor mediating gene activation (Asangani et al., 2014). Cells were
ligand-starved, followed by a 6-hour treatment with vehicle, dihydrotestosterone (DHT),
DHT plus MDV3100, or DHT plus a BRD4 inhibitor JQ1. ChlP-Seq peaks and overall
binding are summarized in Figures 1D and S1C-F. As expected and without ligand, AR-FL
showed weak but detectable binding to ~1,600 sites; DHT treatment dramatically enhanced
genomic binding of AR-FL, an effect almost completely abolished by MDV3100 co-
treatment (Fig. 1D, blue; and Fig. S1D-E). Without ligand, AR-V7 displayed significant
chromatin occupancy across the genome (Fig. 1D, red and Fig. S1D-E). DHT further
enhanced AR-V7 binding, likely due to AR- V7 heterodimerization with ligand-activated
AR-FL (Xu et al., 2015b), whereas MDV3100 had little effect on ligand-independent
binding of AR-V7 (Fig. 1D and S1D-E). Genomic binding of BRD4 was also induced by
DHT and reduced by JQ1 treatment (Fig. 1D, green and Fig. S1F).
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Compared to AR-FL, AR-V7 exhibits both redundant and distinctive binding in two
independent CRPC cell models.

ChIP-Seq profiling of endogenous AR-FL and AR-V7 in the same CRPC cells allowed
direct comparison of their binding. First, we found the AR-V7 binding in ligand-starved
cells largely overlap that of DHT-stimulated AR-FL at 15,162 out of a total of 17,409 sites
(Fig. 1E-G and S2A). These AR-FL/V7 common sites were mainly at enhancers enriched
with motifs of ARE and FOXAL, an AR-interacting pioneer factor (Lupien et al., 2008) (Fig.
1H-1 and S2B-C), such as those of classic AR targets KLK3/PSA, KLK2 and FKBP5 (Fig.
1J and S2D-E). This is consistent to reports that AR-V7 recapitulates AR- FL functions and
that the two also form heterodimers (Chan et al., 2015; Lu et al., 2015; Xu et al., 2015b).

Unexpectedly, we identified a significant portion of AR-V7 peaks (12.8%; 2,221 out of
17,409; Table S1) lacking AR-FL binding (Fig. 1E, 1G, 1K and S2F), as exemplified by
those at SKP2 and ZFY (Fig. 1L and S2G-I). The overlapped binding with AR-FL and the
distinct solo binding of AR-V7 were also seen in DHT-treated 22Rv1 cells, with the latter
accounting for 19.3% of peaks (7,537 out of 39074; Fig. S2J-K). In contrast to AR-FL
binding at enhancers, the AR-V7-solo binding was mainly found at promoters (Fig. 1H and
S2L), indicating a distinct recruitment mechanism. Also, we did AR-FL and AR-V7 ChIP-
Seq in VCaP cells (Fig S1C, right), another CRPC model with AR amplification and AR-V7
co-expression (Hu et al., 2009), and identified similar AR-V7-solo binding, relative to AR-
FL (Fig. 1M and S3A). Importantly, there is significant overlap between AR-V7-solo sites
identified in 22Rv1 and VCaP cells (Figure 1N), suggesting a common feature for AR-V7-
solo binding in CRPC.

We found AR-V7 solo-peaks enriched with genes showing MYC binding or frequent
aberration in cancer including metastatic prostate tumor (Fig. S3B), indicating that these
previously unappreciated, non-canonical AR-V7 sites may be biologically crucial.
Additionally, we found both AR-V7 and AR-FL peaks significantly overlapped with BRD4
peaks, supporting their role in gene activation (Fig. 1D and S3C). By ChIP- gPCR, we
verified AR-FL/VV7 common and AR-V7 solo binding in five different cell lines, with either
the isoform-specific antibodies used in endogenous ChIP-Seq (Fig. S3D-E) or additional
antibodies (e.g. HA ChlIP with cells expressing an HA-tagged AR-V7) as independent
verification approaches (Fig. S3F-H). Together, these results show that AR-V7 had non-
canonical targets in CRPCs that are not targeted by AR-FL upon ligand stimulation.

Integrated RNA-Seq and ChIP-Seq analyses reveal the AR-V7 associated gene sighature in
CRPC cell models and primary patients.

To dissect the role of AR-V7 in gene regulation, we specifically knocked down AR-V7 and
not AR-FL in ligand-starved 22Rv1 cells (Fig. 2A-B). Transcriptome analysis by RNA-Seq
identified 1,178 genes up and 648 down regulated by AR-V7 (Fig. 2C). Consistent to AR-
V7 and BRD4 co-occupancy (Fig. S3C), significantly more of AR-V7- activated genes
showed AR-V7 binding, relative to randomized control or AR-V7- repressed genes (Fig.
S4A). GSEA analysis support involvement of AR-V7 in activation of androgen-responsive,
oncogenic (MYC, MYB), cell cycle progression (E2F), and cancer progression-associated
genes (Fig. 2D-G and S4B-G). Integration of RNA-Seq and ChlP-Seq data identified 475 of
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AR-V7-activated genes as direct AR-V7 targets in 22Rv1 cells (Fig. 2H and Table S2). To
further define clinically relevant signatures for AR-V7, we turned to the public patient
datasets and found 41 of the AR-V7 directly activated genes in 22Rv1 cells significantly
correlating positively to the relative AR-V7 expression level in the TCGA prostate cancer
cohort (Cancer Genome Atlas Research, 2015) (Fig. 21 and S4H; Table S3). This 41-gene
AR-V7 direct target signature also positively correlates to the AR-V7 level in an
independent CRPC patient cohort (Beltran et al., 2016) (Fig. 2J), differentiates tumor from
normal (Fig. 2K and S41), and predicts worse prognosis in a clinical prostate cancer cohort
with long-term followup (Taylor et al., 2010) (Fig. 2L).

Genomic profiling also identifies downstream genes uniquely regulated by AR- V7,
compared to AR-FL, promoting CRPC cell growth.

Next, to further characterize unique regulatory functions of AR-V7, we compared
transcriptome perturbations caused by specific KD of either AR-V7 or AR-FL in 22Rv1
cells (Fig. 2A-B). Despite significant overlap between genes regulated by the two isoforms
(Fig. 3A-D), supporting their cooperativity in AR signaling (Guo et al., 2009; Watson et al.,
2010), AR-V7 and AR-FL also had differential gene-regulatory roles. For instance, the AR
and GR signature genes (Arora et al., 2013) were preferentially regulated by AR-FL, relative
to AR-V7 (Fig. S4J-K). Importantly, we also found 329 transcripts uniquely or preferentially
up-regulated by AR-V7, compared to AR-FL (Fig. 3E and Table S4). By RT-gPCR, we
validated cooperative (Fig. 3F) and isoform- preferential effect (Fig. 3G) by AR-FL and AR-
V7 on downstream gene activation. Besides SKP2, an E3 ligase complex subunit recently
shown to be crucial for tumorigenesis including CRPC (Chan et al., 2013; Ruan et al., 2017),
the downstream targets uniquely activated by AR-V7 and not by AR-FL (Fig 3G) included
ZNF32, a Kruppel-like transcription factor associated with autophagy (Li et al., 2015), and
FZD6, a non-canonical WNT receptor. Non-canonical WNT signaling and autophagy were
implicated in prostate tumorigenesis and castration resistance (Miyamoto et al., 2015;
Nguyen et al., 2014). ZNF32 expression positively correlates to AR-V7 levels in TCGA
prostate tumors (Fig. S4L). KD of either ZNF32 or FZD6 significantly suppressed androgen-
independent proliferation of 22Rv1 cells (Fig. 3H-K), demonstrating a role for non-
canonical targets of AR-V7 in sustaining CRPC growth. Collectively, we have defined AR-
V/7-associated gene signatures and demonstrated a growth-related requirement of transcripts
uniquely upregulated by AR-V7.

