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The constitutively active androgen receptor (AR) splice variant 7
(AR-V7) plays an important role in the progression of castration-
resistant prostate cancer (CRPC). Although biomarker studies estab-
lished the role of AR-V7 in resistance to AR-targeting therapies, how
AR-V7 mediates genomic functions in CRPC remains largely unknown.
Using a ChIP-exo approach, we show AR-V7 binds to distinct genomic
regions and recognizes a full-length androgen-responsive element
in CRPC cells and patient tissues. Remarkably, we find dramatic
differences in AR-V7 cistromes across diverse CRPC cells and patient
tissues, regulating different target gene sets involved in CRPC pro-
gression. Surprisingly, we discover that HoxB13 is universally re-
quired for and colocalizes with AR-V7 binding to open chromatin
across CRPC genomes. HoxB13 pioneers AR-V7 binding through di-
rect physical interaction, and collaborates with AR-V7 to up-regulate
target oncogenes. Transcriptional coregulation by HoxB13 and AR-V7
was further supported by their coexpression in tumors and circulat-
ing tumor cells from CRPC patients. Importantly, HoxB13 silencing
significantly decreases CRPC growth through inhibition of AR-V7 on-
cogenic function. These results identify HoxB13 as a pivotal upstream
regulator of AR-V7–driven transcriptomes that are often cell context-
dependent in CRPC, suggesting that HoxB13may serve as a therapeutic
target for AR-V7–driven prostate tumors.

AR-V7 | castration-resistant prostate cancer | HoxB13 |
motif-resolution cistromes

In the lethal castration-resistant prostate cancer (CRPC), an-
drogen receptor (AR) is still expressed and functional in most

cases (1). Thus, targeting AR is a major strategy to treat CRPC.
Indeed, novel hormonal therapy for CRPC employs inhibitors of
intratumor and adrenal androgen synthesis (e.g., abiraterone ace-
tate) or more potent AR antagonists (e.g., enzalutamide). However,
these agents only provide a temporary response and modest increase
in survival, indicating a rapid evolution of resistance and reactivation
of AR function (2). Therefore, understanding the mechanisms for
AR reactivation and developing novel therapeutic strategies for
CRPC remain urgent needs.
AR is a ligand-dependent transcription factor (TF) containing

an N-terminal domain, a DNA-binding domain, and a C-terminal
ligand-binding domain (LBD) (3). The LBD is the major drug-
target site for AR inhibition in CRPC. Unfortunately, aberrant
AR mRNA splicing is able to generate AR splice variants (AR-
Vs) with short, variant-specific peptides to replace the AR LBD,
which has been postulated as an important mechanism contrib-
uting to sustained AR signaling and resistance to AR-targeting
therapy in CRPC (4, 5). Among more than 20 AR splice vari-
ants, AR-V7, which retains the first three exons of the AR gene
followed by a variant-specific cryptic exon CE3, is the most fre-
quently expressed variant with the greatest clinical and functional
relevance (4, 6–9). Indeed, clinical studies have revealed that AR-
V7 expression is associated with poor prognosis of CRPC patients

and resistance to AR LBD inhibitors (8–10), and preclinical studies
have demonstrated that AR-V7 promotes CRPC cell growth in
vitro and in vivo (6, 11, 12). However, it remains poorly un-
derstood whether AR-V7, a TF lacking the LBD, is able to bind to
CRPC genomes and exert its oncogenic function. Addressing this
question is of clinical importance as it may lead to the identifi-
cation of novel therapeutic targets for AR-V7–driven CRPC in
which AR-V7 itself is not druggable by AR LBD inhibitors.
In this study, we have defined motif-resolution AR-V7 cistromes in

human CRPC cell models and CRPC patient tissues by using a ChIP-
exonuclease sequencing (ChIP-exo) approach (13, 14) with a specific
antibody targeting endogenous AR-V7. We found that AR-
V7 cistromes are highly heterogeneous among CRPC. Importantly,
the cell-context–dependent AR-V7 cistromes and their controlled di-
verse oncogene sets involved in CRPC are governed by a key common
upstream regulator, HoxB13. Thus, HoxB13 may serve as a general
therapeutic target for the heterogeneous, AR-V7–driven CRPC.

