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ABSRACT

Androgen receptor (AR) splice variants (ARVs) are
implicated in development of castration-resistant
prostate cancer (CRPC). Upregulation of ARVs often
correlates with persistent AR activity after androgen
deprivation therapy (ADT). However, the genomic
and epigenomic characteristics of ARV-dependent
cistrome and the disease relevance of ARV-mediated
transcriptome remain elusive. Through integrated
chromatin immunoprecipitation coupled sequencing
(ChIP-seq) and RNA sequencing (RNA-seq) analysis,
we identified ARV-preferential-binding sites (ARV-
PBS) and a set of genes preferentially transacti-
vated by ARVs in CRPC cells. ARVs preferentially
bind to enhancers located in nucleosome-depleted
regions harboring the full AR-response element
(AREfull), while full-length AR (ARFL)-PBS are en-
hancers resided in closed chromatin regions contain-
ing the composite FOXA1-nnnn-AREhalf motif. ARV-
PBS exclusively overlapped with AR binding sites in
castration-resistant (CR) tumors in patients and ARV-
preferentially activated genes were up-regulated in
abiraterone-resistant patient specimens. Expression
of ARV-PBS target genes, such as oncogene RAP2A
and cell cycle gene E2F7, were significantly asso-
ciated with castration resistance, poor survival and

tumor progression. We uncover distinct genomic
and epigenomic features of ARV-PBS, highlighting
that ARVs are useful tools to depict AR-regulated
oncogenic genome and epigenome landscapes in
prostate cancer. Our data also suggest that the
ARV-preferentially activated transcriptional program
could be targeted for effective treatment of CRPC.

INTRODUCTION

ADT is the standard treatment for patients with advanced
prostate cancer. Approximately 10–20% of these patients re-
lapse into CRPC within 5 years, and the mean survival time
is ∼14 months after CRPC diagnosis (1). Despite the de-
pletion of circulating testicular androgen after ADT, sus-
tained AR signaling remains the major molecular mecha-
nism driving castration resistance (2,3). To re-target the per-
sistent AR activity in CRPC, next-generation AR axis in-
hibitors have been developed, which include abiraterone ac-
etate (an inhibitor of androgen synthesis) and enzalutamide
(an AR antagonist). Although these new drugs significantly
improve overall survival, resistance has continued to be a
problem in a majority of patients (4,5).

Prostate specific antigen (PSA) often resurges in
enzalutamide-resistant patients, suggesting the growth of
the tumors is still driven by AR signaling (6). Persistent AR
activity in CRPC can be mediated by several mechanisms
including AR gene amplification and overexpression (7–9),
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AR gene mutation (10), intra-tumoral androgen synthesis
(11), overexpression of AR coactivators (12), aberrant
kinase pathway activation (13) and the constitutive ex-
pression of AR splice variants (ARVs) (14). ARVs are
important in CRPC because most ARVs lack the ligand-
binding domain (LBD), the intended therapeutic target of
hormone therapy regimens including abiraterone acetate
and enzalutamide.

Recent efforts to determine how ARVs drive prostate
cancer survival and progression discovered that overex-
pression of AR splice variant-7 (ARV7) or ARv567es in
LNCaP cells resulted in increased cell proliferation, and
knocking down endogenous ARVs in 22Rv1 cells lead to
attenuated cell growth in the androgen-deprived condi-
tion in vitro and in vivo (15–18). These findings highlight
the role of ARVs in promoting cell proliferation and tu-
mor progression. Overexpression of ARV7 in metastatic
and circulating tumor cells is significantly associated with
shorter survival and resistance to enzalutamide and abi-
raterone treatments (19,20). These data indicate that ARVs
are valuable predictive biomarkers of antiandrogen resis-
tance. Nonetheless, the genome, cistrome, and epigenome
features of ARVs remain incompletely characterized, and
especially the relevance of ARV-regulated transcription pro-
gram to the castration-resistant progression of patients is
poorly understood. More importantly, it remains unclear
whether increased expression of ARVs is a driving force
or merely the by-product of other molecular mechanisms
such as AR amplification and rearrangement. Therefore,
the identification and characterization of ARV-regulated
transcription programs could potentially lead to novel tar-
gets for the development of more effective therapeutics for
CPRC.

In this study, we characterized the genome, cistrome and
epigenome landscapes of ARVs. Specifically, we discovered
that ARV-preferentially targeted genes are associated ex-
clusively with CRPC, but not with treatment-responsive or
untreated prostate cancer in patients, highlighting the role
of ARV in driving castration resistance. We also demon-
strated that the expression of ARV-preferentially activated
genes, but not those driven by ARFL or total AR (ARVs
+ ARFL), was significantly increased in the tumor metas-
tases of abiraterone-resistant patients compared to those
of abiraterone-responsive patients, suggesting that ARV-
preferentially targeted genes are involved in the develop-
ment of therapeutic resistance. The ARV-preferentially tar-
geted genes identified in this study may serve as prognostic
biomarkers for predicting abiraterone resistance and as po-
tential targets for developing new therapeutics for CRPC
patients.

MATERIALS AND METHODS

Clinical samples

The whole transcriptome sequencing (RNA-seq) of 77
CRPC patients is part of the ‘PROMOTE’ (Prostate Cancer
Medically-Optimized Genome-Enhanced Therapy) study
that was initiated in May 2013 after obtaining approval
from Mayo Clinic Institutional Review Board (IRB) (21).
All patients enrolled in the trial provided a written informed
consent approved by the IRB. All patients had to have

sub-castrate testosterone levels (less than 50 ng/dl) and a
metastatic site for biopsy. Tumor tissue biopsies were col-
lected from bone (n = 54) or soft tissue (n = 23) before initi-
ation of abiraterone acetate and prednisone therapy (AAP).
Progression status at 12 weeks after initiating AAP was de-
termined per the recommendations of the Prostate Can-
cer Working Group-2 criteria (PCWG2) (22). For assessing
progression at 12-weeks, serum PSA, bone and CT imag-
ing and symptom assessments using the Functional Assess-
ment of Cancer Therapy-Prostate (FACT-P) scale were per-
formed at the same time (week 12) (22). Response to therapy
was defined as the absence of PSA progression (as defined
by the PSA Working Group Criteria); absence of any new
bone lesion on bone scan and no radiological (RECIST 1.0)
progression of nodal or soft tissue metastases. Bone scans at
12 weeks in which new lesions were detected were repeated
with a follow-up bone scan at least six more weeks and if
additional new bone lesions were observed at the second
follow-up scan patient was deemed to have progression. Pa-
tients who met one of these criteria for the progressive dis-
ease were defined as ‘non-responders’ after 12 weeks of drug
exposure. As a result, 45 and 32 patients were determined as
responders and non-responders, respectively.

ChIP, ChIP-qPCR and ChIP-seq library preparation

ChIP experiments were performed as described pre-
viously (http://younglab.wi.mit.edu/hESRegulation/
Young Protocol.doc). In brief, chromatin was cross-
linked for 10 min at room temperature with 11%
formaldehyde/PBS solution added to cell culture medium.
Cross-linked chromatin was then sonicated, diluted
and immunoprecipitated with Protein G-plus Agarose
beads (Bio-Rad®) prebound with antibody (anti-AR,
N-20, SC-816; anti-AR, C-19, SC-815 from Santa Cruz;
anti-H3K4me1, ab8895; anti-H3K4me2, ab7766; anti-
H3K27Ac, ab4729; anti-H2A.Z, ab4174; Pk-tag antibody
(V5-tag antibody), ab9116 from Abcam) at 4◦C overnight.
Precipitated protein-DNA complexes were eluted and
cross-linking was reversed at 65◦C for 16 h. DNA frag-
ments were purified and analyzed by real-time PCR.
ChIP-seq libraries were prepared using previously de-
scribed methods (23). High-throughput sequencing (51 nt,
pair-end) was performed using the Illumina HiSeq™2000
platforms at the Mayo Genome Core Facility. Real-time
quantitative PCRs were carried out in a Bio-Rad CFX96™
Real-Time System, using SYBR green PCR master mix
(Bio-Rad, Hercules, CA, USA). Reactions were carried
out in triplicate and with biological replicates. Primers are
shown in Supplementary Table S10. ChIP-qPCR data were
analyzed as % input after normalizing each ChIP DNA
fraction’s Ct value to the Input DNA fraction’s Ct value.

Estimate ARV7 expression using TCGA RNA-seq data

RNA-seq BAM files were downloaded from the NCI Ge-
nomic Data Commons (https://gdc.cancer.gov/). The ex-
pression level of ARV7 was measured by the number of
splice reads that span exon-3 (chrX:66905852–66905968,
genome coordinates are based on the human reference
genome hg19/GRCh37) and the downstream cryptic exon
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(chrX:66914515–66915580) located in intron-3. The num-
ber of splice reads was then normalized by total splice reads
to correct sequencing depth (i.e. SRPM, splice read per mil-
lion).

