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Abstract

Constitutively active AR-V7, one of the major androgen receptor (AR) splice variants lacking the ligand-binding domain,
plays a key role in the development of castration-resistant prostate cancer (CRPC) and anti-androgen resistance. However,
our understanding of the regulatory mechanisms of AR-V7-driven transcription is limited. Here we report DBC1 as a key
regulator of AR-V7 transcriptional activity and stability in CRPC cells. DBC1 functions as a coactivator for AR-V7 and is
required for the expression of AR-V7 target genes including CDH2, a mesenchymal marker linked to CRPC progression.
DBC1 is required for recruitment of AR-V7 to its target enhancers and for long-range chromatin looping between the CDH2
enhancer and promoter. Mechanistically, DBC1 enhances DNA-binding activity of AR-V7 by direct interaction and inhibits
CHIP E3 ligase-mediated ubiquitination and degradation of AR-V7 by competing with CHIP for AR-V7 binding, thereby
stabilizing and activating AR-V7. Importantly, DBC1 depletion suppresses the tumorigenic and metastatic properties of
CRPC cells. Our results firmly establish DBC1 as a critical AR-V7 coactivator that plays a key role in the regulation of DNA
binding and stability of AR-V7 and has an important physiological role in CRPC progression.

Introduction

As a hormone-dependent transcription factor, androgen
receptor (AR) mediates diverse biological functions in
normal prostate and also plays an important role during all
stages of prostate cancer (PCa) [1-3]. Upon androgen
binding, AR binds to the androgen response element (ARE)
in the regulatory regions (enhancers and promoters) of tar-
get genes and then regulates gene expression via the
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recruitment of coactivators that mediate the communication
with the basal transcription machinery, as well as local
chromatin remodeling [1, 3, 4]. Full-length AR (AR-FL)
comprises the N-terminal activation domain (NTD) har-
boring constitutively active activation function 1 (AF-1),
DNA-binding domain (DBD), and the ligand-binding
domain (LBD) harboring the hormone-binding pocket and
AF-2 [1-3].

All current anti-hormone therapies target the AR LBD
either directly with anti-androgens (e.g., enzalutamide) or
indirectly with androgen biosynthesis inhibitors (e.g., abir-
aterone) [1, 3]. PCa initially regresses in response to anti-
androgens and androgen deprivation therapy (ADT) but
eventually relapses and progresses to castration-resistant
prostate cancer (CRPC). CRPC is characterized by an aber-
rant activation or reactivation of AR signaling through var-
ious mechanisms including overexpression of coactivators
and AR gene mutation or amplification [I, 3]. A newly
emerging mechanism of CRPC progression is the expression
or upregulation of constitutively active AR variants (AR-Vs)
[1-3, 5]. These alternatively spliced AR-Vs encode a trun-
cated AR protein that retains the NTD and DBD but lacks the
C-terminal LBD, resulting in ligand-independent constitutive
activation and resistance to ADT and anti-androgens. Among
AR-Vs identified to date, AR-V7 is the most frequently
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expressed in PCa cell lines and CRPC tissues and contains
intact AR NTD and DBD followed by a unique C-terminal
sequence of 16 amino acids encoded by a cryptic exon 3b [1—
3, 5]. AR-V7 has been implicated in promoting both primary
and acquired resistance to ADT and anti-androgens [5-7].
However, how the activity and expression of AR-V7 are
regulated in CRPC cells remains elusive. Although numerous
AR-FL coactivators have been identified and shown to acti-
vate AR-FL activity by binding to the LBD, little is known
about their roles in the regulation of AR-V7 activity in CRPC
progression. In addition, previous studies have identified
upregulation of CDH2 (N-cadherin/cadherin-2), a mesench-
ymal marker associated with the epithelial-mesenchymal
transition (EMT), as another mechanism for CRPC progres-
sion [8, 9]. CDH?2 is expressed in metastatic CRPC tissues
and multiple CRPC cell lines but not in androgen-sensitive
PCa tissues and cell lines. Moreover, monoclonal antibodies
targeting CDH2 could delay the emergence of CRPC and
suppress CRPC xenograft growth [8]. Although CDH2 has
been reported as a promising therapeutic target for CRPC [8,
9] and as a target of AR-V7 [10, 11], molecular mechanisms
by which CDH2 expression is regulated in CRPC remains
unclear.