Significance

Mechanisms underlying androgen receptor (AR) splice variant 7
(AR-V7) oncogenic function at the genomic level remain poorly
defined. Studies here found that AR-V7 cistromes are cell-context–
dependent in castration-resistant prostate cancer (CRPC) cells and
tissues, resulting in tremendous diversity in AR-V7–regulated
transcriptomes across CRPC patients. Thus, few downstream tar-
gets of AR-V7 can universally account for CRPC progression,
leaving us without adequate, common, viable therapeutic targets
for this heterogeneous disease in which AR-V7 itself is not drug-
gable by antiandrogens. Remarkably, we discovered that HoxB13
governs the diverse AR-V7 cistromes among CRPC, thus shifting
focus from the previously characterized role of HoxB13 in
androgen-dependent prostate cancer to a distinct role in CRPC.
These findings will significantly impact therapeutic strategies for
AR-V7–driven CRPC, for which there is no approved therapy.
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Results
AR-V7–Regulated Transcriptomes and AR-V7 Cistromes Are Heterogeneous
Among CRPC Cells. To define AR-V7 genomic function, we first
examined AR-V7 expression in two CRPC cell lines, CWR22RV1
(22RV1) and LNCaP95 (LN95) (SI Appendix, Fig. S1A), which
model different CRPC patients with aberrant AR splicing (11, 15,
16). Interestingly, while AR-V7 and full-length AR (AR-FL) were
coexpressed in CRPC cells, AR-V7 did not form a protein com-
plex with AR-FL within the cell nucleus in the absence of hor-
mone (SI Appendix, Fig. S1 B–E), suggesting that AR-V7 and
AR-FL may have distinct roles in CRPC. Indeed, silencing of
AR-V7 but not AR-FL dramatically decreased castration-resistant
cell growth of 22RV1 (SI Appendix, Fig. S2A) and LN95 (SI Ap-
pendix, Fig. S2B). To identify AR-V7–regulated genes contributing
to CRPC progression, we performed an RNA-seq assay in
hormone-depleted 22RV1 and LN95 cells transfected with an
siRNA targeting AR-V7 and a control siRNA (Fig. 1A and SI
Appendix, Fig. S3 A and B). We found that AR-V7 up-regulated
but not down-regulated genes were involved in several cancer-
related processes and in prostate cancer recurrence (SI Appen-
dix, Fig. S3C and Dataset S1). Remarkably, while AR-V7 controls
similar biologic and disease pathways in 22RV1 and LN95 cells (SI
Appendix, Fig. S3C), it regulates distinct sets of genes in these two
CRPC cell models reflecting the heterogeneity of AR-V7–driven
CRPC (Fig. 1B and Dataset S1).
To investigate the underlying regulatory mechanisms for AR-

V7–regulated gene expression in CRPC cells, we defined high-
resolution AR-V7 cistromes in hormone-depleted 22RV1 and
LN95 cells using our ChIP-exo approach (13, 14). AR-V7 ChIP-

exo was performed using an AR-V7–specific antibody (SI Ap-
pendix, Figs. S1 B–E and S2). As a control, AR-FL ChIP-exo was
conducted in the same population of CRPC cells using an anti-
body recognizing the AR LBD (SI Appendix, Fig. S1 B and C).
Consistent with the distinct AR-V7 transcriptomes, AR-V7 cis-
tromes were also heterogeneous between 22RV1 and LN95 cells
(Fig. 1C and SI Appendix, Fig. S3D). In addition to AR-V7
binding locations that overlapped with AR-FL binding regions,
AR-V7 preferred binding sites (63.2% for 22RV1 and 41.6% for
LN95) were identified (SI Appendix, Fig. S3E). Close inspection
of several examples of AR-FL and AR-V7 binding in CRPC cells
further confirmed this binding preference (SI Appendix, Fig. S3 F
and G and Dataset S2). Our ChIP-exo motif analysis (13, 14)
showed that AR-V7 bound to the FL androgen responsive ele-
ment (ARE) with clear protected signals (Fig. 1 D and E). In-
terestingly, ChIP-exo–based screening of collaborating TF motifs
within the AR-V7 binding locations discovered a Homeobox
motif that significantly co-occurred with AR-V7–bound AREs
(SI Appendix, Fig. S4A). These data suggest that the FL ARE
mediates diverse AR-V7 genomic binding and that TFs recog-
nizing Homeobox motifs may play important collaborative roles
in AR-V7 genomic function.