Cell lines, cell culture and transfection

22Rv1 and LNCaP prostate cancer cell lines and 293T cell
lines were purchased from ATCC. C4–2 cells were pur-
chased from Uro Corporation (Oklahoma City, OK, USA).
22Rv1 and LNCaP cells were maintained at 37◦C and 5%
CO2 in RPMI 1640 containing 10% fetal bovine serum
(FBS) and 1% antibiotic/antimycotic (Thermo Fisher Sci-
entific). 293T cells were maintained in DMEM medium
with 10% FBS and C4–2 cells were maintained in RPMI
medium with 10% FBS. Transient transfections of 22Rv1
and LNCaP cells were performed by electroporation (350
V, 10 ms. BTX, Harvard Apparatus) and then cells were
cultured in RPMI 1640 containing 10% FBS or charcoal
stripped serum (CSS).

Knockdown of ARFL and ARVs by siRNAs

Small interference RNAs (siRNAs) specifically against hu-
man ARVs (Pools), ARFL and nonspecific controls were
purchased from Dharmacon (Thermo Fisher Scientific)
and their sequences are listed in Supplementary Table S10.
22Rv1 cells were seeded in a 10-cm dish and transfected with
50 nM siRNA. Transfection was performed using Lipofec-
tamine 2000 (Invitrogen). The effect of siRNA-mediated
AR silencing was examined using western blot 48 h after
transfection. To knock down ARFL, we used siRNA tar-
geting AR exon 7/8 junction (siAR Ex7/8, Dharmacon D-
003400-18-0002 target sequence CGUGCAGCCUAUUG
CGAGAUU). We knocked down AR variants with siR-
NAs targeting AR-V1/V3/V4/V7 (four siRNA mixture,
siARV1 target sequence GAGGGUGUUUGGAGUCUC
AUU, siARV3 target sequence AAGAGCCGCUGAAG
GAUUUUU, siARV4 target sequence GAUGACUCUG
GGAGGAUUUUU, siARV7 target sequence GCAAUU
GCAAGCAUCUCAAUU).

Chromatin conformation capture (3C) assay

3C assays were performed as described previously (24).
Briefly, cross-linking was performed by incubating 1 × 107

cells in PBS containing 1% formaldehyde. Cell pellets were
lysed and suspended with restriction enzyme EcoRI-HF
(400 units). Restriction digestion was stopped by 1.6% SDS
(final concentration and samples were incubated at 65◦C for
25 min). DNA ligation was performed with T4 DNA ligase
(2000 units) at 16◦C for 4 h. The chromatin samples were re-
verse cross-linked with proteinase K at 65◦C overnight. 3C
samples were then purified using phenol-chloroform extrac-
tion and purified DNA was used for qPCR analysis using
the specific primers listed in Supplementary Table S10. All
3C PCR products were confirmed by Sanger sequencing.

Lentiviral shRNA infection and ARV7 overexpression

293T cells were co-transfected with control or FOXA1 or
RAP2A-specific shRNA along with packing and envelop

plasmids by Lipofectamine 2000 according to the manu-
facturer’s instructions. At two days post-transfection, virus
particles containing shRNA were used to infect prostate
cancer cells according to the protocol provided by Sigma-
Aldrich. Individual shRNAs specifically targeting human
FOXA1 and RAP2A were obtained from Sigma-Aldrich
and their sequences are listed in Supplementary Table
S10. ARV7 construct was cloned into the lentiviral vector
pTSiN, and virus production was performed as described
previously (25). C4–2 cells were transduced by culturing
with a 1:1 mixture of fresh medium and virus supernatant
with Polybrene (4 �g/mg final concentration) for 24–72 h.
The infected cells were screened by 1.5 �g/ml puromycin
for two days and then cells were maintained in medium con-
taining 0.5 �g/ml puromycin for further use.

Cell proliferation assays

22Rv1 cells infected with shRAP2A or control shRNA or
C4–2 cells infected with pTSiN-ARV7 and/or shPAP2A
were seeded in 96-well plates (3000 cells/well) and cultured
in medium containing 10% CSS. Cells were fixed at different
time points (day 0–5) and cell growth was measured using
sulforhodamine B (SRB) assay (26).

Tumor xenograft studies in mice

Six-week-old NOD-SCID IL-2-receptor gamma null
(NSG) mice were generated in-house and used for animal
experiments. All mice were housed under standard con-
ditions with a 12 h light/dark cycle and access to food
and water ad libitum. The mouse studies were approved by
the IACUC at Mayo Clinic. C4–2 cells transduced with
pTSiN-ARV7 or double infected by pTSiN-ARV7 and
shPAP2A cells and empty vector (3 × 106 cells in 100 �l
matrigel) were injected s.c. (n = 5 experiments) into the left
flank of each mouse. Tumor size was measured every three
days and calculated using the formula: length × width2 ×
0.5.

ChIP-seq data analysis

All short reads were mapped to the human reference
genome (hg19/GRCh37) using bowtie2 (version 2.1.0) with
default configurations (28). On average, we obtained 81.7
million reads that were uniquely mapped to the reference
genome for each sample. These uniquely mapped reads were
then used for peak calling. MACS2 (version 2.0.10) was
used to identify peaks with input samples used as back-
ground and a qvalue cutoff 0.05 (macs2 callpeak –bdg –
SPMR -f BAM) (29). Peaks located in satellite repeats and
centromere regions were removed. ChIP-seq tag intensity
tracks (bedGraph files) were generated by MACS2, and
then were converted into bigWig files using UCSC ‘wigTo-
BigWig’ tool. Genomic distribution of peaks with regard to
transcription start sites (TSS), and the association of peaks
to target genes was performed by Genomic Regions Enrich-
ment of Annotations Tool (GREAT) (30). Histone modifi-
cation profiles were generated by Epidaurus (31).
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RNA seqeuncing data analysis

RNA-seq libraries were prepared using Illumina’s TruSeq
RNA prep kit and standard protocol. The RNA-seq li-
braries were sequenced as 51 nt pair-end reads at one
sample per lane of an Illumina HiSeq 2500, generating
an average of 265 million reads per sample. Fragment
size was estimated by RSeQC using the first 1 000 000
read pairs that were uniquely mapped (32). All reads were
aligned to the human reference genome (hg19/GRCh37)
by TopHat 2.0.9 using these options: TopHat:–keep-
fasta-order, –keep-tmp, –no-coverage-search, –bowtie1, –
library-type fr-unstranded, –max-multihits 20, –solexa1.3-
quals, –fusion-search, –fusion-ignore-chromosomes chrM,
–fusion-min-dist 50 000 (33). Gene expression counts
were generated using HTseq software (http://www-huber.
embl.de/users/anders/HTSeq/doc/overview.html) from Illu-
mina gene annotation files (http://support.illumina.com/
sequencing/sequencing software/igenome.html). Gene ex-
pression analysis was conducted using edgeR (version 3.6.8)
and the built-in ‘TMM’ (trimmed mean of M-values) nor-
malization method was used (34). For 22Rv1 cell line RNA-
seq data, differentially expressed genes were determined
based on the false discovery rate (FDR) threshold 0.01 and
log2 fold change (FC = siARV/siNT) threshold of 1. Specif-
ically, up-regulated genes were defined as those with FDR
≤ 0.01 and log2 (FC) ≥ 1 and down-regulated genes were
defined as those with FDR ≤ 0.01 and log2 (FC) ≤ –1.

ARFL and ARV activity score

For each of the 77 CRPC patients, AR activity score
was calculated based on 20 AR target genes as described
previously (35) including ABCC4, ACSL3, ADAM7,
C1ORF116, CENPN, EAF2, ELL2, FKBP5, GNMT,
HERC3, KLK2, KLK3, MAF, MED28, MPHOSPH9,
NKX3–1, NNMT, PMEPA1, PTGER4 and ZBTB10. Cell
cycle progression (CCP) activity was calculated based on 31
genes described in (36) including: FOXM1, ASPM, TK1,
PRC1, CDC20, BUB1B, PBK, DTL, CDKN3, RRM2,
ASF1B, CEP55, CDK1, DLGAP5, SKA1, RAD51, KIF11,
BIRC5, RAD54L, CENPM, KIAA0101, KIF20A, PTTG1,
CDCA8, NUSAP1, PLK1, CDCA3, ORC6, CENPF,
TOP2A and MCM10. ARV activity was calculated based
on 63 genes defined by these criteria: (i) must differentially
expressed with FDR < 0.01 and log2 (FC) < –1 and
( ii) must be ARV-preferentially targeted genes, which
gave rise to 66 genes: ANKRD32, ANO6, ASPM, ATL2,
CA8, CDK1, CEP128, CHAC2, CPS1, CROT, DIAPH3,
DSCAM, DTL, E2F7, ENDOG, GCNT1, GJA1, GMPR,
GRIN3A, IL1R2, INMT, INMT-FAM188B, INSC, IN-
SIG1, ISL1, KBTBD8, KCNC4, KCNMB2, KRT19, LPL,
LRFN2, MAD2L1, MAF, MESP1, MESP2, MID1,
NCAPG2, NDST4, NUF2, NUP93, PARL, PHTF2,
PREX2, PRIM2, RAB33A, RARB, RDH10, RECQL,
RGS1, RGS2, SGOL1, SLC31A2, SLCO2A1, SMC2,
STOX1, TIFA, TMEM169, TMEM241, TMEM97,
TMPO, TRIM36, TTK, UCHL5, WNT16, ZBTB10,
ZNF367; (iii) three genes (ASPM, CDK1and DTL) were
removed due to overlapping with CCP gene list. ARFL ac-
tivity was calculated based on 33 genes including ADAM9,
SLC50A1, RAB4A, PHF8, PARVA, NRARP, NFIX,