Deleted in breast cancer (DBC1/CCAR?2) acts as a coac-
tivator for various transcription factors and also functions as
an inhibitor of epigenetic regulators (e.g., methyltransferase
SUV39H1, deacetylases HDAC3 and SIRT1, and E3 ligase
MDM?2) [12-16]. We have previously shown that DBCI
inhibits SIRT1-mediated repression and deacetylation of
estrogen receptor, PEA3/ETV4, and f-catenin and therefore
positively regulates their transcriptional activities and/or
DNA-binding activities [12, 17, 18]. Additionally, a previous
study identified DBC1 as an AR-FL coactivator and sug-
gested that DBC1 has the potential to participate in androgen-
driven PCa [19]. However, if DBC1 has a direct role in
CRPC remains unknown. In this study, we report a role of
DBCI1 as a key regulator of AR-V7 function and AR-V7-
CDH2 signaling-mediated CRPC progression.

Results

DBC1 interacts with and enhances the
transcriptional activity of AR-V7

As DBCI1 has been shown to bind to the LBD of AR-FL
and serve as a coactivator for AR-FL [19], we first exam-
ined if DBC1 also interacts with AR-V7 lacking the LBD.
In coimmunoprecipitation experiments, endogenous inter-
action between AR-V7 and DBC1 was detected in 22RV1
and VCaP cells, which express both AR-FL and AR-V7
(Fig. 1a). Similarly, DBC1 was coimmunoprecipitated with
AR-V7 from lysates of transfected 293T cells (Fig. 1b).

GST pull-down experiments confirmed this interaction and
demonstrated that DBC1 binds directly to the C-terminal
domain (CTD) of AR-V7 (Fig. 1c, d). We next performed
reporter gene assays with AR-FL and AR-V7 to test the
coactivator activity of DBCI. Consistent with previous
reports [12, 19, 20], DBCI1 enhanced the androgen-induced
AR-FL activity (Fig. le). DBCI also stimulated AR-V7
activity in a dose-dependent fashion (Fig. 1f). These results
suggest that DBCI interacts directly with AR-V7 and
functions as an AR-V7 coactivator.

DBC1 is required for the efficient expression of AR-
FL and AR-V7 target genes

AR-V7 regulates some canonical AR-FL target genes, as
well as its own unique set of genes [10, 11, 21-23]. To
confirm and identify AR-V7-specific target genes and to
study the regulatory mechanisms of AR-V7 activity, we
chose LNCaP cells, which express AR-FL but not a
detectable level of AR-V7, and generated a cell line with
doxycycline (Dox) inducible AR-V7 expression (LNCaP/
Tet-V7). The expression of AR-V7 was induced in the
presence, but not in the absence, of Dox in LNCaP/Tet-V7
cells (Fig. 1g), thus allowing to compare the activities of
AR-V7 and endogenous AR-FL by Dox or dihy-
drotestosterone (DHT) treatment, respectively. DHT treat-
ment stimulated the expression of well-characterized AR-
FL target genes, such as KLK3, TMPRSS2, FKBPS,
PMEPA1, KLK2, and SNAI2, and Dox treatment also
increased their expression (Fig. 1h), suggesting that AR-V7
activates canonical AR-FL target genes in the absence of
DHT in LNCaP cells. Consistent with these results, AR-V7
depletion reduced the expression of its target genes in
22RV1 cells, a CRPC cell line expressing high levels of
AR-V7 (Fig. 1i). As reported previously [10, 11, 21], the
expression of EDN2 and CDH2 was increased by AR-V7,
but not by AR-FL, in LNCaP/Tet-V7 and C4-2B/Tet-V7
cells (Figs. 1h and 2a and Supplementary Fig. 1), suggest-
ing that they are preferentially regulated by AR-V7.