HoxB13 Universally Interacts with AR-V7 on Open Chromatin in the
CRPC Genomes.Given that our RNA-seq analysis found that HoxB13
is the most abundant transcript among Homeobox genes expressed
in 22RV1 and LN95 cells (Dataset S3), we defined high-resolution
HoxB13 cistromes by performing HoxB13 ChIP-exo (SI Appendix,
Fig. S4B). Remarkably, integrative analysis of HoxB13, AR-V7,
and AR-FL cistromes revealed a precise colocalization between
HoxB13 and AR-V7 genomic binding in both cell lines, whereas
the HoxB13 cistrome did not overlap with the AR-FL preferred
cistrome (Fig. 2 A and B). Global correlation analysis demon-
strated that AR-V7 binding signal densities were positively
correlated with those of HoxB13 (SI Appendix, Fig. S4C). Examples

Fig. 1. AR-V7 cistromes and their regulated transcriptomes are heteroge-
neous in AR-V7–driven CRPC. (A) A heatmap of differentially expressed
genes [false-discovery rate (FDR) < 0.05, fold-change > 2] after AR-V7 si-
lencing. The gene expression [reads per kilobase per million mapped reads
(RPKM)] values for each gene were normalized to the standard normal dis-
tribution to generate z-scores. The scale bar is shown with the minimum
expression value for each gene in blue and the maximum value in red.
(B) Venn diagrams show AR-V7 up-regulated and down-regulated genes in
22RV1 and LN95 cells, respectively. (C) Overlap of AR-V7 binding sites be-
tween 22RV1 and LN95 cells. (D and E) ChIP-exo raw tags distribution (1-bp
resolution) over AREs on the forward (blue, Left) and reverse (red, Right)
strands, respectively in 22RV1 cells (D) and LN95 cells (E). The Center panels
represent the bound ARE sequences ordered as in the Left and Right.

Fig. 2. AR-V7 and HoxB13 interact genomically and physically. (A and B)
Heatmaps show the ChIP-exo signal intensity of AR-FL, AR-V7, and HoxB13
binding in 22RV1 cells (A) and LN95 cells (B). (C and D) Chromatin accessibility in
22RV1 (C) and LN95 (D) cells was determined by ATAC-seq. Normalized aver-
aged ATAC-seq signal tag distribution over AR-V7 ARE regions and AR-FL pre-
ferred-ARE regions is shown. The window indicates ±2-kb regions of AREs. (E)
Cumulative genomic position distributions of precisely defined HoxB13 motifs
relative to AR-V7–bound AREs in AR-V7/HoxB13 binding locations in 22RV1 and
LN95 cells. (F) Whole-cell lysates from hormone-depleted 22RV1 cells were
immunoprecipitated with HoxB13 antibodies, andWestern blots were performed
with antibodies against AR-V7 and HoxB13. (G) GST pull-down assays were per-
formed by incubating in vitro translated HoxB13 with GST ∼ AR-V7 fusion pro-
teins. Western blots were performed using an anti-HoxB13 antibody.
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of AR-V7 and HoxB13 colocalization in 22RV1 and LN95 cells are
shown in SI Appendix, Fig. S4D. Because chromatin structures affect
AR binding (13), we next performed the assay for transposase-
accessible chromatin by sequencing (ATAC-seq) (17) using hor-
mone-depleted 22RV1 and LN95 cells. Integrative analysis of
ATAC-seq data with AR-V7/AR-FL ChIP-exo data found that
chromatin accessibility was markedly higher on AREs in HoxB13
and AR-V7 binding regions than on AREs in the AR-FL preferred
cistrome (Fig. 2 C and D and SI Appendix, Fig. S4E). These data
suggest that chromatin accessibility may facilitate preferred genomic
colocalization between HoxB13 and AR-V7 vs. AR-FL. Remark-
ably, when we calculated the genomic distance between precisely
defined HoxB13 binding motifs (SI Appendix, Fig. S4 F and G) and
AREs bound by AR-V7 (Fig. 1 D and E), we found that the vast
majority of these motif instances were separated by just 150 bp (Fig.
2E and SI Appendix, Fig. S4H). Together, these findings indicate an
intimate genomic interaction between AR-V7 and HoxB13 on open
chromatin in CRPC. To investigate the functional relationship be-
tween HoxB13 and AR-V7 genomic binding, we performed AR-V7
ChIP in HoxB13 silenced cells as well as HoxB13 ChIP in AR-V7
silenced cells. We found that HoxB13 silencing significantly de-
creased AR-V7 binding without affecting AR-V7 protein expression
(SI Appendix, Fig. S5 A, B, E, and F and Dataset S2), while silencing
of AR-V7 had no effect on HoxB13 binding (SI Appendix, Fig. S5 C,
D,G, andH). These data suggest that HoxB13 acts upstream of AR-
V7 recruitment to the genome. To explore the physical association
of AR-V7 and HoxB13, we first performed coimmunoprecipitation
of the endogenous proteins. As shown in Fig. 2F, HoxB13 interacted
with AR-V7 in vivo. We next expressed the FL AR-V7 and four
regions of AR-V7 as GST fusion proteins (Dataset S2) and tested
their ability to interact with in vitro-translated HoxB13. AR-V7
showed a strong interaction with HoxB13 protein via its DNA binding
domain (Fig. 2G and SI Appendix, Fig. S4I). These data support a
direct protein–protein interaction between AR-V7 and HoxB13.