MYO1B, MMP20, LRIG3, KLF5, KCNJ1, GLI3, G3BP2,
FAM96B, ERN1, CUZD1, CLDN8, CDK2AP2, KNSTRN,
TIGD6, GPR65, GALNT18, FOXD4, ELP5, DNM1L,
ABCA1, CKB, CEACAM16, CAB39L, PXYLP1, ABCA5
and AGAP9. We used the same method to calculate the
activity score as described in (37). In brief, gene expression
values (log2(FPKM)) of each sample were converted
to Z-scores by Z = (x – μ)/σ , where μ is the average
Log2(FPKM) across all samples of a gene and σ is the
standard deviation of the log2(FPKM) across all samples of
a gene. The Z-scores were then summed across all genes for
each sample. Finally, the summed Z-scores were converted
to a percentile and normalized between 0 and 100 with 0
being the lowest and 100 being the highest.

Motif analysis

De novo motif discovery was performed using MEME-
ChIP on 100 nucleotides DNA sequence centered around
ChIP-seq peak summit (38). In brief, the most significant
500 peaks were selected and the corresponding genomic
sequences (500 bp centered on the peak summit) were
retrieved from human reference genome (hg19/GRCh37)
and submitted to MEME-ChIP webserver (http://meme-
suite.org/tools/meme-chip). For candidate motif search, we
used C++/Python candidate motif finding package (motil-
ity, http://cartwheel.caltech.edu/motility/intro.html) to map
motif with no mismatch allowed. When there were multiple
motifs, pick the one that is most conserved (i.e the one with
the highest PhastCon score).

Survival analysis

We downloaded the expression and the associated clini-
cal outcome data of 390 TCGA prostate cancer patients
from the TCGA cancer browser website (https://genome-
cancer.ucsc.edu/). The gene expression values were mea-
sured experimentally using the IlluminaHiSeq RNASeqV2
and then mean-normalized across all TCGA cohorts by
the UCSC Cancer Browser team. The recurrence-free sur-
vival time and status were determined by the ‘ RFS’ and
‘ RFS IND’ fields from the ‘clinical data’ file, respectively.
We first stratified the 390 prostate patients into two groups
according to the median expression value of E2F7 (or
RAP2A), and then performed the Kaplan-Meier survival
analysis using the ‘survival’ R package available from http:
//cran.r-project.org. The Log-rank test was used to evalu-
ate if the difference in recurrence-free survival between the
above two subgroups was statistically significant.

Meta-analysis of AR ChIP-seq data derived from clinical tis-
sues and cell lines

We analyzed AR ChIP-seq data from two cohorts of clinical
samples. One cohort included 7 normal prostate epithelium
tissues and 13 prostate tumor tissues reported previously
(39). The original peaks and associated ChIP-seq reads in-
tensity signals (bigWig files) were downloaded from the
Gene Expression Omnibus (GEO) database (GSE56288).
The other cohort included five castration-resistant prostate
cancer tissues, three untreated prostate tumor tissues and
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two treatment responsive prostate tumor tissues reported
previously (40). The original peaks were downloaded from
GEO database (GSE28219) and lifted over to the hg19 as-
sembly using CrossMap (41). We regenerated the ChIP-seq
read intensity signals using MACS2 after aligning read to
hg19 reference genome. AR ChIP-seq data generated from
LNCaP cells were downloaded from GEO with accessions
(GSM1328169 and GSM1328170, biological replicates),
and AR ChIP-seq data generated from C4–2 cells were
downloaded from GEO with accessions (GSM1328166,
and GSM1328167, biological replicates) reported previ-
ously (42). Peak calling was performed as described pre-
viously. Only the top 50,000 peaks were used to compare
to ARV-preferentially binding sites (ARV-PBS), ARFL-
preferentially binding sites (ARFL-PBS), and the Common
binding sites (Common-BS).

GC content and sequence conservation analysis

GC content (i.e. GC percent) was calculated for every
five nucleotides window as (G+C)*100/(A+T+C+G).
Precomputed GC content file downloaded from UCSC
database (http://hgdownload.soe.ucsc.edu/goldenPath/
hg38/database/gc5BaseBw.txt.gz) and then converted
into bigwig format to facilitate analysis. Similarly, we
computed CpG dinucleotide content for every 50 nu-
cleotides window. Precomputed sequence conservation
(PhastCon) file was also downloaded from UCSC
database (http://hgdownload.soe.ucsc.edu/goldenPath/
hg38/database/phastCons100way.txt.gz) and converted
into bigwig format.

Peak overlapping coefficient

We used the overlapping coefficient (or Szymkiewicz-
Simpson coefficient) to measure the degree of overlaps be-
tween two lists of peaks (X and Y). It is defined as the num-
ber of the overlapped peaks divided by the smaller size of
the two lists of peaks. The overlapping coefficient equals 0
when no overlap exists, and 1 when one list is a subset of
another list.

overlap (X, Y) = |X ∩ Y|
min (|X| , |Y|)

Pathway analysis

Gene Set Enrichment Analysis (GSEA) tool was used to an-
alyze ARV activated and repressed genes (43).

Statistical test

In ARFL-PBS, out of 1089 FOXA1 and AREhalf motif
pairs, 138 (or 12.67%) have the gap size of 4. To test if
the composite motif with the gap size of 4 (i.e. FOXA1-
nnnn-AREhalf) is significantly more frequent than other gap
sizes, we performed Grubbs’s outlier test using function
‘grubbs.test’ in R package ‘outliers’ (https://cran.r-project.
org/web/packages/outliers/outliers.pdf). Similar analyses
were performed for ARV-PBS and Common-BS. All data
from cell culture studies were expressed as mean ± SD for
experiments performed at least three times. The difference

between two groups was analyzed using paired Student’s t-
test unless otherwise specified. A P value <0.05 is consid-
ered statistically significant.

RESULTS

Genomic features of ARV-PBS, ARFL-PBS and Common-
BS

We effectively knocked down ARV and ARFL in 22Rv1
cells treated with or without the synthetic androgen R1881
and performed ChIP-seq in duplicates for ARFL (si-
ARVs), ARV (si-ARFL), and total AR (si-Control) (Fig-
ure 1A). The high correlation between ChIP-seq replicates
in each group was noticed (Supplementary Figure S1). We
identified 5040 ARFL-preferential binding sites (ARFL-
PBS), 1304 Common binding sties (Common-BS), and 946
ARV- preferential binding sites (ARV-PBS) by comparing
the cistromes of ARFL and ARVs (Figure 1A and B and
Supplementary Tables S1–S3). Since 22Rv1 is an atypical
cell line in which ARFL has a duplicated exon-3 and ARVs
are particularly highly expressed (44), we sought to deter-
mine if the cistrome of the ARFL isoform in 22Rv1 cells re-
sembles that of the canonical ARFL in ARV-negative cells.
To this end, we compared ARFL-PBS, Common-BS and
ARV-PBS identified from 22Rv1 cells to AR binding sites
(ARBS) identified from two other AR-positive prostate
cancer cell lines including LNCaP and C4–2. We found
that 91.6% and 93.7% of Common-BS in 22Rv1 overlapped
with ARBS identified from LNCaP and C4–2 cells, respec-
tively, suggesting that Common-BS are conserved among
these cell lines. We found that 69.1% and 68.7% of ARFL-
PBS overlapped with ARBS identified in LNCaP and C4–2
cells, respectively (Supplementary Table S4). Interestingly,
these values are very close to the overlapping percentage be-
tween LNCaP-ARBS and C4–2-ARBS (69.7%), indicating
that the cistrome of ARFL in 22Rv1 cells is highly similar
to that of ARFL in LNCaP and C4–2 cells. We found that
the overlapping percentage between 22Rv1-ARV-PBS and
C4–2-ARBS (71.8%) was much higher (P = 1.86 × 10−9,
Fisher’s exact test) than that between 22Rv1-ARV-PBS and
LNCaP-ARBS (58.7%), possibly because both 22Rv1 and
C4–2 cell lines are CRPC in nature whereas LNCaP is
androgen-dependent.