ZFX, a conserved zinc finger transcription factor, interacts with AR-V7 and co-occupies the
AR-V7 unique binding sites at target gene promoters.

AR-V7 recruitment to non-canonical solo peaks was previously unappreciated and the
unique gene upregulation by AR-V7 (such as ZNF32, FZD6 and SKP2) promotes 22Rv1
cell malignant growth. We thus performed a motif search to identify common cis- regulatory
elements at AR-V7-solo sites. The motif of ZFX, a zinc finger factor mediating
transcriptional activation (Schneider-Gadicke et al., 1989), was most significantly enriched
at AR-V7-solo peaks identified in both ligand starved and stimulated conditions (Fig. 4A,
red and Fig. S5A-C). This contrasted with the ARE and FOXA motifs being most enriched
in AR-FL sites (Lupien et al., 2008) (Fig. 4A and S2B-C,S5A). Such motif enrichment
distinction was also seen when only those AR-FL/V7 common sites mapped to promoters
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were analyzed (Fig. S5D). Co-immunoprecipitation (ColP) showed ZFX physically
associates with AR-V7 (Fig. 4B and S5E-F), supporting a potential co-regulatory action.
Next, we carried out ZFX ChIP-Seq with two separate validated antibodies in ligand-starved
22Rv1 cells, which generated consistent data (Fig. S5G). Indeed, we found co-occupancy of
ZFX at AR-V7-solo peaks, and not at peaks shared by AR-V7 and AR-FL (Fig. 4C-E and
S5H-1). Again, AR-V7 solo-peaks co-bound by ZFX overlapped with BRD4 peaks (Fig. 4F
and S5H) and were mainly at promoters (Fig. 4G) such as those of ZNF32, FZD6 and ZFY
(Fig. 4H-1 and S5J-K), suggesting a role for these associated factors in gene activation. By
ChIP-gPCR, we further confirmed ZFX binding specificity at the tested loci of AR-V7
unique targets, and not at canonical AREs (Fig. 4J). Together, we identified ZFX as a AR-
V7 partner co-occupying the AR-V7-solo sites at gene promoters in CRPC cells.

Frequently amplified in prostate cancer, ZFX is required for i) AR-V7 binding to its solo
sites, ii) expression of AR-V7-regulated gene programs, and iii) AR-V7- dependent growth
of CRPC cells.

ZFX is significantly amplified in multiple clinical cohorts of metastatic prostate cancers
(Cerami et al., 2012; Gao et al., 2013), indicating its role in advance diseases (Fig. 5A and
S6A). We next sought to study whether ZFX regulates AR-V7-mediated gene regulation.
First, we found that stable KD of ZFX in 22Rv1 cells (Fig. 5B) caused significant reduction
in overall AR-V7 binding to its solo sites (Fig. 5C, top) as exemplified by the ZFY, ZNF32
and FZD6 promoters (Fig. 5D). This is contrasted with the almost lack of effect of ZFX KD
on AR-V7 binding to enhancers co-bound by AR-FL (Fig. 5C, bottom), such as AREs of
KLK3, KLK2 and FKBP5 (Fig. 5E). By ChIP-qPCR in 22Rv1 cells with stable (Fig. 5B)
and transient ZFX KD (Fig. 5F), we verified negligible effect of ZFX on AR-V7 binding to
KLK2/3 AREs (Fig. 5G, left) but the significantly decreased AR-V7 binding to the ZNF32
and FZD6 promoters upon ZFX KD (Fig. 5G-H). Meanwhile, KD of FOXAL1 did not affect
AR-V7 binding at the tested solo sites (Fig. 5F and5H). These results support ZFX as a
crucial cofactor that mediates AR-V7 recruitment and/or stabilization at its solo peaks.

To further characterize the role of ZFX in CRPC, we performed RNA-Seq profiling
following ZFX KD in 22Rv1 cells. Genes activated and repressed by ZFX significantly
overlapped those by AR-V7, supporting cooperation of the two in gene regulation (Fig. 6A).
Similar to AR-V7-activated genes, ZFX-activated genes were found to be enriched with
androgen responsive, cell proliferative and oncogenic gene sets (Fig. 6B-C and S6B-D). In
addition, using AR-V7 and ZFX KD RNA-Seq data, we observed positive correlation
between the expression of AR-V7 or ZFX and a higher overall expression level of genes
associated with the AR-V7-solo sites, with p value of 0.0158 and 1.18e-21, respectively (Fig
S6E and Table S5). We further confirmed an essential requirement of ZFX for activation of
AR-V7 uniquely activated targets including ZNF32 and FZD6 (Fig. 6D), which we have
validated as involved in CRPC cell growth (Fig. 3G-K). Importantly, ZFX KD significantly
impaired androgen-independent 22Rv1 cell growth in colony forming (Fig. 6E),
proliferation (Fig. 6F) and in vivo xenograft growth assays (Fig. 6G). These phenotypes are
reminiscent of those seen after AR-V7 KD (Guo et al., 2009), illustrating the critical role for
ZFX in AR-V7-mediated gene regulation and CRPC progression.
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Compared to anti-androgen, BRD4 inhibitors are more effective in suppressing target
genes activated by AR-V7 and/or ZFX and in suppressing the AR-V7- dependent CRPC

growth.

BRD4 inhibition was recently shown to suppress AR-dependent prostate tumor growth
(Asangani et al., 2014). We observed that AR-V7 solo peaks overlapped with BRD4 binding
(Fig. 1K and S2F) and that a 6-hour JQ1 treatment significantly decreased AR- V7 binding
at solo peaks whereas MDV3100 had little inhibitory effect (Fig. 7A and S7A, panels of AR-
V7 unique). RNA-Seq of 22Rv1 cells post-treatment with DHT alone or in combination of
inhibitors further showed that MDV3100 largely reversed the DHT- induced changes
resetting cell transcriptome back to its basal state of androgen- independence (i.e., “mock”;
Fig. 7B, green versus blue); however, JQ1 treatment had more dramatic effect altering the
basal transcriptome profile of 22Rv1 cells (Fig. 7B, red versus blue). Indeed, JQ1 and not
MDV3100 efficiently suppressed expression of gene sets up-regulated by AR-V7 and/or
AR-FL, as well as those co-activated by AR-V7 and ZFX (Fig. 7C). By RT-qPCR, we
confirmed a greater suppressive effect of JQ1, relative to MDV3100, on expression of
canonical AR targets co-activated by AR-FL and AR-V7 such as PSA/KLK3, KLK2 and
PMEPAL1 (Fig. 7D) and the unique effect of JQ1 at genes uniquely activated by AR-V7 and
ZFX such as ZNF32, FZD6 and SKP2 (Fig. 7E). Consistently, BRD4 inhibitors, and not
MDV3100, significantly suppressed growth of 22Rv1 cells in vitro (Fig. S7B-C) or post-
xenograft in castrated NSG mice (Fig. 7F). Similar in vivo effect of BRD4 inhibitors was
also observed in 22Rv1 xenografted models using non-castrated mice (Fig. S7D-E). These
findings thus expand oncogenic actions of BRD4 to the non-canonical AR isoform binding
sites, providing an additional explanation for BRD4 inhibition as an attractive CRPC
therapeutic approach.