HoxB13 and AR-V7 Coup-Regulate Diverse Target Oncogenes Across
CRPC Cells and Tissues. Having established a strong genomic and
physical interaction between AR-V7 and HoxB13, we next asked
whether AR-V7 and HoxB13 coregulate target genes in CRPC
cells. RNA-seq analysis was performed in HoxB13 silenced 22RV1
and LN95 cells, and an unsupervised hierarchical clustering of gene-
expression data from AR-V7 silenced, HoxB13 silenced, and con-
trol cells was conducted. Strikingly, we found that AR-V7 and
HoxB13 up-regulated a common set of genes in both 22RV1 and
LN95 cells (Fig. 3 A and B, SI Appendix, Fig. S6A, and Dataset S2),
although the coup-regulated genes were largely different between
the two cell lines (SI Appendix, Fig. S6B and Dataset S1). In con-
trast, no codown-regulated gene set was found, consistent with our
finding that AR-V7 down-regulated genes were not involved in
cancer-related processes (Fig. 3 A and B and SI Appendix, Fig. S3C).
To correlate AR-V7 and HoxB13 binding with their regulated
genes, we used an integrated approach (14) combining the GREAT
algorithm (18) and our RNA-seq data. AR-V7 and HoxB13 showed
similar distal binding to regulated genes (SI Appendix, Fig. S6C).
These distal AR-V7 and HoxB13 binding sites directly up-regulated
genes involved in prostatic neoplasms and metastasis (SI Appendix,
Fig. S6D and Dataset S1). Importantly, gene set enrichment analysis
(GSEA) (19) found that genes associated with AR-V7 binding sites
were significantly enriched not only in AR-V7 up-regulated genes
but also in HoxB13 up-regulated genes (Fig. 3 C and D and SI
Appendix, Fig. S6 E and F). A similarly pronounced enrichment of
genes associated with HoxB13 binding was also observed for both
HoxB13 and AR-V7 up-regulated genes (SI Appendix, Fig. S6 G
and H). These data reveal a strong direct coup-regulation of target
genes by AR-V7 and HoxB13 in CRPC cells.
To examine the clinical relevance of transcriptional cor-

egulation by AR-V7 and HoxB13 in CRPC cells, we performed
AR-V7 and HoxB13 ChIP-exo as well as RNA-seq in tumors
from three AR-V7–expressing CRPC patients (9) (SI Appendix,
Fig. S7A). Although AR-V7 binding locations were largely dif-
ferent between the three CRPC patients (Fig. 4A), genomic