Next, we assessed the functional involvement of DBCI
in AR-FL and AR-V7 activities. Depletion of DBCI1
reduced the DHT-induced expression of KLK3, TMPRSS2,
FKBPS, and PMEPAL1 (Fig. 2a, b). Similarly, Dox-induced
expression of AR-FL target genes and the AR-V7-specific
target CDH2, but not EDN2, was also suppressed by DBC1
depletion. Consistent with these results, DBC1 depletion
inhibited both DHT-induced and Dox-induced MMTV-
LUC reporter activity (Fig. 2c, d). Similar effects of DBCI
depletion on the expression of DHT-induced AR-FL target
genes and AR-V7-specific target CDH2 were also observed
in VCaP cells (Fig. 2e). DBCI1 depletion also reduced the
expression of AR-V7 target genes in castration-resistant
22RV1 cells (Fig. 2f). Together, these results suggest that
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Fig. 1 Coactivator activity of DBC1 for AR-V7 and identification of
AR-VT7 target genes. a Endogenous interaction between AR-V7 and
DBCI1. Whole cell lysates of 22RV1 and VCaP were
immunoprecipitated with anti-AR-V7 antibody or normal IgG. The
immunoprecipitates were analyzed by immunoblot using the indicated
antibodies. b 293T cell lysates transfected with FLAG-AR-V7 and
DBCI1-VS5 expression vectors were immunoprecipitated and
immunoblotted with the indicated antibodies. ¢ Schematic
representation of AR-V7 and deletion mutants tested in GST pull-down
assays. AF-1 activation function 1, DBD DNA-binding domain, CE
cryptic exon, NTD N-terminal domain, CTD C-terminal domain. d In
vitro-translated FLAG-tagged AR-V7 and its fragments were incubated
with recombinant GST-DBC1. Bound proteins were analyzed by
immunoblot with anti-FLAG antibody. e, f CV-1 cells were transfected

DBC1 is required for the transcriptional activities of both
AR-FL and AR-V7 in CRPC cells.

DBC1 functions as a coactivator for AR-V7 to drive
CDH2 expression

Given that CDH2 has been shown to be frequently upregu-
lated in CRPC [8, 9] and our results showing AR-V7-specific
regulation of CDH2 expression, we focused on CDH2 for
further analysis. CRPC 22RV1 cells express higher mRNA
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with MMTV-LUC reporter and pSG5.HA-AR e or pSG5.HA-AR-V7 f
in combination with various amounts of pSG5.HA-DBCI, and
luciferase assays were performed. Data are means +s.d. (n=3). g, h
Identification of AR-V7 target genes. LNCaP/Tet-V7 cells were treated
with Dox for 48 h and DHT for 24 h, as indicated. Protein levels were
determined by immunoblot using the indicated antibodies. For
detection of both AR-FL and AR-V7, anti-AR antibody (N-20) was
used g. Total RNA was subjected to qRT-PCR analysis for the
indicated mRNAs, and results were visualized by heatmap h. i Total
RNA from 22RV1 cells infected with lentivirus expressing shNS or
shAR-V7 was analyzed by qRT-PCR using primers specific for the
indicated mRNAs. Data are expressed as fold change relative to control
shNS (set at 1) and are means + s.d. (n =3)

and protein levels of CDH2 compared to those in AR-V7-
negative, androgen-sensitive LNCaP cells (Fig. 3a, b). In
addition, AR-V7 depletion reduced both mRNA and protein
levels of CDH2 in 22RV1 cells (Figs. 1i and 3c), and con-
versely, AR-V7 overexpression increased CDH2 expression
(Fig. 3d), confirming that CDH?2 is a direct target of AR-V7.

A 15-repeat of half ARE sequences (hereafter referred to as
CDH2 enhancer) is located in CDH2 gene intron 1, ~20 kb
downstream of the transcription start site (Supplementary
Fig. 2) [24]. In luciferase assays using a reporter containing the
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Fig. 2 Requirement of DBC1 for AR-V7 activity. a, b Identification of
DBCl-regulated AR-V7 target genes. LNCaP/Tet-V7 cells were
infected with lentivirus expressing shNS or shDBCI1#8. Protein levels
were determined by immunoblot with the indicated antibodies a. Total
RNA was analyzed by qRT-PCR for the indicated mRNAs b. mRNA
levels are shown relative to the control shNS, vehicle-treated cells (set
at 1). Data are means +s.d. (n=3). ¢, d LNCaP/Tet-V7 cells trans-
fected with MMTV-LUC and indicated siRNAs against DBC1 were
treated with Dox for 48 h or DHT for 24 h and harvested for luciferase
assays d. Data are means + s.d. (n = 3). Protein levels were monitored

CDH2 enhancer, AR-V7 activated the reporter activity in a
dose-dependent manner, and this activity was further enhanced
by increasing levels of DBC1 (Fig. 3e, f). Consistent with the
quantitative real-time PCR (qRT-PCR) data, AR-FL was
much less effective than AR-V7 in stimulating the CDH2
enhancer activity in LNCaP/Tet-V7 and 293T cells (Fig. 3g
and Supplementary Fig. 3). Furthermore, AR-V7 depletion
decreased the reporter activity in 22RV1 cells (Fig. 3h), sug-
gesting that the CDH2 enhancer activity is preferentially
regulated by AR-V7 rather than AR-FL. In addition, DBC1
depletion decreased AR-V7-dependent reporter activity in
LNCaP/Tet-V7 and 22RV1 cells (Fig. 3i, j) and also inhibited
the endogenous expression of CDH2 in both cell lines and