Discussion

Profiling of AR-V7 and AR-FL cistromes in same CRPC cells identifies non-canonical gene
pathways uniquely targeted by AR-V7.

Consistent with previous reports (Chan et al., 2015; Lu et al., 2015), our characterization of
the AR-V7-regulated cistrome in CRPC cells showed the expected ligand-independent,
canonical function of AR-V7 at ARE enhancers. Our endogenous AR-V7/FL ChlP-Seq in
same cells further shows that AR-V7 binds part but not all of the AR-FL targets (~57%; Fig.
S21J), indicating their functional difference. Importantly, our study unveiled additional, non-
canonical AR-V7 functions at promoters of previously unappreciated, unique targets. To our
knowledge, this study is among the first to determine genome-wide binding of endogenous
AR-V7 versus AR-FL in the same CRPC cells utilizing two validated AR isoform-specific
antibodies. This work differs from previous ones relying on pan-AR antibodies (Chan et al.,
2015; Lu et al., 2015). In order to map binding of AR variants with pan-AR antibodies,
previous studies had to genetically manipulate cells to knock out/down endogenous AR-FL
(Chan et al., 2015; Lu et al., 2015); however, such manipulation alters CPRC cell
transcriptome and AR-V7 associated phenotypes (Fig. 3), which may subsequently alter
chromatin landscape of CPRC cells and occupancy of AR-V7. A recent work also used such
a strategy of AR- FL KD to profile AR-V7-preferred binding in 22Rv1 cells (He et al.,
2018); however, close comparison shows that almost all AR-V7-preferred and half of AR-
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FL-preferred sites defined by this work are co-bound by AR-FL/V7 according to our data
(Fig S7F, left two panels), and that this recent work did not uncover non-canonical AR-V7
sites we detected by using two isoform-specific antibodies. This is most likely due to their
low coverage of AR-FL/V7 binding (He et al., 2018), relative to that of our current and prior
works (Asangani et al., 2014) (~7-17 times less; Fig S7G). It is also worth noting that AR-
V/7-expressing prostate cancers tend to express AR-FL at high levels in the clinic
(Antonarakis et al., 2014; Miyamoto et al., 2015). Consistent with our ChIP-Seq results
revealing both common and isoform-specific binding, our RNA-Seq studies following
isoform-specific KD further substantiate both cooperative and differential roles for AR- FL
and AR-V7 in gene regulation in CRPC (Fig 2A-B and Fig 3). Pharmacologic treatment
with non-effective anti-androgen MDV-3100 versus the effective BRD4 inhibitor in 22Rv1
CRPC cells revealed differences in drug response at target sites uniquely bound by AR-V7
(Fig. 7A and S7A) and transcripts uniquely regulated by AR- V7 and not AR-FL (Fig. 7C).
Importantly, we have carried out integrated analysis of cancer cell line and TCGA tumor
datasets, deriving an AR-V7-associated gene signature that predicts worse prognosis of
patients and differentiates tumor from normal (Fig. 2). Collectively, these findings validate
both commonality and distinction of AR-V7 and AR-FL functions in prostate cancer.
Detection of AR-Vs at early stages of prostate cancer reported in recent studies (Antonarakis
et al., 2014; Miyamoto et al., 2015) suggests a cancer-evolving opportunity for selection of
tumor cell clones towards not only drug resistance but a more aggressive phenotype.

Our study also identifies ZFX as a crucial cofactor colocalizing with AR-V7 at its unique
binding sites and promoting CRPC cell growth.

Unlike canonical ARE enhancers enriched with FOXA1 binding (Lupien et al., 2008), the
unique AR-V7 sites are most enriched with the ZFX motif. ZFX interacts with AR-V7 and
ZFX KD interfered with AR-V7 binding to its unique targets (Fig. 4-5). Previously, ZFX
was shown to promote stem cell self-renewal (Chen et al., 2008; Galan-Caridad et al., 2007)
and carry cancer-promoting roles in leukemia (Weisberg et al., 2014) and medulloblastoma
(Palmer et al., 2014). Intriguingly, ZFX shows gene amplification in ~8— 24% of prostate
cancer cases in multiple cohorts (Cerami et al., 2012; Gao et al., 2013) (Fig. 5A and S6A),
and ZFX KD significantly delayed malignant growth of 22Rv1 cells in vitro and in
xenografted tumors (Fig. 6). These observations collectively show that ZFX acts as a crucial
AR-V7 partner enforcing a previously unrecognized aspect of generegulatory networks
during CRPC progression. Such an AR-V7/ZFX enforced program most likely acts in
parallel with that controlled via FOXA1/ARE cis-elements as FOXAL KD suppressed
22Rv1 cell growth as well (Fig. 7G). Our results support an unexplored mechanism and
signaling network (see a model in Fig. 7H) that emerges as prostate cancer becomes resistant
to even more powerful androgen deprivation agents. The HOX/homeodomain motif was
found enriched similarly at overall AR-FL and AR-V7 sites, and not AR-V7-solo sites (Fig.
S2B-C and S5B-C), consistent to reports that HOXB13 interacts with AR/FOXAL at their
corresponding ARE enhancers (Norris et al., 2009; Pomerantz et al., 2015; Whitington et al.,
2016). Other motifs such as ETS and YY1 were found significantly enriched at AR-V7-solo
sites (Fig. S5B-C) and their potential role for AR-V7 regulation warrants further
investigation.

Mol Cell. Author manuscript; available in PMC 2019 October 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Caietal. Page 10

Transcripts uniquely co-regulated by AR-V7 and ZFX contributes to malignant growth of
22Rv1 CRPC cells.

Among the transcripts uniquely activated by AR-V7 and ZFX, and not AR-FL, in 22Rv1
cells included an E3 ligase factor SKP2 and a non-canonical WNT receptor FZD6. Non-
canonical WNT signaling was recently suggested to be clinically relevant and potentially
responsible for anti-androgen resistance, based on single-cell transcriptome studies of
circulating tumor cells from prostate cancer patients (Miyamoto et al., 2015). Moreover, our
result suggested involvement of ZNF32, a transcription factor mediating autophagy
regulation (Li et al., 2015). Exploration of ZFX and downstream targets co-activated by AR-
V7 shall identify more effective therapeutic targets of CPRC under androgen- deprived
milieus. As a proof of principle, we and others show inhibition of SKP2 (Chan et al., 2013;
Ruan et al., 2017), FZD6 or ZNF32 suppressed CRPC cell growth (Fig. 3H-K).
Determination of the unique AR-V7/ZFX transcriptional signatures crucial for CRPC cell
growth may also provide additional biomarkers for testing in both retrospective cohorts with
outcome data and prospective clinical trials.

Targeting AR-V7 cofactor provides a more effective means for the treatment of CRPC
showing therapy resistance.

Besides targeting ZFX, we have also shown blockade of BRD4, another cofactor of AR- V7,
significantly suppressed androgen-independent growth of CRPC cells in vitro and in vivo,
which is in contrast to effect of anti-androgen and consistent with recent studies (Asangani
et al., 2014; Asangani et al., 2016). We further unveiled inhibitory effect of JQ1 on AR-V7
chromatin binding and transcriptional programs coactivated by AR-V7 and ZFX, providing
a previously unappreciated explanation for effect of BRD4 inhibitors in CRPC (a model in
Fig. 7H). Inhibitor of chromatin factors such as bromodomain proteins emerge as promising
therapeutics for various tumors including prostate and blood cancer (Asangani et al., 2014;
Lu and Wang, 2017; Zuber et al., 2011) and exploration of the underlying mechanisms
should lead to development of more effective interventions in the future. In summary, this
study provides a series of insights as to how AR-V7 leads to CRPC progression and therapy
resistance through its non-canonical function mediated by ZFX.