As expected, all three groups of ARBS exhibited simi-
lar patterns of genomic distribution with >60% located in
distal enhancer regions that are at least 50 kb away from
the transcription start site (TSS) (Figure 1C). Due to func-
tional constraints, most transcription factor binding sites
(TFBS) exhibited higher sequence-conservation than that
of the flanking background regions (Supplementary Fig-
ure S2). Compared to the flanking background regions,
the centers of all three groups of ARBS were highly con-
served among 100 vertebrate genomes (Figure 1D), suggest-
ing that they are genuine TFBS, which likely underwent pu-
rifying selection. When investigating the DNA GC content
of the three groups of ARBS, we found that ARFL-PBS had
higher GC content and that the GC content profile was rel-
atively uniform across the entire binding region (Figure 1E
and F). In contrast, ARV-PBS and Common-BS had lower
GC content, and the GC content was dramatically reduced

http://hgdownload.soe.ucsc.edu/goldenPath/hg38/database/gc5BaseBw.txt.gz
http://hgdownload.soe.ucsc.edu/goldenPath/hg38/database/phastCons100way.txt.gz
https://cran.r-project.org/web/packages/outliers/outliers.pdf
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Figure 1. Genome features of ARV-PBS, ARFL-PBS and Common-BS.
(A) Western blots and diagram showing experiments performed to identify
total AR binding stites (ARBS), ARFL-preferential binding sites (ARFL-
PBS), ARV-preferential binding sites (ARV-PBS) and common binding
sites (Common-BS). 22Rv1 cells transfected with Control siRNA (si-Con),
siRNA targeting AR exon 7/8 to knock down ARFL (si-ARFL) or with
siRNAs targeting AR-V1/V3/V4/V7 to knock down AR variants (si-
ARVs) and 24 h later were treated with vehicle or 1 nM of R1881, a syn-
thetic androgen. The effect of siRNA-mediated AR silencing was exam-
ined using western blot 48 h after transfection and indicated samples were
utilized for RNA-seq or ChIP-seq analysis. (B) Heatmaps showing ChIP-
seq read intensity of ARBS (si-Con, R1881+), ARFL (si-ARVs, R1881+)
and ARVs (si-ARFL, R1881−) at ARFL-PBS, Common-BS and ARV-
PBS loci. (C) Genomic distributions of ARFL-PBS (red), Common-BS
(purple), ARV-PBS (blue) around transcription start site (TSS). (D) Se-
quence conservation (measured by PhastCon score) of ARFL-PBS (red),
Common-BS (purple) and ARV-PBS (blue). Each peak was extended 1 kb
to the up- and down-stream from the center. Wilcoxon rank sum test was
used to compare conservation scores of ARFL-PBS and ARV-PBS (P =
0.22). (E–H) GC content profiles of ARFL-PBS (red), Common-BS (pur-
ple) and ARV-PBS (blue). Each peak was extended 1 kb to up- and down-
stream from the center. Red, purple and blue lines represent the local re-
gression (Loess) curves.

in the center of the binding region, forming V-shaped pro-
files (Figure 1E, G and H). The central dip in GC content
profile has been linked frequently to nucleosome-depleted
regions (NDRs) (45–47). This result suggests that, different

from ARFL, ARVs bind primarily to NDRs. This hypoth-
esis is further confirmed by our cistromic and epigenomic
data described below.

Cistrome landscapes of ARV-PBS, ARFL-PBS and
Common-BS

To further determine the role of ARVs and ARFL in
regulating ARV-PBS and ARFL-PBS gene expression, we
focused on two specific loci. The small G protein gene
RAP2A, a member of RAS oncogene family, is an ARV-
targeted gene with an ARV-PBS located 108 kb down-
stream (Figure 2A). IGF1 (insulin-like growth factor 1) is
an ARFL-targeted gene with an ARFL-PBS located 53
kb downstream (Figure 2B). The long-range interaction
between the ARV-PBS and the RAP2A promoter or the
ARFL-PBS and the IGF1 promoter was confirmed by chro-
mosome conformation capture (3C) assay (Figure 2C and
D). Ectopic expression of ARV7 in ARV-negative LNCaP
cells induced RAP2A expression in a dose-dependent man-
ner, but had no overt effect on IGF1 expression (Figure 2E).
Moreover, knocking down ARVs in 22Rv1 cells decreased
RAP2A expression, but had no effect on IGF1 expression
(Figure 2F). In contrast, knocking down ARFL increased
the expression of IGF1 (Figure 2F). These results demon-
strate that ARV and ARFL specifically regulate the expres-
sion of RAP2A and IGF1, respectively, and that ARV ac-
tivates RAP2A expression while ARFL represses IGF1 ex-
pression.

Since ARV7 specific antibody is not suitable for ChIP as-
say, we used Pk (V5) tag antibody for ARV7 ChIP and AR-
C19 antibody (recognized the C-terminal of AR) for ARFL
ChIP. We showed the Pk tag antibody performed much bet-
ter than ARV7 specific antibody for the ChIP-qPCR ex-
periments (Supplementary Figure S3). Intriguingly, ChIP-
qPCR data showed that ARFL could also bind to the ARV-
PBS of RAP2A in LNCaP cells, which do not express en-
dogenous ARVs (Figure 2G, middle). However, when ex-
ogenous Pk-tagged ARV7 was introduced, ARV7 preferen-
tially bound to this locus in the presence of ARFL (Figure
2G, middle). Moreover, overexpression of ARV7 did not af-
fect ARFL occupancy at IGF1, an ARFL-PBS (Figure 2G,
right). Similar results were found in other ARV-PBS (Sup-
plementary Figure S4) and ARFL-PBS genes (Supplemen-
tary Figure S5). In addition, knocking down ARVs signif-
icantly increased the binding of ARFL in the loci of ARV-
PBS but not in the loci of ARFL-PBS in 22Rv1 cells (Figure
2H and Supplementary Figure S6). These data suggest that
ARFL is able to bind to ARV-PBS in absence of ARVs and
that ARVs can re-occupy these loci even in the presence of
ARFL, recapitulating the definition of the sites preferen-
tially bound by ARVs.

Next, we performed de novo motif search in these three
groups of ARBS. We detected palindromic AR response el-
ement (AREfull) and FOXA1 motifs as the most enriched
motifs in both Common-BS and ARV-PBS (Figure 3A).
In contrast, the most enriched motif in ARFL-PBS was a
composite motif consisting of FOXA1 and AREhalf with
a 4-nt gap in between (i.e. FOXA1-nnnn-AREhalf) (Figure
3A). The 4-nt gap size between FOXA1 and AREhalf was
significantly (P < 2.2 × 10−16, Grubbs’ outlier test) over-
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Figure 2. Assessment of characteristics of ARV-PBS and ARFL-PBS in
the RAP2A and IGF1 loci. (A and B) UCSC genome browser screen-
shots showing ARV, ARFL and total AR (ARV+ARFL) ChIP-seq data
at the RAP2A locus (A) and the IGF1 gene locus (B). Read intensities of
ARV ChIP-seq (siARFL), ARFL ChIP-seq (siARV) and total AR ChIP-
seq were indicated by the purple, green and red tracks, respectively. KD,
knockdown. (C and D) LNCaP cells were transfected with empty vec-
tor (E.V.) or ARV7 and Chromosome Conformation Capture (3C) assays
was performed to demonstrate the chromatin looping between the ARV
binding site and the promoter of RAP2A (C) or IGF1 (D). (E) Differ-
ent doses of ARV7 plasmid were transfected into LNCaP cells cultured
in regular (androgen-undepleted) media and the effect of ARV7 overex-
pression on the RAP2A and IGF1 mRNA expression was detected by RT-
qPCR. (F) Control siRNA (si-Con), specific siRNA of ARFL (si-ARFL)
and ARVs (si-ARVs) were transfected into 22Rv1 cells cultured in regu-
lar (androgen-undepleted) media and the effect of knocking down ARFL
or/and ARVs on RAP2A and IGF1 mRNA expression was measured by
RT-qPCR. Knockdown effectiveness was measured by western blots. (G)
LNCaP cells were transfected with empty vector (E.V.) or Pk tagged ARV7
(Pk-ARV7) and the effect of ARV7 overexpression on the occupancy of
ARV7 and ARFL in RAP2A and IGF1 gene loci was detected by ChIP-
qPCR. (H) Control siRNA (si-Con) and ARV-specific siRNA (si-ARVs)
were transfected into 22Rv1 cells and the effect of knocking down ARVs
on the occupancy of ARFL in RAP2A and IGF1 gene loci in 22Rv1 cells
was detected by ChIP-qPCR.

represented than other gap sizes (Figure 3A), and the 4-
nt spacer between FOXA1 and AREhalf was recognizable
through direct sequence pileup (Supplementary Figure S7).
The preferred 4-nt gap between FOXA1 and AREhalf in
ARFL-PBS prompted us to explore the spatial organiza-
tions between FOXA1 and AREfull in Common-BS and
ARV-PBS, respectively. We found that FOXA1 and AREfull
motifs were separated primarily by a 5-nt gap (P = 5.1 ×
10−9, Grubbs’ outlier test) in Common-BS (Figure 3A), but
there was no preferred gap size in ARV-PBS (Figure 3A).