°;‘“m Iﬂ N

FKBP5 PMEPA1 TMPRSS2

by immunoblot using the indicated antibodies c. e VCaP cells infected
with lentivirus expressing shNS or shDBC1#8 were treated with DHT
for 24 h. Total RNA was analyzed by qRT-PCR with primers specific
for the indicated mRNAs. mRNA levels are shown relative to
the control shNS, vehicle-treated cells (set at 1). Data are means + s.d.
(n=3). f 22RV1 cells were infected with lentiviruses expressing
shNS, shDBCI1#5, or shDBCI1#8. Total RNA was examined by
qRT-PCR with primers specific for the indicated mRNAs. mRNA
levels are shown relative to control shNS-treated cells (set at 1). Data
are means + s.d. (n =3)

VCaP cells (Fig. 2a, b, e, f, and 3k), suggesting that DBC1
functions as a coactivator to stimulate AR-V7-mediated CDH2
gene expression.

DBC1 is required for efficient occupancy of AR-V7 on
target enhancers and for chromatin loop formation
between the promoter and enhancer of the CDH2
gene

To test the direct involvement of AR-V7 and DBCI in
CDH2 gene transcription, we performed chromatin immu-
noprecipitation (ChIP) experiments in 22RV1 cells. AR-V7
and DBC1 were recruited to the CDH2 enhancer, and
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Fig. 3 DBCI functions as a coactivator to stimulate AR-V7-mediated
CDH?2 gene expression. a, b Comparison of CDH2 expression levels in
LNCaP and 22V1 cells. CDH2 mRNA and protein levels were
determined by qRT-PCR (data are means +s.d. (n =3)) a and
immunoblot b, respectively. ¢ Protein levels from 22RV 1 cells infected
with lentivirus expressing shNS or shAR-V7 were monitored by
immunoblot with the indicated antibodies. d 22RV1 cell lysates
transfected with empty or FLAG-AR-V7 expression vectors were
immunoblotted with the indicated antibodies. e, f CV-1 cells were
transfected with CDH2.Enh-TA-LUC reporter and either pSG5.HA-
AR-V7 alone e or in combination with various amounts of pSG5.HA-
DBCI f, and luciferase assays were performed. Data are means =+ s.d.
(n=3). g LNCaP/Tet-V7 cells transfected with CDH2.Enh-TA-LUC
were treated with DHT for 24 h or Dox for 48 h and harvested for
luciferase assays. Data are means + s.d. (n = 3). Protein levels were

similar recruitment patterns were observed on the PMEPA1
and FKBPS5 enhancers [25, 26] (Fig. 4a), suggesting that
DBCI1 directly regulates AR-V7 target gene transcription.
Reciprocal sequential ChIP analyses showed that AR-V7
associates with DBC1 on the CDH2 enhancer, but not on a
region lacking AR-V7-binding sequences (Fig. 4b and
Supplementary Fig. 4). Moreover, DBC1 depletion greatly
reduced the occupancy of AR-V7 at the CDH2, PMEPALI,
and FKBP5 enhancers (Fig. 4c), suggesting requirement of
DBCI1 for efficient binding of AR-V7 to target enhancers.

To test whether the 20kb downstream enhancer could
physically communicate with the CDH2 promoter via
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monitored by immunoblot using the indicated antibodies. h

22RV1 cells infected with lentiviruses encoding a NS or AR-V7
shRNA were transfected with CDH2.Enh-TA-LUC, and luciferase
assays were performed. Data are means +s.d. (n = 3). Protein levels
were determined by immunoblot using the indicated antibodies. i
CDH2.Enh-TA-LUC reporter assays in LNCaP/Tet-V7 cells
transfected with indicated siRNAs against DBC1 were performed as
described in g. DBC1 knockdown efficiency was monitored by
immunoblot. j CDH2.Enh-TA-LUC reporter assays in 22RV1 cells
infected with lentivirus expressing shNS or shDBC1#8 were performed
as described in h. DBC1 knockdown efficiency was monitored by
immunoblot. k Total RNA from 22RV1 cells infected with lentiviruses
expressing the indicated shRNAs was examined by qRT-PCR for
CDH2 expression. Data are means + s.d. (n = 3). Protein levels were
determined by immunoblot using the indicated antibodies