STAR METHODS
KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

anti-full-length AR (AR-FL) C- Santa Cruz Biotechnology catalog # sc-815X
terminus (C19)

anti-AR-V7 C-terminus specific Precision Antibody AG10008
anti-pan-AR N-terminus (N20) Santa Cruz Biotechnology sc-816
anti-BRD4 ChlIP Grade Bethyl A301-985A100
Mouse anti-Flag tag (M2) Sigma F1804
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REAGENT or RESOURCE SOURCE IDENTIFIER
Mouse Anti-HA tag antibody - Abcam ab9110

ChlP Grade

Anti-HA HA.11 (16B12) Covance MMS-101 P-200
anti-ZFX Thermo Fisher PA5-34376
anti-ZFX Chen et al., 2008 NA

Mouse anti-ZFX Cell Signaling mADb #5419
anti-Tubulin (DM1A) Mouse mAb | Cell signaling tech. 3873S
anti-FOXA1 ChIP Grade Abcam 23738

goat anti-mouse 1gG HRP Santa Cruz Biotechnology sc-2005

goat anti-rabbit IgG-HRP Santa Cruz Biotechnology sc-2004
Dynabeads™ M-280 Sheep Anti- Thermo Fisher Scientific 11203D

rabbit 1gG

Dynabeads™ M-280 Sheep Anti- Thermo Fisher Scientific 11202D

Mouse 1gG

Dynabeads™ Protein G for Thermo Fisher Scientific 10003D
Immunoprecipitation

Bacterial and Virus Strains

DH5a E.coli competent cells Thermo Fisher Scientific catalog # 18265017

One Shot TOP10 Chemically
competent E.coli

Thermo Fisher Scientific

catalog # sc-2004

Chemicals, Peptides, and Recombinant Proteins

Dihydrotestosterone (DHT)

Sigma-Aldrich

Catalog # D-073; CAS: 521-18-6

Enzalutamide (MDV3100)

Selleck chemical

Catalog #.51250; CAS: 915087-33-1

(+)-JQ1 BET bromodomain
inhibitor

Selleck chemical

S7110; CAS: 1268524-70-4

I-BET151 (GSK1210151A) BET
inhibitor

Selleck chemical

$2780; CAS: 1300031-49-5

UltraPure™ 10mg/mL Ethidium Invitrogen 15-585-011
Bromide

Polybrene Sigma TR-1003-G
PMSF Sigma-Aldrich 78830
Glycine Sigma G8898
Retro-X Concentrator Clontech 631455

16% Paraformaldehyde Electron Microscopy Sciences | 15710
Lipofectamine 3000 Transfection Thermo Fisher Scientific L.3000150
Reagent

Lipofectamine 2000 Transfection Thermo Fisher Scientific 11668-019
Reagent

Protease inhibitor COMPLETE Roche 11873580001
EDTA-FREE

T4 DNA Ligase New England Biolabs M0202S
Proteinase K Thermo Fisher Scientific BP1700-500
Rnase A Sigma-Aldrich R4875
Thiazolyl Blue Tetrazolium Blue Sigma-Aldrich M2128
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REAGENT or RESOURCE SOURCE IDENTIFIER
Critical Commercial Assays

RNeasy Plus Mini Kit (250) Qiagen 74136
iSCRIPT cDNA Synthesis KIT Biorad 1708891
iTaq Universal SYBR Green Biorad 1725125
Supermix

SsoAdvanced™ Universal Biorad 172-5270
SYBR® Green Supermix

Bio-Rad Protein Assay Dye Biorad 5000006
Reagent Concentrate

MycoAlert™ PLUS Mycoplasma Lonza LT27-286
Detection Kit

MycoZap™ Plus-CL Lonza VZA-2012
Beckman Coulter AMPURE XP Beckman Coulter A63881
PCR Purification

TruSeq RNA Library Preparation Illumina RS-122-2001
Kit v2, Set A

TruSeq RNA Library Preparation Illumina RS-122-2002
Kitv2, Set B

End-1t™ DNA End-Repair Kit Epicentre ER81050
NEBNext Multiplex Oligos for New England Biolabs E7335S
Ilumina (Index Primers Set 1)

CellTiter 96 AQueous One Promega G3580
Solution Cell Proliferation Assay

QuikChange Il XL Site-Directed Agilent 200521
Mutagenesis Kit

SureBeads™ immunoprecipitation | Biorad 161-4833
Kit with protein A and G

conjugated magnetic beads

Restore™ Western Blot Stripping Thermo Scientific 21059
Buffer

BD Matrigel™ Basement BD Biosciences 354234

Membrane Matrix

Deposited Data

Raw and analyzed data

This paper

GEO: GSE94013

Unprocessed immunoblotting
image data (deposited as
Mendeley DOI link)

This paper

htto://dx.doi.org/10.17632/vmmrvbnd4.2

TCGA-PRAD dataset (RNA-seq
of 543 samples)

Cancer Genome Atlas
Research, 2015

https://portal.gdc.cancer.gov/projects/TCGA-PRAD

Beltran et al study of prostate
cancer

(Beltran et al., 2016)

dbGAP:pht004946.v1.p1

Yu et al. study of prostate cancer Yuetal., 2004 GEO GSE68555
Taylor et al. study of prostate (Taylor et al., 2010) GEO GSE21034
cancer

Varambally et al study of prostate Varambally et al., 2008 GEO GSE3325
cancer

Experimental Models: Cell Lines

22Rv1 cells ATCC CRL-2505
VCaP cells ATCC CRL-2876
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REAGENT or RESOURCE SOURCE IDENTIFIER
LNCaP cells ATCC CRL-1740
HEK293 cells ATCC CRL-1573
HEK?293T cells ATCC CRL-3216

Experimental Models: Organisms/Strains

NSG; NOD/scid/ IL2Rgamma-null

Jackson Laboratory

Strain: 005557

Oligonucleotides

shRNA for specific knockdown of Guo et al., 2009 N/A
AR-FL or AR-V7

RT g-PCR oligos This paper; see Table S6 N/A
ChIR-gPCR oligos This paper; see Table S6 N/A
ON-TARGETplus SMART-pool GE Dharmacon N/A
siRNA of ZFX

ON-TARGETplus SMART-pool GE Dharmacon N/A
siRNA of FOXA1

recommended control sSiRNAs GE Dharmacon N/A
Recombinant DNA

MSCV-HA-AR-V7 This paper N/A
pcDNA AR-FL and deletion Zhou et al 1995; N/A
construct

Plasmid: MSCV neo; MSCV puro Clonetech 634401
Plasmid: pPCDNA3.1 Thermo Scientific V79520

Software and Algorithms

BWA (V0.7.12) alignment
software

(Li and Durbin, 2010)

https://sourceforge.net/projects/bio-bwa/

Samtools

Li et al., 2009

http://samtools.sourceforge.net/

MACS2 & MACS1.4.2

Zhang et al., 2008

https://github.com/taoliu/MACS

seqMiner Yeetal., 2011 https://sourceforge.net/projects/segminer/
Java treeview n/a https://sourceforge.net/projects/jtreeview/
Genomic Regions Enrichment of n/a http://bejerano.stanford.edu/great/public/html/index.php