Figure 3. Cistrome characteristics of ARV-PBS, ARFL-PBS and
Common-BS. (A) DNA motifs and frequency spectrum of gap sizes
between AREfull and FOXA1 motif identified from ARFL-PBS,
Common-BS and ARV-PBS loci. (B) FOXA1 ChIP-seq signal profiles
for ARV-PBS and ARFL-PBS in 22Rv1 cells. 22Rv1 cells were treated
with the synthetic androgen R1881 (methyltrienolone) for 24 h and
samples were utilized for FOXA1 ChIP-seq analysis. FOXA1 binding
signal at ARFL-PBS was significantly higher than that at ARV-PBS (P
= 0.0087, two-tailed Wilcoxon rank sum test). (C and D) Human 293T
cells were transfected with Pk-tagged (V5-Tag) ARFL (Pk-ARFL) or
Pk-tagged AR splice variant 7 (Pk-ARV7) followed by cell lysis and
Pk-tag antibody immunoprecipitation. Detected protein interactions were
illustrated in both (C) and (D). (E) 22Rv1 cells transfected with siRNA
targeting AR exon 7/8 to knock down ARFL or with siRNAs targeting
AR-V1/V3/V4/V7 to knock down AR variants for 48 h followed by
cell lysis and immunoprecipitation with AR-N20 or FOXA1 antibody.
The effect of siRNA-mediated AR silencing and the protein interactions
between FOXA1 and ARFL or ARVs were examined using western blots.
(F and G) ARV-knockdown (F) or ARFL-knockdown 22Rv1 cells (G)
were transfected with control siRNA (si-Con) or siRNA targeting ARFL
or FOXA1 alone or in combination (F) or siRNAs for ARVs or FOXA1
alone or in combination (G), and then cells were seeded in 35-mm dishes
(3,000 cells/dish). The ARFL knockdown 22Rv1 cells were cultured
with charcoal stripped-FBS medium to further inactivate ARFL. After
10 days, cells were fixed and stained with crystal violet, and the colony
number in every group was counted (n = 3). The colony numbers were
normalized to the control siRNA group.
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These data suggest that although FOXA1 motif is enriched
in all three groups of AR bindings (Supplementary Figure
S8A), the spatial organizations of AR and FOXA1 motifs
in the three groups of AR bindings are different. It has been
reported in LNCaP cells that 25% and 75% of ARBS are co-
occupied by GATA2 and FOXA1, respectively (48). How-
ever, we did not detect the DNA motif of GATA2 from any
of the three groups of ARBS, probably because of the in-
trinsic differences among different cell lines used.

The different spatial organizations between FOXA1 and
AR motifs in ARFL-PBS and ARV-PBS indicate that DNA
binding of ARFL and ARV might be regulated through
different mechanisms. The enrichment of the composite
FOXA1-nnnn-AREhalf motif in ARFL-PBS suggests that
ARFL and FOXA1 might form a protein complex and
that DNA binding of ARFL is likely FOXA1 dependent.
This hypothesis is supported by a large body of data gath-
ered from androgen-sensitive prostate cancer LNCaP cells.
LNCaP cells do not express ARVs, and the ARBSs identi-
fied in LNCaP cells are arguably bound by ARFL only. This
notion is supported by previous findings including (i) AR-
binding regions are enriched for FOXA1 motifs (49–51);
(ii) more than half of the AR-binding sites in LNCaP cells
overlap with FOXA1 binding sites (50,52); (iii) silencing of
FOXA1 abolishes AR binding at AR target gene enhancers
(52); and (iv) FOXA1 is instrumental in recruiting AR to
low-affinity AREhalf motifs by opening local chromatin ad-
jacent to FOXA1 sites (27). More importantly, the same
composite motif was identified from the ‘lost AR binding
program’ caused by siFOXA1 in LNCaP cells, further sup-
porting the notion that DNA binding activity of ARFL
is FOXA1-dependent (53) (Supplementary Figure S9). The
enrichment of AREfull in ARV-PBS indicates that ARV ho-
modimerization might be necessary for ARV to bind to
these locations. This concept is supported by a recent re-
port that dimerization is an essential requirement for DNA
binding and transcriptional activation of constitutive ARV
(54).While FOXA1 and AREfull co-exist in ARV-PBS, the
presence of various gap sizes between these two motifs sug-
gests that the dependency of ARV DNA binding on FOXA1
may vary among ARV-PBS (Figure 3A and Supplementary
Figures S8B and S9C). In Common-BS, the identification of
AREfull suggests that dimers (ARFL-ARFL, ARFL-ARV
or ARV-ARV) might be a prerequisite for their binding to
these loci. The observation that AREfull and FOXA1 motifs
are separated by a 5-nt gap in Common-BS (Figure 3A) sug-
gests that the pioneer factor FOXA1 might be needed to fa-
cilitate AR binding to these loci. However, it is still not clear
why the gap size between AREfull and FOXA1 site (i.e. 5 nt)
in Common-BS is different from that AREhalf and FOXA1
site (i.e. 4 nt) in ARFL-PBS.

To further assess the possible role of FOXA1 in DNA
binding of ARVs, we performed FOXA1 ChIP-seq in 22Rv1
cells treated with androgen (R1881) and compared the
FOXA1 binding signals in ARFL-PBS and ARV-PBS. We
demonstrated that FOXA1 binding signal in ARV-PBS was
significantly lower (P = 0.0087, two-tailed Wilcoxon rank
sum test) compared to that in ARFL-PBS (Figure 3B and
Supplementary Figure S10). These data further support the
notion that chromatin binding of ARV and ARFL is likely
regulated by FOXA1 through different mechanisms.

To interrogate the possible formation of protein com-
plexes between ARFL, ARV, and FOXA1, we performed
co-immunoprecipitation assays followed by western blots.
We found that ARFL formed protein complexes with itself
(ARFL-ARFL), ARV (ARFL-ARV) and FOXA1 (ARFL-
FOXA1) (Figure 3C). However, ARV7 could only form pro-
tein complexes with itself and ARFL but not with FOXA1
(Figure 3D). This observation was also confirmed by the in-
teraction of endogenous proteins in 22Rv1 cells (Figure 3E)
and in previous reports (27,53,55,56). These data support
our hypothesis that, unlike ARFL, ARV does not interact
directly with FOXA1 and that its DNA binding is less likely
affected by a physical interaction with FOXA1.

For the functional study, we performed cell prolifera-
tion analysis after FOXA1 knockdown in the condition
of ARFL or ARV alone in 22Rv1 cells grown in regu-
lar (androgen-undepleted) media. We demonstrated that
knockdown of ARVs largely decreased growth of 22Rv1
cells and this effect was much greater than that of ARFL
knockdown (Supplementary Figure S11A), which is consis-
tent with the previous report (57). In ARV-knockdown cells
we demonstrated that knockdown of ARFL resulted in a
moderate reduction (approximately 28%) in cell growth in
FOXA1-proficient cells (Figure 3F). Importantly, the effect
of ARFL knockdown was completely abolished by FOXA1
knockdown (Figure 3F), providing further support to the
conclusion that FOXA1 is required for ARFL function. In
contrast, in ARFL-knockdown cells we found that knock-
down of ARVs resulted in a robust reduction (∼60%) in
cell growth in FOXA1-proficient cells (Figure 3G). Most
importantly, the effect of ARV knockdown was only par-
tially diminished (∼31%) by FOXA1 knockdown (Figure
3G). These data suggest that different from ARFL, the pro-
proliferation function of ARVs is only partially dependent
on FOXA1. This result is not only in agreement with the
findings reported previously by Jones et al. (58), but also
consistent with our finding that FOXA1 binding motif is
present in ARV-PBS (Figure 3A and B).

We also performed ChIP-qPCR to dissect the function-
ality of FOXA1 at the loci of ARFL-PBS and ARV-PBS.
To characterize the binding sites of ARFL and ARV, we
transfected Pk-tagged ARV7 into ARV-negative LNCaP
cells and knocked down FOXA1 using small hairpin RNAs
(shRNAs). FOXA1 knockdown had no overt effect on
ARFL or ARV binding at the locus of RAP2A (ARV-PBS)
(Supplementary Figure S11B, middle panel). In contrast,
there was almost no ARV7 binding at the locus of IGF1
(ARFL-PBS) and the ARFL binding at this locus was ob-
viously diminished after FOXA1 knockdown. This obser-
vation was confirmed in other ARFL-PBS loci (Supple-
mentary Figure S11C). Furthermore, FOXA1 knockdown
altered expression of IGF1 and other ARFL-PBS genes
(G3BP2, ADAM9, AGAP9, RAB4A, MMP20 and LRIG3),
suggesting these are FOXA1 dependent genes (Supplemen-
tary Figure S12A). Accordingly, their expression responded
to androgen treatment (Supplementary Figure S12B). In
contrast, we found that while FOXA1 knockdown failed to
affect expression of majority of ARV-PBS genes examined,
including RAP2A, E2F7, ZNF367, SLC31A2, RDH10 and
RAB33A (Supplementary Figure S12C), it did decrease ex-
pression of a subset of ARV-PBS genes examined, includ-
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ing AUTS2, SLCO2A1, and LSG1 (Supplementary Figure
S12D) and this result is consistent with the effect of FOXA1
knockdown on ARV binding at these loci (Supplementary
Figure S12E). Thus, in agreement with the partial depen-
dency of ARV-mediated cell growth on FOXA1 (Figure 3F
and G), our data reveal that DNA binding of ARVs can
be mediated through FOXA1-dependent or -independent
mechanism, depending on the loci of ARV-PBS.