chromatin looping, we performed chromatin conformation
capture (3C) experiments in 22RV1 cells. As shown in
Fig. 4d, 3C-PCR product was obtained in a ligase-dependent
manner, indicating that the 20kb downstream enhancer
interacts specifically with the CDH2 promoter through chro-
matin looping. The 458 bp 3C-PCR product was sequenced to
verify the interaction of the enhancer with the CDH2 promoter
(Supplementary Fig. 5). In addition, 3C assays using LNCaP/
Tet-V7 cells demonstrated that the long-range chromatin
interaction is dependent upon the presence of AR-V7 (Fig. 4e).
Interestingly, DBC1 depletion in 22RV1 cells almost com-
pletely eliminated the CDH2 enhancer—promoter interaction
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Fig. 4 DBCI is required for AR-V7 occupancy on its target enhancers
and a long range chromatin interaction between the CDH2 enhancer
and promoter. a ChIP-qPCR analysis of AR-V7 and DBC1 occupancy
at the indicated enhancers in 22RV1 cells. Data are means + s.d. (n =
3). b Re-ChlIP assays were performed by sequential IP with the indi-
cated antibodies. qPCR was performed with primers specific for the
indicated regions of the CDH2 gene. Data are means +s.d. (n=3). ¢
ChIP assays using soluble chromatin from 22RV1 cells infected with
lentiviruses expressing shNS or shDBC1#8 were performed as in a. d
3C analysis was performed using Apol-digested, cross-linked chro-
matin from 22RV1 cells. After ligation and reverse cross-linking, 3C-

(Fig. 4f), indicating the involvement of AR-V7 and DBC1 in
bridging the enhancer and promoter of the CDH2 gene.
Moreover, formaldehyde-assisted isolation of regulatory ele-
ments (FAIRE) analysis showed that DBC1 depletion reduced
chromatin accessibility at the CDH2 enhancer region (Fig. 4g),
suggesting that DBC1 contributes to regulating chromatin
architecture of the CDH2 gene locus by maintaining open
chromatin and mediating long-range chromatin interactions.

DBC1 positively regulates DNA binding and stability
of AR-V7

To further elucidate mechanisms by which DBC1 regulates
AR-V7 activity, we performed DNA affinity precipitation
assays (DAPA). As shown in Fig. 5a, AR-V7 was pre-
cipitated with CDH2 enhancer probe, indicating that AR-V7

m S O
02+ (E+/E-) >

PCR was performed with one primer in the CDH2 promoter and
another in the enhancer (primer P4+/E—) using equal amounts of 3C
DNA. Control PCR (primer E+/E—) for the input was also performed.
e 3C assays were performed using chromatin from LNCaP/Tet-V7
cells treated with or without Dox for 24 h as described in d. Protein
levels were determined by immunoblot using the indicated antibodies
(right). f 3C assays were performed using chromatin from 22RV1 cells
expressing shNS or shDBC1#8 as described in d. g FAIRE was per-
formed with 22RV1 cells expressing shNS or shDBC1#8, and FAIRE
DNA was analyzed by qPCR using primers specific for the CDH2
enhancer. Data are means +s.d. (n =3)

binds directly to the CDH2 enhancer. Interestingly, the
enhancer binding activity of AR-V7 was enhanced in the
presence of DBC1, and DBC1 was precipitated only in the
presence of AR-V7 (Fig. 5b). DAPA using extracts from
AR-V7-depeleted 22RV1 cells confirmed AR-V7-
dependent recruitment of DBCI1 to the CDH2 enhancer
(Fig. 5¢). These results suggest that DBC1 is recruited to the
CDH2 enhancer through the interaction with AR-V7 and
that the interaction enhances the DNA binding of AR-V7.