Annotations Tool (GREAT)

HOMER Heinz et al., 2010 http://homer.ucsd.edu/homer/

MEME-ChIP Machanick and Bailey, 2011 http://meme-suite.org/doc/meme-chip.html

MapSplice Wang et al., 2010 https://sourceforge.net/projects/mapsplice/

STAR (Dobin et al., 2013) https://github.com/alexdobin/STAR

RSEM Li and Dewey, 2011 https://www.encodeproject.org/software/rsem/

DESeq/DESeq2 (Anders and Huber, 2010; https://software.broadinstitute.org/gsea/index.jsp
Love et al., 2014)

IGV Browser (Robinson et al., 2011) https://software.broadinstitute.org/software/igv/

GSEA 2-2.2.0 software

(Subramanian et al., 2005)

https://software.broadinstitute.org/gsea/index.jsp

Other
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by the
Lead Contact, G.G.W. (greg_wang@med.unc.edu)

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines—HEK?293 and HEK293T cells (acquired from ATCC) were cultured in DMEM
supplemented with 10% FBS and 1% antibiotics. The human prostate cancer cell lines,
22Rv1, VCaP and LNCaP, were obtained from American Type Culture Collection (ATCC)
and grown as recommended by the provider. Authentication of cell line identities, including
those of parental and derived lines, was ensured by the Tissue Culture Facility affiliated to
UNC Lineberger Comprehensive Cancer Center with the genetic signature profiling and
fingerprinting analysis. Every 1-2 months, a routine examination of cell lines in culture for
any possible mycoplasma contamination was performed using commercially available
detection Kits (Lonza).

Bacterial strains—DH5a and TOP10 competent cells were purchased from Thermo
Fisher Scientific and used for plasmid transformation and propagation based on
manufacturer’s instructions.

Mouse xenograft models—NOD/SCID/IL2Rgamma-null (NSG) mice (Jax Lab) were
maintained by the Animal Studies Core, UNC at Chapel Hill Cancer Center. All animal
experiments are approved by and performed in accord with the guidelines of the Institutional
Animal Care and Use Committee (IACUC) at UNC.

METHOD DETAILS

Chemicals—DHT is purchased from Sigma and MDV3100 from Selleck chemical LLC.
BRD4 inhibitors used in the study are JQ1 (Filippakopoulos et al., 2010) and I-BET151
(GSK1210151A; Selleck chemical LLC).

Antibodies—Specific antibodies used in ChlP-Seq include those against the C-terminus of
full-length AR (Santa Cruz Biotechnology C-19; catalog # sc-815X; AR-FL specific) or AR-
V7 (Precision Antibody catalog # AG10008; AR-V7 specific), the pan-AR antibodies that
recognize the N-terminus of AR (Santa Cruz, AR N20; sc-816), BRD4 (Bethyl catalog #
A301-985A100), HA tag (Abcam; 9110), ZFX (Thermo Fisher; catalog# PA5-34376) and
anti-ZFX serum (Chen et al., 2008) as a kind gift of Dr. Huck Hui Ng. Additional antibodies
used for IP or immunoblotting include Flag tag (Sigma; F1804); ZFX (Cell Signaling;
Mouse mAb #5419), FOXA1 (Abcam; 23738) and Tubulin (Cell signaling 3873S).

Plasmids—cDNA of AR-V7 (also known as AR3) was cloned from 22Rv1 cells by PCR,
fused with a HA tag and then cloned into MSCV-neo retroviral expression vector (Clontech).
Various mammalian expression plasmids for AR (full-length or serial deletion) were
described and used previously (Zhou et al., 1995).

Stable and transient RNA interference—The shRNA system for specific knockdown
of AR-FL or AR-V7 was previously described (Guo et al., 2009). The pLKO.1 lentiviral
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shRNA plasmids for knockdown of FZD6, ZNF32 and ZFX were obtained from Sigma, with
the detailed target sequences for shRNAs provided in the supplemental Table S5. All
plasmids used are verified by sequencing. Transient knockdown of ZFX and FOXA1
expression was performed using the ON-TARGETplus SMART-pool siRNAs against the
gene that were purchased from GE Dharmacon, in comparison to vendor recommended
control siRNAs.

Cell culture and compound treatment—For compound treatment experiments, cells
are first cultured under ligand-starved conditions for three days using the phenol red-free
RPMI-1640 base medium supplemented with charcoal-stripped serum, followed by
treatment with vehicle, dihydrotestosterone (DHT), or DHT together with compounds.

Viral Production and stable cell line generation—Retro- or lenti-virus was prepared
with the packaging system in 293T cells according to manufacturer’s instructions (Lu et al.,
2016; Xu et al., 2015a). Cell line with stable overexpression of AR-V7 was generated by
infection of MSCV-neo based retrovirus encoding a HA-tagged AR-V7, followed by
neomycin selection in growth medium for over a week. Generation of stable knockdown
lines using the pLKO.1 lentiviral ShRNA- expressing system was carried out according to
providers’ protocols as described before (Cai et al., 2013; Lu et al., 2016).

Quantitative PCR (qPCR)—Real-time gPCR following either RT or Chromatin
immunoprecipitation (ChlP), i.e. RT- gPCR or ChIP-qPCR) was performed as described
before (Cai et al., 2013; Lu et al., 2016; Xu et al., 2015a). Data from at least three
independent experiments are presented as mean = standard deviation (SD) after
normalization. Primers used for ChIP-qPCR and RT-gPCR were listed in Supplementary
Information.

ChlIP and ChlP followed by sequencing (ChIP-Seq)—ChlIP were performed as
previously described (Wang et al., 2007; Wang et al., 2009) and ChIP-Seq carried out as
before (Cai et al., 2013; Lu et al., 2016; Xu et al., 2015a). Briefly, 22Rv1 cells were first
cultured under ligand-starved conditions for three days, followed by a 6-hour drug treatment
with vehicle, or 10nM of DHT, or DHT plus 10uM of MDV3100, or DHT plus 500nM of
JQ1. Cells were cross-linked with 1% formaldehyde at room temperature for 10 minutes,
followed by addition of glycine to stop crosslinking. After washing, lysis and sonication, cell
chromatin samples were incubated with antibody-conjugated Dynabeads (Invitrogen)
overnight at 4 degree. Beads bound with chromatin were then subject to extensive washing
and elution. Eluted chromatin was de-crosslinked overnight at 65 degree, followed by
protein digestion with proteinase K and DNA purification with Qiagen PCR purification kit.
The obtained ChIP DNA samples were submitted to the UNC-Chapel Hill High-Throughput
Sequencing Facility (HTSF) for preparation of multiplexed libraries and deep sequencing
with an lllumina High-Seq 2000/2500 platform according to the manufacturer’s instructions.

RNA-Seqg—RNA was prepared as described before (Cai et al., 2013; Lu et al., 2016; Xu et
al., 2015a), using 2 million of the 22Rv1 cells stably transduced with shRNAs or after a 24-
hour drug treatment. Then, complementary DNA was generated, amplified and subjected for
library construction using TruSeq RNA Library Preparation Kit v2 (Illumina; catalog#
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RS-122-2002). The multiplexed RNA-Seq libraries were subject to deep sequencing using
the Illumina Hi-Seq 2000/2500 platform according to the manufacturer’s instructions.