Collectively, these data indicate that although ARVs and
ARFL preferentially utilized distinct cis-elements, ARFL
can occupy ARV-PBS sites in cells without expression of
ARVs since ARFL only require AREhalf. Notably, ARV
could expel and re-occupy these loci when conditions be-
came favorable (e.g. overexpression of ARV following ADT
(18)). These findings indicate a potential role of ARVs in
contributing to the persistent AR activity in CRPC where
the ARFL’s activity is largely deactivated due to androgen
deprivation.

Distinct epigenome landscapes at ARV-PBS, ARFL-PBS
and Common-BS

It has been reported that the central nucleosome of ac-
tive ARBS is dismissed, and replaced by two flanking
nucleosomes marked by H3K4me2 (45). To interrogate
the epigenome landscape of ARV-PBS, ARFL-PBS and
Common-BS, we performed ChIP-seq experiments for hi-
stone markers including H3K4me1, H3K4me2, H3K27ac
and histone H2A.Z variant in 22Rv1 cells treated with
and without androgen. H3K4me1 and H3K27ac are the
predominant histone modifications found at nucleosomes
around enhancer regions (59,60). H3K4me2 is enriched at
both promoters and distal enhancers of active genes.

Our histone ChIP-seq data revealed consistent bimodal
distributions of H3K4me1, H3K4me2, H3K27ac and
H2A.Z signal intensities at ARV-PBS and Common-BS in
22Rv1 cells regardless of androgen treatment (Figure 4A–
E). Importantly, the status of these modifications remained
unchanged even after knockdown of ARVs (Figures 1A
and 4A), suggesting that chromatin is constitutively open
at ARV-PBS and Common-BS. The open chromatin (or
nucleosome depletion) status of ARV-PBS and Common-
BS is consistent with the GC content dip at the centers
of ARV-PBS and Common-BS as described above (Figure
1E, G and H). The constitutively open chromatin status
is also consistent with our findings (Figure 3 and Supple-
mentary Figure S12C–E) that there is only a small subset
of ARV-PBS whose DNA binding is partially dependent
on FOXA1, a pioneer factor with the capacity to open lo-
cal chromatin (61). In contrast, we found that the chro-
matin states at ARFL-PBS depended on androgen treat-
ment: the chromatin of ARFL-PBS was open only when
cells were treated with androgen (Figure 4B–D). This result
confirms that the transcription activity of ARFL is andro-
gen dependent. Consistent with H3K4me1, H3K4me2 and
H3K27ac data, we observed that H2A.Z-occupied central
nucleosomes were undetectable at ARV-PBS and Common-
BS in the presence or absence of androgen stimulation (Fig-
ure 4A and E). However, H2A.Z-occupied central nucleo-
somes were persistent at ARFL-PBS regardless of androgen
treatment although the signal intensity was slightly lower

Figure 4. Epigenome landscapes of ARV-PBS, ARFL-PBS and Common-
BS. (A) Heatmaps showing normalized read intensities for histone mod-
ification ChIP-seq and histone variant H2A.Z ChIP-seq at ARFL-PBS,
Common-BS and ARV-PBS. Magenta and cyan indicate high and low
read intensities, respectively. (B–E) H3K27ac, H3K4me2, H3K4me1 and
histone variant H2A.Z ChIP-seq signal profiles for ARFL-PBS (red),
Common-BS (purple) and ARV-PBS (blue) in 22Rv1 cells without (left)
or with (right) R1881 (methyltrienolone) treatment. Zoom-in views of the
y-axis for common-BS and ARV-PBS were displayed on the top-left corner
of the panel (E).

after androgen treatment (Figure 4A and E). These data
are in concordance with previous H2A.Z ChIP-qPCR data
(45). They are also consistent with other genome-wide stud-
ies showing that H2A.Z-containing nucleosomes are intrin-
sically liable, and therefore likely instrumental in facilitating
the binding of transcription factors (62).

ARV target genes associate with tumor progression and cas-
tration resistance

We next compared ARV-PBS, ARFL-PBS and Common-
BS to the ARBS identified from 13 primary prostate tumors
(tumor-ARBS) and seven histologically normal samples
(normal-ARBS) published previously (39). We found that
ARV-PBS was significantly associated with tumor-ARBS.
Specifically, the overlapping coefficients (see Methods) be-
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tween ARV-PBS and the tumor-ARBS were 3.79 times
higher (P = 2.58 × 10−5, two-tailed Wilcoxon rank sum
test) than that of ARV-PBS and the normal-ARBS. In con-
trast, the overlapping coefficient between ARFL-PBS and
the tumor-ARBS was only 1.56 times higher (P = 0.0036)
than that of ARFL-PBS and the normal-ARBS (Figure
5A). These results suggest that ARV-PBS is more tumor
specific than ARFL-PBS. We also compared ARV-PBS,
ARFL-PBS and Common-BS to ARBS identified from five
castration resistant (CR), two treatment-responsive (TR)
and three untreated prostate cancer samples reported pre-
viously (40). We found ARV-PBS, but not ARFL-PBS, was
exclusively associated with ARBS identified from CR but
not from TR and untreated prostate tumors (Figure 5B),
suggesting ARV-PBS was strongly associated with castra-
tion resistance. It is worth noting that although ARV-PBS
exhibits the highest tumor specificity in primary prostate
cancers and the highest association with CR-ARBS, the
binding affinity (measured by ChIP-seq signal intensity)
of ARV-PBS is the lowest compared to those of ARFL-
PBS and Common-BS (Supplementary Figure S13). Col-
lectively, we found ARV-PBS were not only tumor-specific
but more prone to CRPC, highlighting their potential role
in prostate cancer development, progression, and castra-
tion resistance. Thus, our findings reinforce the importance
of ARVs in mediating castration and therapeutic resistance
(17–19,44).

To further define ARV-regulated transcriptome, we per-
formed RNA-seq in 22Rv1 cells. We identified a total of
7627 genes that were differentially expressed after knock-
ing down ARVs (FDR < 0.01) (Supplementary Table S5).
By overlapping with ARV-PBS identified from ChIP-Seq,
we identified 213 genes activated by ARVs and 329 genes re-
pressed by ARVs (Supplementary Table S6). The Gene Set
Enrichment Analysis (GSEA) revealed that ‘cell cycle’ and
‘axon guidance’ were the top enriched pathways in the 213
ARV-activated genes and the 329 ARV-repressed genes, re-
spectively (Supplementary Figures S14 and S15).

The RAP2A locus is an ARV-PBS (Figure 3A). This site
was occupied by AR in 7 out of 13 primary tumor samples
but in none of the 7 normal samples (P = 0.045, two-tailed
Fisher’s exact test) (Figure 5C). E2F7 was another ARV-
target gene with ARV-PBS locating 122 kb downstream of
its TSS. E2F7 was bound by AR in all of the tumor sam-
ples but none of the normal samples (P = 1.29 × 10−5, two-
tailed Fisher’s exact test) (Figure 5D). Both RT-qPCR and
ChIP-qPCR analyses confirmed that E2F7 is an ARV-PBS
(Supplementary Figures S4 and S6). In contrast, IGF1, a
gene specifically targeted by ARFL (Figure 3B), was occu-
pied by AR in both cancer and normal samples (Figure 5E).
However, AR ChIP-seq generated from androgen-treated
LNCaP cells indicated that ARFL could bind to all these
three loci (Figure 5C-E, bottom). These results are not sur-
prising because LNCaP cells do not express ARVs, but pro-
vide further support to the notion that ARFL is able to bind
to ARV-PBS in cells lacking ARVs.

We next investigated whether expression of these genes
is associated with ARV7 expression in clinical samples.
Despite the low expression of ARV7 in primary prostate
cancers, we successfully detected ARV7 expression in 38
TCGA RNA-seq samples (Supplementary Table S7). We

found that the expression of RAP2A and E2F7 was sig-
nificantly associated with ARV7 expression, with Pearson’s
correlation coefficients of 0.49 (P = 0.0019) and 0.63 (P =
2.57 × 10−5), respectively (Figure 5F and G). The expres-
sions of these two genes were also significantly associated
with ARFL (Supplementary Figure S16), probably because
ARFL can still bind to ARV-PBS in primary prostate can-
cers similar to what we demonstrated in LNCaP cells (Fig-
ure 5C–E). In addition, survival analysis using 390 TCGA
samples suggested that overexpression of RAP2A and E2F7
is significantly associated with shorter recurrence-free sur-
vival (RFS) (Figure 5H and I). These clinical data sug-
gest that overexpression of ARV-preferentially bound genes
such as E2F7 and RAP2A associates with a worse clinical
outcome.