In our investigation of DBC1 knockdown effect on AR-
V7 function, we interestingly found that DBC1 depletion
decreased AR-V7 protein levels in 22RV1 and VCaP cells
(Fig. 5d and Supplementary Fig. 6¢). AR-FL levels were
also decreased, but to a lesser extent, by DBC1 depletion. In
contrast, DBC1 overexpression increased AR-V7 protein
levels in 22RV1 cells (Fig. 5e). DBC1 depletion did not
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Fig. 5 DBCI1 enhances DNA binding and stability of AR-V7. a, b
DAPA was performed with 293T cell extracts transfected with the
indicated expression vectors and biotinylated CDH2 enhancer frag-
ments. Bound proteins were detected by immunoblot. ¢ DAPA using
22RV1 cell lysates infected with lentivirus expressing shNS or shAR-
V7 was performed as described above. d 22RV1 cell lysates infected
with lentiviruses expressing the indicated shRNA were examined by
immunoblot with the indicated antibodies. e 22RV1 cell lysates
transfected with empty or FLAG-DBCl1 expression vector were
immunoblotted with the indicated antibodies. f 293T cell lysates
transfected with FLAG-AR-V7 and HA-ubiquitin expression vectors
were immunoprecipitated with anti-FLAG antibody or normal IgG and
immunoblotted with the indicated antibodies. g 293T cells transfected
with His-AR-V7 and HA-ubiquitin expression vectors were lysed by 6
M Guanidine-HCI, and AR-V7 ubiquitination was examined by Ni-
NTA Agarose or control agarose beads (BDs) pull-down (PD) and
immunoblots. h 22RV1 cell lysates treated with or without 20 uM
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Lysate Ea-vs (DBC1)

-DBC1
Lysate %Z-AR-V7

MG132 for 4h were analyzed by immunoblot with the indicated
antibodies. i 22RV1 cells infected with lentiviruses expressing the
indicated shRNA were treated with 50 ug/ml cycloheximide (CHX)
and harvested at the indicated time. Cell lysates were analyzed by
immunoblot with the indicated antibodies, and representative immu-
noblot (n = 3) is shown (left). The band intensities were quantified by
Imagel] software, and AR-V7 levels are shown relative to controls
(time point O h in each shRNA group, set at 100) (right). j 22RV1 cell
lysates transfected with empty or FLAG-DBC1 expression vector were
immunoprecipitated with anti-AR-V7 antibody and immunoblotted
with the indicated antibodies. k 293T cell lysates transfected with the
indicated expression vectors were immunoprecipitated with anti-
FLAG antibody and immunoblotted with the indicated antibodies. 1
22RV1 cell lysates infected with lentiviruses expressing the indicated
shRNA were immunoprecipitated with anti-AR-V7 antibody and
immunoblotted with the indicated antibodies
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affect mRNA levels of either AR-V7 or AR-FL in 22RV1
and VCaP cells (Supplementary Fig. 6a and b), suggesting
that, in addition to enhancing DNA binding, DBCI has an
additional mechanism to control AR-V7 function, which
may regulate AR-V7 expression at the post-translational
level.

Whereas AR-FL levels are known to be regulated by
ubiquitin-proteasome degradation pathway [27-31], little is
known about how the stability and turnover of AR-V7 are
regulated. To investigate whether AR-V7 can be poly-ubi-
quitinated, we performed ubiquitination assays in
293T cells transfected with plasmids expressing AR-V7 and
HA-ubiquitin. After immunoprecipitation of AR-V7, ubi-
quitinated levels of AR-V7 were determined by immuno-
blots. A series of higher molecular weight bands of AR-V7
were readily detected when HA-ubiquitin was coexpressed
(Fig. 5f). Similar results were obtained under denaturing
conditions (Fig. 5g), indicating that AR-V7 is directly poly-
ubiquitinated. In addition, treatment of 22RV1 cells with
MGI132 increased AR-V7 protein levels (Fig. 5h), sug-
gesting that AR-V7 is targeted for degradation through the
ubiquitination-proteasome pathway. When 22RV1 cells
were treated with cycloheximide, AR-V7 was degraded
much faster in DBCl1-depleted cell (Fig. 5i). In addition,
DBCI1 overexpression decreased the ubiquitination levels of
both endogenous and ectopically expressed AR-V7 (Fig. 5j,
k). Conversely, DBC1 depletion increased the ubiquitina-
tion level of endogenous AR-V7 (Fig. 51), suggesting that
DBC1 contributes to AR-V7 stability by blocking its
ubiquitination.