Co-immunoprecipitation (ColP)—ColP with the prepared nuclear extracts was carried
out as described before (Cai et al., 2013; Xu et al., 2015a). Briefly, nuclear pellet was lysed
by brief sonication in IP buffer (20mM Tris pH 7.5, 150mM NaCl, 1% Triton-X100) with
protease inhibitor cocktails (Roche) and PMSF. 1 milligram of nuclear lysates were pre-
cleared with protein-G Dynabeads, added with 4ug of antibody, and subject to incubation on
a rotator overnight at 4 degree. Then, protein G Dynabeads were added for 2hrs. Beads were
washed three times in IP buffer, resuspended in 40ul of 2 X protein loading buffer, and
boiled at 90 degree for 5 min before loading onto gel. Western blot was performed with
standard protocols using SDS-page gels and PVDF membrane, and signals were visualized
with an ECL system as described by the manufacturer (GE healthcare).

Cell proliferation assays—3,000 cells per well were seeded in triplicate in 96-well
plates for each time point. The change in cell number was measured using MTT assay kit
based on instructions of the manufacturer (Promega).

Colony formation assays—Cells were plated in triplicate at a density of 50,000 cells per
well of 6-well plates and grown for 3 weeks before staining with Thiazoyl Blue Tetrazolium
Bromide (Sigma). Fresh medium was changed twice a week.

In vivo tumor growth in xenograft models—1 million of 22Rv1 cells with stable
transduction of shRNA or control empty vector were suspended in 100ul of PBS with 50%
Matrigel (BD Biosciences) and then subcutaneously (s.c.) injected in the dorsal flanks of
NOD/SCID/gamma-null (NSG) mice bilaterally (carried out by the Animal Studies Core,
UNC at Chapel Hill Cancer Center). For castration models, a cohort of four-week-old NSG
mice was castrated before cell injection. For in vivo compound treatment experiment, 1
million of 22Rv1 cells suspended in 100ul of PBS with 50% Matrigel were implanted s.c.
into the flanks of NSG mice bilaterally. Once the tumors reached a palpable stage (around
100 mm3), mice were randomized into separate groups and subject to treatment with either
MDV3100 by oral gavage (with a dose of 10mg/kg body weight) or I-BET151
intraperitoneally (30mg/kg body weight) for five days a week. Tumor growth was monitored
twice a week and the tumor volume was calculated.

QUANTIFICATION AND STATISTICAL ANALYSIS

ChlP-Seq data analysis—ChlP-Seq reads were aligned to the human reference genome
(hg19) by the BWA (V0.7.12; default parameters) alignment software (Li and Durbin, 2010).
After duplicated reads were removed, MACS2 (v2.1.0; -q 0.1 -, 20 100) (Zhang et al., 2008)
was used to call peaks with input as controls. Weak peaks with no base covered by at least
10 reads were excluded and peaks overlapping (>= 1 bp) with the “blacklist” regions
identified by the ENCODE project (Consortium, 2011) were also removed. For ZFX ChIP-
Seq, data from the two different antibodies (Thermo Fisher catalog# PA5-34376 and anti-
ZFX serum from Dr. Huck Hui Ng) showed high correlation and therefore were merged for
final peak calling. The separation of AR-V7 and AR-FL peaks into “common” or “unique/
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solo” was simply based on their overlap in genomic coordinates. In-house scripts were used
to assign peaks to annotated (coding and non-coding) genes, defined as “promoter proximal”
(x2kb of transcription start site, TSS), “promoter distal”, i.e., “enhancer” (-50kb to —2kb of
TSS and +2kb of TSS to +5kb of transcription ends), or otherwise “intergenic” using the
human RefSeq annotation as reference. Genes with either a promoter or enhancer AR peak
were considered to be AR bound targets. The ChIP-Seq read densities were calculated using
the program seqMiner (Ye et al., 2011), which yielded for each peak an array of the maximal
number of overlapping ChIP-Seq reads (extended to 200 bp) in 50 bp bins from —500 bp to
+500 bp of the peak summits. The read density matrices were converted to heatmap using
Java treeview (https://sourceforge.net/projects/jtreeview/). When ChlIP-Seq read densities
were compared across samples, reads from each sample were randomly selected to match
the smallest read depth of all the samples. The enrichment of motifs were identified by the
software HOMER (Heinz et al., 2010) or MEME-ChIP (Machanick and Bailey, 2011), using
500-bp sequences centered on the peak summits.

RNA-Seq data analysis—RNA-seq was mapped with MapSplice (Wang et al., 2010) and
quantified with RSEM (Li and Dewey, 2011). Read counts were upper-quantile normalized
and log2 transformed. Raw read counts were used for differential gene expression analysis
by DESeq (Anders and Huber, 2010). Genes with Benjamini-Hochberg (BH) adjusted false
discovery rate (FDR) less than 0.01 and fold change greater than 1.5 between AR-V7
knockdown and vector controls were called as differentially expressed genes (DEG). The
intersection of DEGs and those bound by AR-V7 from ChIP-Seq were carried forward as
the AR-V7 directly activated genes. In a separate test, the AR-V7 uniquely activated genes
were identified as genes with two criteria: (1) lower in AR-V7 knockdown relative to vector
controls (FDR < 0.01 and log2(fold change) < —-0.58) and (2) lower relative to AR-FL
knockdown (FDR < 0.01 and log2(fold change) < -0.58).

Analysis of public prostate cancer datasets—From the TCGA database, we
collected expression measurement for 20,531 genes of the 543 TCGA-PRAD samples
(RNA-seq level 3 data) (Cancer Genome Atlas Research, 2015). Raw read counts were up-
quantile normalized. We also obtained the bam files for each samples (RNA-seq level 1 data)
to estimate the levels of AR-V7 expression which is defined by the ratio of RNA-Seq read
counts within the cryptic exon CE3 (hg19: chrx: 66914515-66915580) to the read counts
within the N-terminal domain (NTD; hg19: chrx: 66763874-66766604). The DEGs directly
bound by AR-V7 was filtered to require positive correlation (Spearman’s rho > 0.2 and BH
FDR < 0.01) with the AR-V7 ratio estimated from TCGA resulting in 41 AR-V7 directly
activated genes. The AR-V7 directly activated set was then clustered using hierarchical
clustering with average linkage and Pearson correlation. The two predominant clusters were
identified as the TCGA AR-V7-high and AR-V7-low groups by their ratio of AR CE3 to
NTD.

Other public gene expression dataset are from the Yu et al. study representing 139 samples
(Yuetal., 2004) (NCBI GEO GSE68555), the Taylor et al. study (Taylor et al., 2010) (GEO
GSE21034) the Varambally et al study(Varambally et al., 2008) (GEO GSE3325), and the
Beltran et al study (Beltran et al., 2016). Gene expression data available for the gene set of
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interest were extracted, log2 transformed and summarized to the mean expression of the
signature for each sample. These summarized values were tested for association with sample
type (such as benign, primary or metastatic) by ANOVA. For the Taylor et al study datasets
(Taylor et al., 2010), samples were also grouped into tertiles of expression and related to
biochemical recurrence free survival. Differences in event rate across the three groups were
tested using the Log Rank test.

Gene Set Enrichment Analysis (GSEA)—GSEA was carried out using the GSEA 2-
2.2.0 software (Subramanian et al., 2005) as previously described (Xu et al., 2015a).

Genomic Regions Enrichment of Annotations Tool (GREAT) Analysis—GREAT
analysis for the select ChIP-Seq peaks was performed at its website according to providers’
instructions (http://bejerano.stanford.edu/great/public/html/index.php).