ARV activity associates with abiraterone resistance in CRPC
patients

Expression of ARV7 in circulating tumor cells has been
linked to resistance to enzalutamide and abiraterone treat-
ments (19), but little is known if ARV-mediated transcrip-
tion program drives therapy resistance. To explore whether
ARV-targeted genes could predict potential resistance to
abiraterone acetate, we performed RNA-seq analysis in
77 metastatic CRPC specimens including 54 bone and 23
lymph node biopsies acquired from patients in a clinical
trial at Mayo Clinic (Supplementary Table S8) (21). All 77
patients were treated with abiraterone acetate initially, and
the 3-month progression-free survival status of these pa-
tients was evaluated based on PSA level, bone and CT image
scans, and symptom assessments. In total, 32 patients exhib-
ited primary resistance (i.e. non-responders) to abiraterone
acetate treatment (Supplementary Table S8). AR activity
score was calculated using 20 AR target genes defined by
previous studies (35,37). ARV activity score was calculated
using 63 ARV-activated genes (See Methods). ARFL ac-
tivity score was calculated using 33 genes (see Materials
and Methods), which were specifically bound by ARFL in
22Rv1, LNCaP and C4–2 cells, but not by ARV in 22Rv1
cells (see Materials and Methods).

As we expected, ARV activity was significantly higher in
the ARV7-positive group than that of the ARV7-negative
group in both our CRPC cohort (n = 77, Supplementary
Figure S17A) and the TCGA cohort (n = 498, Supplemen-
tary Figure S17B). The ARV7 detection in the 38 TCGA
tumors was associated with increased total AR expression
(Supplementary Figure S17C). ARV and ARFL activities
were positively correlated with ARV and ARFL expression
levels, respectively (Supplementary Figure S17D and E).
However, no significant association was observed between
ARV activity and the ratio of ARV to ARFL expression
(Supplementary Figure S17F). We observed high pairwise
correlations between AR, ARFL and ARV activities (Fig-
ure 6A-C). When comparing AR, ARFL and ARV activi-
ties between responders (n = 45) and non-responders (n =
32), we found no differences in the activity of total AR (P
= 0.88, two-tailed Wilcoxon test) and ARFL (P = 0.64) be-
tween responders and non-responders (Figure 6D and E).
In contrast, ARV activity was significantly higher in non-
responders compared to responders (P = 0.0037), suggest-
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Figure 5. Analysis of ARFL-PBS, Common-PBS and ARV-PBS in prostate cancer patient specimens. (A) Overlap of ARFL-PBS, Common-PBS, and
ARV-PBS with AR binding sites identified from seven normal prostate epithelium tissues (green) and 13 prostate tumor tissues (chocolate). The AR ChIP-
seq data in 20 men were downloaded from GEO with accession number GSE56288. (B) Overlap of ARFL-PBS, Common-BS, and ARV-PBS with AR
binding sites identified from 5 castration resistant (CR) prostate cancer tissues (deep pink), 2 treatment responsive (TR) prostate tumor tissues (cyan) and
3 untreated (UT) prostate tumor tissues (dark green). The AR ChIP-seq data in 10 men were downloaded from GEO with accession number GSE28219.
The overlapping coefficient is defined as the number of the overlapped peaks divided by the smaller size of the two lists of peaks. (C–E) UCSC tracks
showing AR ChIP-seq signal profiles in 7 normal (green), 13 prostate tumor tissues (chocolate), 22Rv1 (ARFL-specific KD, ARV-specific KD or control
non-specific KD) and LNCaP cells at the RAP2A (C), E2F7 (D) and IGF1 loci (E). KD, knockdown. (F and G) Association of ARV7 with RAP2A (F)
or E2F7 (G) expressions in 38 TCGA samples with detectable ARV7 expression. (H and I) Kaplan–Meier survival curves for RAP2A and E2F7 using 390
TCGA samples. Y-axis, the probability of recurrence free survival; X-axis, time in month. Red curves, overexpression; blue curves, low expression.
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Figure 6. ARV activity stratifies abiraterone-responders from non-responders of 77 metastatic CRPC patients. (A) Correlation between AR activity and
ARFL activity. Purple dots indicate patients who were not responsive (non-responder, n = 32) to abiraterone acetate treatment at 12-week end point,
and green dots indicate patients who were responsive (Responder, n = 45) to abiraterone acetate treatment. Purple and green dashed lines indicate linear
regression lines calculated from non-responders and responders, respectively. The black solid line indicates linear regression line calculated from the whole
cohort. r, Pearson correlation coefficient. (B) Correlation between AR activity and ARV activity. (C) Correlation between ARFL activity and ARV activity.
(D–F) Comparing AR activity (D), ARFL activity (E) and ARV activity (F) between abiraterone responders and non-responders. (G) Associations between
AR activity and cell cycle progression (CCP) activity. (H) Associations between ARFL activity and CCP activity. (I) Associations between ARV activity
and CCP activity. CCP, cell cycle progression.

ing that the ARV-preferentially activated transcription pro-
gram might play a causal role in the development of abi-
raterone resistance in CRPC patients (Figure 6F). Thus, our
findings provide functional evidence for the previous report
that overexpression of ARV7 in circulating tumor cells is
associated with resistance to abiraterone in CRPC patients
(19). Our data also indicate that overexpression of ARVs in
CPRC serves as a surrogate of abiraterone resistance and
that its high activity and its downstream pathways may also
be viable targets to overcome drug resistance.

Since the cell cycle pathway (CCP) was significantly en-
riched in the ARV-activated transcription program (Supple-
mentary Figure S14), we calculated CCP activity score us-
ing 31 cell cycle genes defined previously (36). As expected,

the CCP score was significantly higher in non-responders
compared to responders (P = 0.039, two-tailed Wilcoxon
rank sum test) (Supplementary Figure S18). We detected
positive, albeit weak, associations between total AR activ-
ity and the CCP score (r = 0.38, P = 0.00067), and between
ARFL activity and the CCP score (r = 0.25, P = 0.025)
(Figure 6G and H). In contrast, we detected strong positive
correlation (r = 0.65, P = 2.4 × 10−10) between ARV ac-
tivity and the CCP score (Figure 6I). More importantly, the
correlation between ARV activity and CCP score is much
higher in non-responders (r = 0.72) than that of responders
(r = 0.51) (Figure 6I). It is also worth noting that there was
no overlap of genes used to calculate ARV and CCP activi-
ties. Collectively, our data indicates that preferential activa-
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Figure 7. The role of the ARV7 target gene RAP2A in the growth of
CRPC cells in vitro and in mice. (A) 22Rv1 cells were infected with
control shRNA (shCon), RAP2A-specific shRNA (shRAP2A#8 and
shRAP2A#9) lentivirus and then seeded into 96-well plates with 3000
cells/well. Cells were harvested 5 days after infection and subjected to
western blot analysis (top). Cell proliferation was measured using SRB
assay (means ± S.D.; n = 6) at the indicated time points (bottom). **P
< 0.01; ERK2, a loading control. (B) C4–2 cells stably expressing con-
trol empty vector (E.V.) or ARV7 were infected with lentivirus expressing
control (shCon) or RAP2A-specific shRNAs. Cells were seeded to 96-well
plates with 3000 cells/well. Cells were harvested 5 days after infection and
subjected to western blotg analysis (top). Cell proliferation was measured
using SRB assay (means ± S.D.; n = 6) at the indicated time points (bot-
tom). ** P < 0.01; ERK2, a loading control. (C) C4–2 cells infected as in
(B) were injected into the right flank of 6-month-old castrated male NSG
mice. Tumor size in each individual mouse was measured every three days.
At day 21, tumors were harvested and images was taken and shown (left).
Tumor volumes (Y-axis) were measured as mean ± S.D. (n = 5) (right);
**P < 0.01.

tion of ARV-PBS targets such as cell cycle progression genes
favors tumor progression and drug resistance.

RAP2A plays a key role in ARV7-mediated castration-
resistant growth of prostate cancer cells in mice

Expression of RAP2A is important for the androgen-
stimulated growth of LNCaP cells (63). Given that over-
expression of RAP2A associates with shorter progression-
free survival in the TCGA patients (Figure 5H) and the AR
binding site of this gene is highly tumor specific (Figure 5C),
we chose RAP2A to determine its role in ARV-mediated
growth of CRPC cells. To this end, we focused on ARV7,
the most abundant AR splice variant implicated in CRPC
growth (16,64,65). We demonstrated that knocking down
RAP2A using two independent shRNAs in 22Rv1 cells sig-
nificantly (P < 0.01, two-sided t-test) inhibited androgen-
independent growth (Figure 7A). Consistent with a pre-
vious report (63), the level of RAP2A is relatively low in

ARV7-negative C4–2 cells (Figure 7B). Importantly, over-
expression of ARV7 not only substantially elevated expres-
sion of RAP2A in C4–2 cells, but also significantly increased
cell growth, and this effect was reversed by co-knockdown
of RAP2A (P < 0.01, two-sided t-test) (Figure 7B). We
found that tumor volumes were significantly decreased in
RAP2A knockdown cells compared with cells with ARV7
overexpression alone in castrated male NOD-SCID IL-2-
receptor gamma null (NSG) immune-deficient mice (Figure
7C). These data suggest that RAP2A is a key downstream
mediator of ARV7 and plays a pivotal role in castration-
resistant growth of prostate cancer cells in vitro and in vivo.