DBC1 inhibits CHIP-mediated ubiquitination of AR-
V7

Although AR-FL has been shown to be ubiquitinated by
several E3 ligases including MDM2, SPOP, and CHIP [27-
31], E3 ligases for AR-V7 have not been elucidated. Given
previous studies showing that AR-Vs lacking LBD are not
ubiquitinated by MDM2 and SPOP [30, 31], we tested
whether CHIP can associate with and function as an E3
ligase for AR-V7. In coimmunoprecipitation experiments,
endogenous CHIP bound to AR-V7 in 22RVI1 cells
(Fig. 6a). Coimmunoprecipitation assays with exogenously
expressed proteins showed similar results (Fig. 6b). GST
pull-down experiments confirmed this interaction and
showed further that CHIP binds to the CTD of AR-V7
(Fig. 6¢). In ubiquitination assays, overexpression of CHIP,
but not a dominant-negative, catalytically inactive mutant
(CHIP-P269A), led to a dramatic increase in the ubiquiti-
nation levels of endogenous and ectopically expressed AR-
V7 (Fig. 6d and Supplementary Fig. 7), suggesting that
CHIP interacts directly with and functions as an E3 ligase
for AR-V7. Consistent with these results, CHIP

overexpression reduced protein levels of AR-V7 and CDH2
in 22RV1 cells (Fig. 6e). In reporter gene assays, CHIP
repressed  AR-V7 activity, and coexpression of
CHIP-P269A reversed CHIP-mediated repression of AR-
V7 (Fig. 6f), indicating that the repression of AR-V7 by
CHIP involves its E3 ligase activity.

We next examined the effect of DBCl on CHIP-
mediated ubiquitination and repression of AR-V7. CHIP-
mediated AR-V7 ubiquitination was inhibited by DBCl1
expression (Fig. 6g), and DBCI1 rescued AR-V7 activity
from CHIP-mediated repression (Fig. 6h). As both DBC1
and CHIP bind to the CTD of AR-V7, we tested whether
DBC1 and CHIP compete for binding to AR-V7. Indeed,
CHIP binding to AR-V7 was blocked by DBC1 in in vivo
and in vitro competition binding assays (Fig. 6g, i). Col-
lectively, these results suggest that DBC1 inhibits CHIP-
mediated ubiquitination and repression of AR-V7 by
blocking the interaction between AR-V7 and CHIP

(Fig. 6j).

DBC1 is required for metastatic and tumorigenic
properties of CRPC cells

We next examined the effect of depletion of AR-V7 or
DBC1 on CRPC cell proliferation. AR-V7 depletion atte-
nuated the proliferation and clonogenic survival of
22RV1 cells (Fig. 7a, b and Supplementary Fig. 8a). Similar
results were obtained by DBC1 depletion in 22RV 1 cells, but
not in AR-negative DU145 and PC3 cells (Fig. 7c, d and
Supplementary Fig. 8b—d), suggesting a critical role of AR-
V7-DBCI1 signaling axis in CRPC cell growth and survival.
DBC1 knockdown also inhibited the migration and invasion
of 22RV1 cells (Fig. 7e, f and Supplementary Fig. 8e, f),
indicating that DBCI is required for metastatic potential of
CRPC cells. CRPC cells possess sphere-forming ability, and
these prostaspheres are enriched in cells with functional
properties of cancer stem cells [32]. In sphere formation
assays using 22RV1 cells, DBCI depletion reduced the size
and number of prostaspheres (Fig. 7g), indicating that DBC1
contributes to the self-renewal of stem-like CRPC cells.

To further elucidate the role of DBCI in promoting
prostate tumorigenesis, we tested the DBC1 knockdown
effect on the growth of 22RV1 xenograft tumors in male
nude mice injected with control or DBCl-depleted
cells engineered to constitutively express luciferase
(22RV1-LUC). The expression and activity of luciferase in
22RV1-LUC cells were not affected by DBC1 knockdown
(Supplementary Fig. 9). The tumor volumes of DBCI-
depleted xenografts were significantly reduced compared
with those of control shNS group (Fig. 7h, i). In addition,
DBC1 depletion significantly inhibited the expression of
CDH2 at the transcriptional level and reduced AR-V7
protein levels in xenograft tumors (Fig. 7 and
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Fig. 6 DBCI1 inhibits CHIP-mediated ubiquitination and repression of
AR-V7. a 22RV1 cell lysates were immunoprecipitated with anti-AR-
V7 antibody or normal IgG. The immunoprecipitates were examined
by immunoblot with the indicated antibodies. b 293T cell lysates
transfected with FLAG-AR-V7 and HA-CHIP expression vectors were
immunoprecipitated and immunoblotted with the indicated antibodies.
¢ In vitro-translated FLAG-tagged AR-V7 and its fragments were
incubated with GST-CHIP. Bound proteins were analyzed by immu-
noblot with anti-FLAG antibody. d 22RV1 cell lysates transfected
with wild type or catalytically inactive (P269A) CHIP expression
vector were immunoprecipitated with anti-AR-V7 antibody and
immunoblotted with the indicated antibodies. e 22RV1 cell lysates
transfected with empty or CHIP-V5 expression vectors were immu-
noblotted with the indicated antibodies. f 293T cells were transfected