colocalization between AR-V7 and HoxB13 was observed for all
patients (Fig. 4B). Consistent with the heterogeneous nature of
AR-V7 cistromes between CRPC patients, most genes associ-
ated with AR-V7 were different between the three patients (SI
Appendix, Fig. S7 B and C). Integrative analysis of tissue ChIP-
exo/tissue RNA-seq data (Fig. 4 A and B and SI Appendix, Fig.
S7) with 22RV1/LN95 ChIP-exo/RNA-seq data (Figs. 2 and 3
and SI Appendix, Fig. S6) revealed significantly higher gene
expression in CRPC tissues of AR-V7/HoxB13 coup-regulated
genes compared with AR-V7/HoxB13-nonregulated genes
(Fig. 4C and SI Appendix, Fig. S7B). Importantly, the putative
AR-V7/HoxB13 coup-regulated genes (681) identified in
CRPC tissues were associated with cancer progression and
metastasis (SI Appendix, Fig. S7B and Dataset S1) and were
highly expressed in CRPC circulating tumor cells (CTCs) (SI
Appendix, Fig. S7D) and independent CRPC tissues (SI Ap-
pendix, Fig. S7E). Taken together, these data suggest that
AR-V7 and HoxB13 cobinding sites in CRPC patients are
functional in up-regulating diverse oncogenic target genes
involved in CRPC progression.
To examine AR-V7 and HoxB13 transcriptional coregulation

in large CRPC patient cohorts, we reanalyzed RNA-seq data
from 98 CRPC cases in the Robinson et al. (20) cohort and 34
CRPC cases in the Beltran et al. (21) cohort. Based on the pres-
ence or absence of exon 3/CE3 splicing junctions (SI Appendix,
Fig. S7A), we divided the CRPC patients from these two cohorts
into AR-V7+ and AR-V7− groups (SI Appendix, Fig. S8A). Un-
supervised hierarchical clustering of gene-expression data from
135 patients (20, 21), including the 3 AR-V7+ patients from this
study, failed to identify genes showing similar expression patterns
across individuals in each group (SI Appendix, Fig. S8A). Impor-
tantly, focused analysis of the 681 genes identified as putative targets
of AR-V7/HoxB13 in CRPC tissues (SI Appendix, Fig. S7B) also
failed to discover genes showing uniformly high or low expression
across AR-V7+ or AR-V7− cases (Fig. 4 D and E). Nonetheless,
HoxB13 and AR mRNA expression levels were significantly higher
in the AR-V7+ group compared with the AR-V7− group (Fig. 4 F
and G and SI Appendix, Fig. S8 B–E). These data reveal AR-V7/
HoxB13-regulated transcriptomic diversity among CRPC cases,
and suggest that AR-V7 and HoxB13 might be coexpressed in
CRPC cases. We thus performed immunocytochemistry (IHC)
analysis of AR-V7 and HoxB13 using tissues from 20 CRPC
patients. This revealed a high concordance between AR-V7 and
HoxB13 protein expression (Fig. 4 H and I). We also conducted
an analysis of AR-V7 and HoxB13 gene expression in 86 CTCs
isolated from CRPC patients. HoxB13 mRNA expression was
significantly higher in AR-V7+ CTCs versus AR-V7−CTCs, and the
expression of HoxB13 mRNA and AR-V7 mRNA was positively
correlated (Fig. 4 J and K and Dataset S2). These results support
the clinical relevance of AR-V7/HoxB13 transcriptional coregulation.

Fig. 3. HoxB13 and AR-V7 coup-regulate diverse target oncogenes in CRPC.
(A and B) Heatmaps of regulated genes (FDR < 0.05, fold-change > 2) after
AR-V7 or HoxB13 silencing in 22RV1 (A) and LN95 cells (B). (C and D) GSEA
analyses compare associated genes within ±50 kb of AR-V7 binding locations
with AR-V7 or HoxB13 regulated genes determined by RNA-seq analysis in
22RV1 (C) and LN95 (D) cells.
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Silencing of HoxB13 Decreases AR-V7–Driven CRPC Growth. Finally,
given that AR-V7 drives CRPC growth in vitro and in vivo (6, 11,
12), we examined whether silencing HoxB13 decreases AR-V7–
driven CRPC growth in vitro and in vivo. Silencing of HoxB13
significantly decreased in vitro cell growth of both 22RV1 and

LN95 cells (Fig. 5A and SI Appendix, Fig. S9A). Interestingly,
simultaneous silencing of both HoxB13 and AR-V7 did not further
inhibit cell growth (Fig. 5A) and expression of AR-V7/HoxB13
coup-regulated genes (Fig. 5B), suggesting that the biological
function of AR-V7 is mainly determined by HoxB13. To address