Statistical Analysis—Data are presented as the mean * s.d. for three independent
experiments unless otherwise noted. Statistical analysis was performed with Student’s t-test,
except for nonparametric analysis such as Kaplan-Meier survival curve and gene expression
association analysis that employed the Log-rank (Mantel-Cox test) and Analysis of variance
(ANQVA) test, respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ChlP-Seq of endogenous AR-FL, AR-V7 and BRD4 in CRPC cells under different
compound treatment conditions

(A) Exons encoding the AR-FL or AR-V7 isoform. CE, cryptic exon; DBD, DNA-binding
domain; LBD, ligand-binding domain. Epitopes recognized by isoform-specific antibodies
are labeled in red.

(B) Antibody specificity shown by immunoblotting of 293 cells transfected with AR-FL or
AR-V7.
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(C) Antibody specificity confirmed by ChIP-gPCR of canonical ARE enhancers (e) in three
prostate cancer cell lines that express AR-FL only (LNCaP), or both (22Rv1) or neither
(PC3) of AR-FL and AR-V7.

(D) Heatmap of AR-FL (blue), AR-V7 (red) and BRD4 (green) ChIP-Seq signals at
enhancers (top) and promoters (bottom) in ligand-starved 22Rv1 cells after a 6-hour
treatment with vehicle, 10 nM of DHT, DHT plus 10 pM of MDV3100 (+D/M), or DHT
plus 500 nM of JQ1 (+D/J).

(E) Venn diagram shows common and solo binding for AR-V7 identified in ligand- starved
22Rv1 cells (vehicle), relative to AR-FL peaks identified in DHT-treated 22Rv1 cells.

(F) Heatmap showing ChIP-Seq peaks that are common to AR-V7 in ligand-starved 22Rv1
cells (vehicle) and AR-FL in DHT-stimulated cells, with the corresponding BRD4 binding
shown on the right.

(G) Averaged AR-FL (left) and AR-V7 (right) ChIP-Seq read density for the AR-FL/\V/7
common peaks (black) or AR-V7 solo peaks (red) as defined above in E.

(H) Pie chart showing distribution of the defined common and solo sites of AR-FL and AR-
V7 among promoters and distal or intergenic enhancers in 22Rv1 cells.

(1) The most enriched motif at AR-FL or AR-V7 ChIP-Seq peaks.

(J) ChIP-Seq profile of AR-FL, AR-V7 and BRD4 at AR canonical targets, PSA/KL K3 and
KLKZ, in 22Rv1 cells that were ligand-starved followed by treatment of the indicated
compound.

(K) Heatmap of AR-FL, AR-VV7 and BRD4 ChIP-Seq signals at the AR-V7-solo binding
sites defined in E.

(L) ChIP-Seq profile of AR-FL, AR-V7 and BRD4 at SKP2in 22Rv1 cells under the
indicated treatment condition.

(M) Venn diagram illustrates common and solo binding for AR-V7 identified in ligand-
starved VCaP cells, compared to AR-FL peaks in DHT-treated VVCaP cells.

(N) Venn diagram shows overlap between the AR-V7 unique sites identified in 22Rv1 and
VCaP cells.

See also Figures S1-3 and Table S1.
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Fig 2. Integration of genomic datasets from 22Rv1 CRPC cell model and clinical prostate cancer
samples reveals the AR-V7 direct or unique target signature predicting prognosis

(A-B) RT-gPCR (A) and immunblot (B) show selective KD of AR-FL or AR-V7 in 22Rv1
cells. Used in B are AR N-terminus (top; pan-AR) and AR-V7-specific (middle) antibodies.
NS, not significant, **, p<0.01; ***, p<0.001.

(C) Heatmap showing expression of genes down (left) and up regulated (right) after AR- V7
KD (sh_V7) relative to vector in ligand-starved 22Rv1 cells (2 biological replicates per
group). Threshold of differential expression is adjusted DESeq p value (adj. p) of <0.01 and
fold-change (FC) of >1.5. Color bar, log2(FC).

(D-G) GSEA shows negative correlation of the indicated gene set with selective KD of AR-
V7, relative to mock (sh_Vec).

(H) Averaged AR-V7 and BRD4 ChlIP-Seq signals at the 475 genes that are upregulated by
AR-V7 and also have direct AR-V7 binding in 22Rv1 cells.
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(1) Heatmap showing that the 41 genes directly upregulated by AR-V7 in 22Rv1 cells also
positively correlates (spearman rank r >0.2 and BH FDR <0.01) with AR-V7 expression
level in the TCGA prostate cancer cohort. Top of panel | shows the ratio of RNA-Seq read
counts specific to AR-V7 (i.e. those of CE in Fig 1A) to those common to all AR isoforms
(i.e. AR N-terminal domain).

(J-K) Box plots shows mean expression values of the 41-gene AR-V7 direct targets (41-
gene signature defined in 1) in patient cohorts reported in (Beltran et al., 2016) (J) or (Yu et
al., 2004) (K). V7-low/high, bottom/top one-third of patients ranked by AR-V7 expression
in the cohort. The p-value and test are denoted on top.

(L) Kaplan-Meier curve for the above defined 41-gene AR-V7 direct target signature in a
patient cohort reported in (Taylor et al., 2010).

See also Figure S4 and Table S2-3.
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Fig. 3. RNA-Seq profiling reveals common and distinctive pathways regulated by AR-V7 and
AR-FL isoforms

(A-D) Venn diagram and heatmap show overlap and relative expression of transcripts co-
activated (A-B) or co-repressed (C-D) by AR-FL and AR-V7 in ligand-starved 22Rv1 cells
as revealed by RNA-Seq (2 replicates per group). The thresholds for differential expression
are adjusted p value (adj. p) of <0.01 and FC of >1.5. Color bar, log2FC.
(E) Heatmap shows relative expression of 329 genes identified by RNA-Seq to be uniquely
or preferentially upregulated by AR-V7, compared to AR-FL, in 22Rv1 cells, with the
thresholds set to be down-regulated (adj-p<0.01 and log2FC<-0.58) in samples with sh_V7,
compared to mock and to AR-FL-specific KD (sh_FL). Color bar, log2FC. (F-G) RT-gPCR
of the indicated genes co-activated by AR-V7/FL (F) or uniquely activated by AR-V7 (G) in
ligand-starved 22Rv1 cells. Data of three independent experiments are plotted as mean + SD
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after normalization to those of GAPDH and to mock treated. NS, not significant; *, p<0.05;
** p<0.01; ***, p<0.001; ****, p<0.0001. (H-K) KD of ZNF32 (H-1) or FZD6 (J-K) by
either of two independent ShRNAs interferes with androgen-independent growth of 22Rv1
cells, relative to mock.

See also Figure S4 and Table S4.
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Fig 4. ZFX interacts with AR-V7, co-occupying the solo AR-V7 sites in 22Rv1 cells
(A) Percentage of the AR-V7 unique, AR-V7/FL common or AR-FL unique ChIP-Seq

peaks (defined in Fig 1E) that contain the indicated motif as revealed by the motif analysis.
(B) ColP of AR-V7 and ZFX in 22Rv1 cells.

(C) Averaged ZFX ChIP-Seq signals at common or unique peaks of AR-V7 and AR-FL as
shown in A.

(D) Heatmap illustrates overlap of ZFX ChlP-Seq peaks with AR-V7 solo peaks (bottom
panel) in ligand-starved 22Rv1 cells.
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(E-F) Venn diagram shows overlap of ZFX peaks with AR-V7 solo binding in DHT- treated
22Rv1 cells (E) and BRD4 (F) in ligand-starved 22Rv1 cells.