DISCUSSION

Increasing evidence from cell culture, xenografts in mice
and patient samples suggests that expression of ARVs as-
sociates with castration resistance in prostate cancer. How-
ever, how transcription programs regulated by ARVs con-
tribute to disease relapse remains undefined. In this study,
we identified ARV-PBS from 22Rv1 CRPC cells and system-
atically delineated their genome, cistrome and epigenome
features. Our motif analysis revealed that ARVs bind pref-
erentially to canonical AREfull and that ARFL binds pref-
erentially to composite FOXA1-nnnn-AREhalf. We found
that ARVs bind to genomic regions where chromatin is
constitutively open and central nucleosomes are depleted,
as evident by the bimodal distribution of H3K4me1/2,
H3K27ac, and H2A.Z ChIP-seq signals, as well as the GC
content dip. We further demonstrated that there is only a
small subset of ARV-PBS whose DNA binding is partially
dependent on the pioneer factor FOXA1. The unique ge-
nomic and epigenomic characteristics of ARV-PBS, ARFL-
PBS and Common-BS are summarized in Suplementary
Table S9.

The distinct histone modification landscapes and nucleo-
some configurations of different forms of AR suggest that
the DNA binding of ARVs and ARFL might be regulated
by different molecular mechanisms. The dynamics of chro-
matin status at ARFL-PBS could be explained by the fact
that ARFL is localized in the cytoplasm and its transloca-
tion into nucleus requires androgen activation. In contrast,
ARVs, particularly ARV7, are localized in the nucleus in
both prostate cancer cell lines and clinical tissues (17,66,67),
and occupy open chromatin regions. Thus, our discovery of
the constitutively open chromatin at ARV-PBS regardless of
androgen treatment reveals a molecular basis underpinning
the previous observation that ARVs are constitutively ac-
tive. This also provides molecular insight into the persistent
AR activity in CRPC patients after ADT.

Our data indicate that Common-BS are similar to
ARV-PBS but different from ARFL-PBS in terms of
genome, cistrome and epigenome characteristics. First, un-
like ARFL-PBS that have relatively uniform GC content
distribution, both Common-BS and ARV-PBS have a GC
content dip at the center. Second, different from the com-
posite FOXA1-nnnn-AREhalf motif identified from ARFL-
PBS, independent/separated FOXA1 and AREfull motifs
are found in both Common-BS and ARV-PBS. Third, while
the open chromatin status at ARFL-PBS is dependent on
androgen treatment, chromatin at both Common-BS and
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ARV-PBS is constitutively open. We demonstrated that the
RAP2A locus, an ARV-PBS site, can be bound by ARFL
in ARV-negative LNCaP cells, but ARVs such as ARV7
predominantly re-occupy this locus when introduced into
LNCaP cells. In contrast, introducing ARV7 into LNCaP
did not affect ARFL binding at the IGF1 locus, an ARFL-
PBS site. This observation provides a plausible explanation
as to why Common-BS are more similar to ARV-PBS in the
genome, cistrome, and epigenome landscapes, and presum-
ably, most Common-BS may actually be ARV-PBS that are
temporarily bound by the remnant ARFL.

It is worth noting that a recent survey shows that the over-
lap of ARV unique target genes defined in six previous stud-
ies was very poor (68). Specifically, only one down-regulated
gene (IGFBP3) was identified in 3 independent studies, and
14 up-regulated and 13 down-regulated genes were identi-
fied in two independent studies. When overlapping these 28
ARV-regulated genes with the ARV-PBS targets identified in
the current study, we only found one gene (TLE1) is over-
lapped with previous studies (68). These findings are not
surprising because there is little or no unique ARV-specific
binding sites, but primarily are ARV-preferential binding
sites (ARV-PBS). Most importantly, we provide evidence
that ARV-PBS can be bound by ARFL in the absence or
the presence of very low levels of ARVs.

We found that the FOXA1 binding motif and AREhalf
are separated by 4 nt in ARFL-PBS, whereas FOXA1 motif
and AREfull are mainly separated by 5 nt in Common-BS.
AR binding to ARFL-PBS and Common-BS appears to be
FOXA1-dependent. However, the molecular basis underly-
ing their preference of different space sizes and FOXA1 de-
pendency remains unclear. Moreover, we confirmed that ex-
pression of ARV-PBS genes examined was sensitive to ARV
overexpression or knockdown. On the contrary, expression
of ARFL-PBS genes was resistant to ARV overexpression
or knockdown. In addition, using ChIP-qPCR, we demon-
strated that ARV-PBS genes (e.g. RAP2A, E2F7, ZNF367
and SLC31A2) but not ARFL-PBS genes (IGF1, G3BP2,
ADAM9, and AGAP9) can be occupied by ARV when it
is expressed in ARV-negative LNCaP cells. Our data indi-
cate ARFL still can bind to ARV-PBS if ARV are not ex-
pressed. In contrast, it seems that ARFL-PBS are very spe-
cific to ARFL. It can be postulated that AR monomer and
dimer may require a different space size between ARE and
FOXA1 motif at ARFL-PBS and Common-BS in order to
work cooperatively with FOXA1 and/or other associated
factors, and this concept warrants further investigation.

When overlapping ARV-PBS, ARFL-PBS and Common-
BS with ARBS identified from 13 tumor and 7 normal
prostate tissues (39), we found that sites in all three cat-
egories overlapped more significantly with tumor-ARBS
than with normal-ARBS; however, ARV-PBS exhibit the
highest degree of tumor specificity. Similarly, when exam-
ining the overlap of ARV-PBS, ARFL-PBS and Common-
BS with ARBS identified from CR, TR and untreated pa-
tients (40), we found that ARV-PBS are almost exclusively
associated with CR-ARBS. Notably, despite the fact that
ARV-PBS exhibit the highest degree of tumor specificity
in primary prostate cancers and the highest association
with CR-ARBS, the binding affinity (measured by ChIP-
seq signal intensity) of ARV-PBS is the lowest compared

to those of ARFL-PBS and Common-BS. These data in-
dicate that ARV-PBS are not only tumor-prone but also
involved in castration resistance. However, it remains un-
clear whether those ARBS identified from clinical tissues
were bound by ARV, ARFL or both. Presumably, ARBS
identified from the primary tumors and normal prostate
tissues are bound mainly by ARFL since ARVs are not
expressed or expressed at very low levels in these tissues.
In contrast, ARBS identified from CR patients might be
mainly bound by ARVs since ARFL activity is presumably
very low or largely deactivated due to androgen depletion.
ARV- and ARFL-specific ChIP-seq data using ChIP-grade
antibodies are warranted to fully understand the full spec-
trum and functional importance of ARV-PBS and ARFL-
PBS in prostate tumors in patients. Addtionaly, expres-
sion of ARV7 is significantly associated with therapy resis-
tance to enzalutamide and abiraterone. However, the low
abundance of ARV7 makes it difficult to be detected and
manipulated. For example, in the study reported by An-
tonarakis et al (19), only 39% enzalutamide-treated patients
and 19% abiraterone-treated patients had detectable ARV7
in circulating tumor cells (CTCs). Therefore, alternative ap-
proaches in addition to ARV7 expression are warranted.
The benefits of identifying ARV gene signature include: 1)
Demonstrate ARV7 is not merely a biomarker, but it is also
functionally important for the development of therapeutic
resistance; 2) Identification of gene signature preferentially
activated by ARVs could also offer new therapeutic targets.

CONCLUSIONS

In summary, we have identified a unique set of ARV-PBS
with distinct genomic, cistromic and epigenomic features.
Our integrated analysis of AR ChIP-seq and RNA-seq data
defines a group of ARV-preferentially bound genes, activa-
tion of which not only associates with castration-resistant
progression of prostate cancer, but also contributes to abi-
raterone therapy resistance in prostate cancer in the clinic.
We also provide experimental evidence that ARV target
genes such as RAP2A play a causal role in ARV7-induced
castration-resistant growth of prostate tumors in vivo. Pro-
teins encoded by aberrantly spliced mRNA could confer
unique functions to promote cancer cell growth and sur-
vival (15,69). Our study reveals that the AR splice variants,
although have the same DNA binding domain as the pri-
mary isoform (ARFL), could regulate a distinct class of
genes that potentially drive castration and drug resistance in
prostate cancer. Thus, identification of ARV-preferentially
activated downstream pathways provides new targets for de-
velopment of effective arsenal for CRPC therapy.

DATA AVAILABILITY
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types and Phenotypes (dbGaP) with accession number
phs001141.v1.p1.
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