Fig. 5. AR-V7 is an important mediator of HoxB13 function in CRPC. (A and B) 22RV1 cells and LN95 cells were transfected with control siRNAs, siRNAs targeting
HoxB13, and combined siRNAs targeting HoxB13 and AR-V7. Cell proliferation was measured by direct cell count assays (A), and expression of HoxB13 and AR-
V7 coregulated genes AAK1, CROT, NEDD4L, and GRIN3A was analyzed by RT-PCR (B). The results for cell proliferation (A) are shown as mean ± SD (n = 2). The
significance for cell proliferation (A) and RT-PCR (B) was determined by one-way ANOVA. *P < 0.01, **P < 0.001. (C and D) LNCaP-abl cells were cotransfected with
siRNAs combined with pcDNA3.1 vector, pcDNA3.1–AR-FL (32), or pcDNA3.1–AR-V7 (11). Western blots were performed using the indicated antibodies (C), and
cell proliferation on day 5 was measured by direct cell count assays (D). The significance was determined by one-way ANOVA. *P < 0.01.

Fig. 4. HoxB13 and AR-V7 coregulate transcriptomic
diversity among CRPC patients. (A) A Venn diagram
shows AR-V7 binding site diversity between the three
CRPC patients. (B) Heatmaps show the ChIP-exo signal
intensity of AR-V7 and HoxB13 binding in three CRPC
patients. (C) Box plots compare expression of genes
associated with tissue AR-V7/HoxB13 binding sites.
Coup-regulated genes refer to genes that were also
coup-regulated by AR-V7/HoxB13 in CRPC cells. (D and
E) Heatmaps show expression of the 681-gene panel
among the 98 metastatic CRPC (mCRPC) patients in
the Robinson et al. (20) cohort (D), and 34 mCRPC
cases in the Beltran et al. (21) cohort (E). (F and G) Box
plots compare HoxB13 gene expression between AR-
V7+ and AR-V7− patients in the Robinson et al. (20)
cohort (F) and in the Beltran et al. (21) cohort (G), re-
spectively. The significance was determined by Mann–
Whitney rank sum test. *P < 0.01, **P < 0.001. (H)
Representative AR-V7 and HoxB13 immunoreactivity in
mCRPC tissues (Upper 20×, Lower 40× original magni-
fication). (I) Correlation between AR-V7 and HoxB13
staining in 20 CRPC cases. Slides were scanned using an
Aperio Digital Pathology Slide Scanner (Leica Bio-
systems) at 40× magnification and staining quantified
using the Aperio Image Scope (v11). Data represent the
ratio of positive pixels per total pixels from areas of
tissue containing mCRPC. (J) A box plot compares
HoxB13 mRNA levels in 86 CTCs from mCRPC patients.
The significance was determined by one-tailed t test.
*P < 0.05. (K) Correlation of mRNA expression between
HoxB13 and AR-V7 in AR-V7+ CTCs.
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whether the growth inhibition conferred by HoxB13 knockdown
is mediated through AR-V7 loss, we performed cell growth
rescue experiments in an AR-V7− CRPC model, LNCaP-abl, by
overexpression of AR-V7 or AR-FL in cells with partial HoxB13
silencing or control silencing (Fig. 5C). In the hormone-depleted
condition, overexpression of AR-V7 but not AR-FL significantly
rescued LNCaP-abl cells from the growth inhibitory effects of
HoxB13 protein reduction (Fig. 5D and SI Appendix, Fig. S9B),
suggesting that AR-V7 is an important mediator of HoxB13
function in CRPC. To examine the effect of HoxB13 silencing
in vivo, 22RV1 and LN95 cells infected with lentivirus encoding
HoxB13 shRNA or a control shRNA were injected into castrated
mice. Tumor weights and tumor volumes were significantly de-
creased in shHoxB13-treated groups compared with control groups
(Fig. 6 A–F and SI Appendix, Fig. S10A), whereas no mouse body
weight decrease was observed in shHoxB13-treated groups versus
control groups (SI Appendix, Fig. S10B). Importantly, ChIP analysis
of engrafted tumor tissue showed that HoxB13 silencing signifi-
cantly decreased AR-V7 binding regardless of whether an ac-
companying decrease in AR-V7 expression was observed (LN95)
or not (22RV1) (Fig. 6 G and H, SI Appendix, Fig. S10 C and D,
and Dataset S2). These data suggest that HoxB13 governs AR-
V7–expressing CRPC growth in vivo through pioneering AR-V7.
To further examine whether HoxB13 determines AR-V7 onco-
genic function in vivo, 22RV1 and LN95 cells infected with len-
tiviral shRNA targeting HoxB13 only, both HoxB13 and AR-V7 in
combination, or control sequences (SI Appendix, Fig. S10E) were
inoculated into castrated mice. Tumor weights were significantly