(G) Averaged ZFX ChIP-Seq read density at the indicated peaks, located at either promoter
or non-promoter and showing either AR-FL/V7 common binding or AR-V7 solo binding (as
defined in A).

(H-1) ChlP-Seq profile of AR-FL, AR-V7, BRD4 and ZFX at the indicated gene in 22Rv1
cells.

(J) ChIP-gPCR of ZFX at the indicated site in ligand-starved 22Rv1 cells. tss, transcription
start site; e, ARE enhancer.

See also Figures S5.
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Fig 5. ZFX shows gene amplification in prostate cancer and potentiates AR-V7 binding to its
unique targets

(A) AR, ZFX and MYC amplification in a prostate cancer cohort reported in (Kumar et al.,
2016).
(B) ZFX immunoblot in 22Rv1 cells with stable ShRNA transduction.
(C) Averaged AR-V7 ChIP-Seq signals at AR-V7 unique peaks (top) or AR-FL/V7 common
peaks (bottom) in 22Rv1 cells with mock (blue) or ZFX KD (purple; sh2 used). (D-E) AR-
V7 ChlP-Seq profile at the indicated AR-V7-solo (D) or AR-FL/V7 common target (E) in
22Rv1 cells with vector mock (top) or ZFX KD (bottom).
(F) Immublots after siRNA-mediated KD of ZFX or FOXAL in 22Rv1 cells.

(G-H) ChIP-gPCR of AR-V7 (red) at the indicated AR-FL/V7 common ARE (e) targets or
AR-V7 unique promoter sites (tss) in 22Rv1 cells with stable ZFX KD (G) or transient
knockdown of ZFX or FOXAL (H), relative to mock. Plotted are data of 3 independent
experiments normalized to input and presented as mean + SD. Non-specific 1gG (black) and
control (CTL) siRNA serve as control. NS, not significant; *, p<0.05; **, p<0.01; ***,
p<0.001.

See also Figures S6 and Table S5-6.
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Fig 6. ZFX is required for AR-V7-mediated gene expression and AR-V7-dependent CRPC
growth

(A) Heatmap shows expression changes for genes co-regulated by AR-V7 and ZFX in
ligand-starved 22Rv1 cells as revealed by RNA-seq of the indicated KD samples (2
replicates per group). The thresholds for differential expression are p-adj of < 0.01 and FC
of >1.5. Color bar, log2FC relative to mock.

(B-C) GSEA reveals negative correlation of the indicated gene set to ZFX KD.

(D) RT-gPCR of the indicated genes uniquely upregulated by AR-V7 in 22Rv1 cells after
mock or ZFX KD. **, p<0.01; ***, p<0.001; **** p<0.0001.

(E-F) Colony formation (E) and proliferation assays (F) of 22Rv1 cells after stable KD of
ZFX.

(G) Growth of xenografted 22Rv1 cells with stable mock or ZFX KD in castrated NSG
mice.
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Fig 7. Compared to anti-androgen, BRD4 inhibitors have a superior effect on expression of AR-
V7-associated signature genes and AR-V7-dependent CRPC cell growth

(A) Averaged AR-V7 ChlP-Seq read density at AR-V7 solo peaks in ligand-starved 22Rv1
cells after a 6-hour treatment with DHT, DHT plus MDV3100, or DHT plus JQ1.

(B) Principal component analysis (PCA) plot with RNA-Seq data of ligand-starved 22Rv1
cells after a 24-hour treatment with vehicle (mock), DHT, DHT plus MDV3100, or DHT
plus JQ1 (2 replicates per group).

(C) Heatmap shows overall expression changes for the indicated genes uniquely or
commonly activated by AR-FL, AR-V7 and/or ZFX in 22Rv1 cells after drug treatment.
Color bar, mean of the log2FC compared to mock. Direct, direct target; up, up- regulated,;
common, common target.

(D-E) Effect of compound treatment on expression of AR-V7/FL co-activated targets (D)
and the AR-V7/ZFX uniquely activated targets (E) in 22Rv1 cells. NS, not significant; *,
p<0.05; **, p<0.01; ***, p<0.001; **** p<0.0001.
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(F) Growth of xenografted 22Rv1 cells in castrated NSG mice treated with vehicle, 10mg/kg
MDV3100, or 30mg/kg I-BET151 5 days per week. n, cohort size.

(G) Proliferation of 22Rv1 cells after FOXA1 KD versus mock.

(H) A model illustrates a canonical androgen-independent ARE/FOXAL signaling and a
previously unexplored ZFX-dependent oncogenic pathway enforced by AR-V7, both of
which can be reversed by BRD4 blockade.

See also Figures S7.

Mol Cell. Author manuscript; available in PMC 2019 October 18.



	Summary
	eTOC Blurb
	Graphical Abstract
	Introduction
	Results
	AR-V7 exhibits ligand-independent binding in the genome of CRPC cells co-expressing AR-V7 and AR-FL.
	Compared to AR-FL, AR-V7 exhibits both redundant and distinctive binding in two independent CRPC cell models.
	Integrated RNA-Seq and ChIP-Seq analyses reveal the AR-V7 associated gene signature in CRPC cell models and primary patients.
	Genomic profiling also identifies downstream genes uniquely regulated by AR- V7, compared to AR-FL, promoting CRPC cell growth.
	ZFX, a conserved zinc finger transcription factor, interacts with AR-V7 and co-occupies the AR-V7 unique binding sites at target gene promoters.
	Frequently amplified in prostate cancer, ZFX is required for i) AR-V7 binding to its solo sites, ii) expression of AR-V7-regulated gene programs, and iii) AR-V7- dependent growth of CRPC cells.
	Compared to anti-androgen, BRD4 inhibitors are more effective in suppressing target genes activated by AR-V7 and/or ZFX and in suppressing the AR-V7- dependent CRPC growth.

	Discussion
	Profiling of AR-V7 and AR-FL cistromes in same CRPC cells identifies non-canonical gene pathways uniquely targeted by AR-V7.
	Our study also identifies ZFX as a crucial cofactor colocalizing with AR-V7 at its unique binding sites and promoting CRPC cell growth.
	Transcripts uniquely co-regulated by AR-V7 and ZFX contributes to malignant growth of 22Rv1 CRPC cells.
	Targeting AR-V7 cofactor provides a more effective means for the treatment of CRPC showing therapy resistance.

	STAR METHODS
	KEY RESOURCES TABLE

	Table T1
	CONTACT FOR REAGENT AND RESOURCE SHARING
	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	Cell lines
	Bacterial strains
	Mouse xenograft models

	METHOD DETAILS
	Chemicals
	Antibodies
	Plasmids
	Stable and transient RNA interference
	Cell culture and compound treatment
	Viral Production and stable cell line generation
	Quantitative PCR (qPCR)
	ChIP and ChIP followed by sequencing (ChIP-Seq)
	RNA-Seq
	Co-immunoprecipitation (CoIP)
	Cell proliferation assays
	Colony formation assays
	In vivo tumor growth in xenograft models

	QUANTIFICATION AND STATISTICAL ANALYSIS
	ChIP-Seq data analysis
	RNA-Seq data analysis
	Analysis of public prostate cancer datasets
	Gene Set Enrichment Analysis (GSEA)
	Genomic Regions Enrichment of Annotations Tool (GREAT) Analysis
	Statistical Analysis


	References
	Figure 1.
	Fig 2.
	Fig. 3.
	Fig 4.
	Fig 5.
	Fig 6.
	Fig 7.