decreased in shHoxB13 only and combined shHoxB13/shAR-V7–
treated groups versus shControl groups (SI Appendix, Fig. S10 F
and G). Remarkably, there was no significant difference in tumor
weights between the shHoxB13 only and the combined shHoxB13/
shAR-V7 groups (SI Appendix, Fig. S10 F and G), suggesting that
the oncogenic function of AR-V7 in vivo is largely determined
by HoxB13.

Discussion
Despite the emerging clinical importance of AR-V7, the molecular
and genomic mechanisms underlying the cancer-promoting func-
tion of AR-V7 in CRPC are largely unknown. Foremost, it is un-
known whether AR-V7, a TF lacking the LBD, is able to globally
bind to chromatin to exert its genomic function. In fact, recent
ChIP-seq studies have attempted to address whether AR-Vs can
globally bind to the genome in CRPC cell lines (22, 23). Unfor-
tunately, the lack of an AR-V–specific antibody in these ChIP-seq
studies made it difficult to distinguish AR-V7 signal from that of
AR-FL and other AR-Vs within the same population of CRPC
cells. Moreover, although AR-V7 is overexpressed at the protein
level in CRPC patients (6, 7, 24), it is unknown whether AR-
V7 binds to CRPC patients’ genomes. In this study, we have defined
high-resolution AR-V7 cistromes in AR-V7–expressing
CRPC cells and patient tissues using our ChIP-exo approach
with an AR-V7–specific antibody. By integrating ChIP-exo
data with ATAC-seq and RNA-seq analysis, we find that AR-
V7 clearly binds to open chromatin in the CRPC genomes through
recognizing the FL ARE, and directly regulates diverse target onco-
genes in similar biologic and disease pathways contributing to CRPC
(Figs. 1–4). Our data support AR-V7 as a major driving AR-V in
CRPC progression.
Consistent with the heterogeneous nature of CRPC (25), we

found that the AR-V7 cistromes are cell-context–dependent in both
CRPC cell lines and clinical specimens, resulting in tremendous
diversity in AR-V7–regulated transcriptomes across CRPC patients
(Figs. 1–4). Remarkably, a homogeneous feature of CRPC is the
colocalization of HoxB13 that accompanies and supports the het-
erogeneous binding of AR-V7, and these two TFs coup-regulate
diverse target genes involved in CRPC progression (Figs. 2–4, SI
Appendix, Fig. S7, and Dataset S1). Although controversies exist on
the role of HoxB13 in promoting or inhibiting AR-FL function in
androgen-dependent prostate cancer (26–28), our results demon-
strate that HoxB13 governs heterogeneous CRPC growth mecha-
nisms by directing AR-V7 oncogenomic function (Figs. 2–6).
Indeed, in AR-V7–expressing CRPC, the oncogenic function of
AR-V7 is mainly determined by HoxB13, and AR-V7 is a critical
mediator of HoxB13 function. Interestingly, our RNA-seq analysis
failed to identify the rare prostate cancer predisposing G84E mu-
tation in HoxB13 (29) in any CRPC samples examined in this study
or in 132 CRPC patients from two cohorts (20, 21), suggesting that
this mutation does not contribute to evolution of the novel genomic
function of HoxB13 in CRPC. It is possible that chromatin acces-
sibility (Fig. 2 C and D) or other genetic/epigenetic factors may
reprogram HoxB13 function in CRPC genomes. Importantly, be-
cause few downstream target genes of AR-V7 can universally ac-
count for progression of heterogeneous CRPC in which AR-
V7 itself is not druggable by AR antagonists, future translational
research on AR-V7-driven CRPC should focus on targeting the
pivotal upstream genomic regulator HoxB13. Finally, as silencing of
HoxB13 and/or AR-V7 significantly decreases but does not com-
pletely inhibits CRPC growth, future studies should also consider
targeting HoxB13 together with other key growth-promoting mech-
anisms for CRPC.

Materials and Methods
Cell Lines. CWR22RV1 cells were obtained from the American Type Culture
Collection (ATCC). LNCaP95 cells were provided by J.L., and LNCaP-abl cells were
kindly provided by Zoran Culig, Innsbruck Medical University, Innsbruck, Austria.
Further details are provided in the SI Appendix, SI Materials and Methods.

Fig. 6. HoxB13 silencing inhibits AR-V7-driven CRPC growth in vivo. (A and D)
HoxB13 protein expression in 22RV1 cells (A) and LN95 cells (D) infected with
lentivirus encoding HoxB13 shRNA or a control shRNA after 48 h. Western blots
were performed using the same cells used for injection into castrated mice. (B
and E) Representative picture of shControl 22RV1 tumors and HoxB13-silenced
22RV1 tumors at time of collection (B, day 24), and shControl LN95 tumors and
HoxB13-silenced LN95 tumors at time of collection (E, day 34). (C and F) Average
22RV1 tumor weight for control (C, n = 24) and HoxB13 silenced groups (C, n =
23), and average LN95 tumor weight for control (F, n = 24) and HoxB13 silenced
groups (F, n = 22). The results are shown as mean ± SE. The significance was
determined by one-tailed t test. *P < 0.01, **P < 0.001. (G and H) AR-V7 and
HoxB13 tissue ChIP analysis using engrafted 22RV1 (G, tumors n = 12, regions n =
8) and LN95 (H, tumors n = 20, regions n = 8) tumor tissues. The significance was
determined by Mann–Whitney rank sum test. **P < 0.001.
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Human Tissues. CRPC tissues utilized in ChIP-exo and RNA-seq analysis were
rapid autopsy specimens described in a previous study (7). CRPC tissues for IHC
analysis were obtained from Duke University. Samples were obtained from
CRPC patients who signed written informed consent. All experimental proce-
dures were approved by the Johns Hopkins University and Duke University
Institutional Review Boards.

RNA Interference. All transient transfections of siRNA into cell lines followed
the standard protocol for Lipofectamine RNAiMAX Transfection Reagent
(Thermo Fisher). Further details are provided in the SI Appendix, SI Materials
and Methods.

Cell Proliferation Assays. Cell proliferation was measured by a direct viable cell
count assay, as described previously (13).

Western Blots and Coimmunoprecipitation Assays. Western blots and coim-
munoprecipitation were performed as previously described (30). Antibodies
used were anti–AR-V7 (AG10008) from Precision Antibody, and anti-AR
(N20) and anti-HoxB13 (H-80) from Santa Cruz Biotechnology.

RNA-Seq and Data Analysis. RNA-seq analysis was performed and analyzed as
previously described (14). Further details are provided in the SI Appendix, SI
Materials and Methods.

ChIP-Exo and Data Analysis. ChIP-exo was performed and analyzed as pre-
viously described (13, 14). Further details are provided in the SI Appendix, SI
Materials and Methods.

Standard ChIP and RT-PCR Assays. ChIP and RT-PCR assays were performed as
described previously (13).

ATAC-Seq Assays. ATAC-seq library preparation and data analysis were per-
formed as described previously (17). Further details are provided in the SI
Appendix, SI Materials and Methods.

GST Pull-Down Assay. GST-Pull down assay was performed as previously de-
scribed (30) with modifications. Further details are provided in the SI Ap-
pendix, SI Materials and Methods.

IHC Analysis. IHC was performed as previously described (11) with modifi-
cations. Further details are provided in the SI Appendix, SI Materials
and Methods.

Analysis of AR-V7 and HoxB13 mRNA Expression in CTCs from CRPC Patients.
Patients with metastatic CRPC were enrolled in a prospective study eval-
uating clinical correlates of CTC AR biomarkers, as described previously (10).
The study protocol was approved by the Institutional Review Board at the
Johns Hopkins University (IRB-6). Written informed consent was obtained
from all enrolled patients. CTC analysis was performed as described pre-
viously (9). Further details are provided in the SI Appendix, SI Materials
and Methods.

Mouse Xenograft Studies. Mouse xenograft studies were performed as de-
scribed previously (31). All experiments were conducted in accordance with
the guidelines of the Association for Assessment and Accreditation of Lab-
oratory Animal Care International and The Ohio State University In-
stitutional Animal Care and Use Committee-approved protocol. Further
details are provided in the SI Appendix, SI Materials and Methods.
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