Supplementary Fig. 10). These results suggest that DBC1
plays an important role in tumorigenic growth of CRPC
cells and in vivo expression of CDH2 by positively reg-
ulating AR-V7 activity and stability.

Discussion

Accumulating evidence strongly suggests that AR-V7 is
one of key mechanisms contributing to CRPC progression
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with CDH2.Enh-TA-LUC reporter in combination with the indicated
expression vectors, and luciferase assays were performed. Data are
means +s.d. (n=3). g 293T cells lysates transfected with the indi-
cated expression vectors were immunoprecipitated with anti-FLAG
antibody and immunoblotted with the indicated antibodies. CHIP and
DBC1 coimmunoprecipitated with FLAG-AR-V7 were also detected
with the indicated antibodies. h Reporter gene assays were performed
using CDH2.Enh-TA-LUC reporter and the indicated expression
vectors. i In vitro-translated DBC1 and recombinant CHIP were
incubated with GST-AR-V7 as indicated. Bound proteins were ana-
lyzed by immunoblot with the indicated antibodies. j The role of
DBCI as an AR-V7 coactivator. DBC1 inhibits CHIP-mediated AR-
V7 ubiquitination, thereby increasing DNA binding and stability of
AR-V7

and resistance to anti-androgens [1-3, 5, 6]. Thus, defining
the mechanisms that regulate AR-V7 activity is essential for
our understanding of CRPC and for the development of
therapeutic strategies. In this study, we show DBC1 as a key
factor in the regulation of AR-V7 activity and stability in
CRPC cells. DBC1 enhanced the transcriptional and DNA-
binding activities of AR-V7. DBC1 depletion caused
reduction in the expression of AR-V7 target genes, abol-
ished recruitment of AR-V7 to target enhancers, and atte-
nuated metastatic and tumorigenic potential of CRPC cells.
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Fig. 7 DBCI1 is required for metastatic and tumorigenic properties of
CRPC cells. a, b Cell proliferation a and colony formation b assays
using 22RV1 cells infected with lentivirus expressing shNS or shAR-
V7. Cell proliferation data are means +s.d. (n=15). For the colony
formation assay, viable colonies were stained with crystal violet and
quantified by spectrophotometry. **P < 0.01. ¢, d Cell proliferation ¢
and colony formation d assays using 22RV1 cells infected with len-
tiviruses expressing shNS or the indicated shRNAs targeting DBC1
were performed as described above. **P <0.01. e, f Quantitative
analysis of migration e and invasion f assays using 22RV1 cells
infected with lentivirus expressing shNS or the indicated shRNAs
against DBCI. Data are means + s.d. (n =3). **P <0.01, *P <0.05. g

These results clearly establish DBC1 as a key coactivator
that plays a critical physiological role in AR-V7-mediated
CRPC progression.

DBCI1 has emerged as an important transcriptional coac-
tivator and a critical regulator of epigenetic modifiers
including MDM2 [12-16]. As a MDM?2 inhibitor,
DBCI1 stabilizes p53 by inhibiting MDM?2-mediated p53
ubiquitination [15]. Here we identified CHIP as an E3 ligase
for AR-V7 and as a novel target of DBC1. We provide
several lines of evidence that DBC1 acts as a positive reg-
ulator for AR-V7 stability and function by inhibiting the E3
ligase activity of CHIP: DBCI1 blocks the binding of CHIP to
AR-V7; and CHIP-mediated ubiquitination and repression of
AR-V7 was reversed by DBC1 expression. Thus, DBC1
contributes to AR-V7 function, probably not only through
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enhancing the DNA-binding activity of AR-V7 but also by
inhibiting CHIP-mediated AR-V7 ubiquitination and degra-
dation (Fig. 6j). DBC1 was previously found to interact with
and enhance AR-FL-mediated transcription by increasing its
DNA-binding affinity [19]. In addition, a recent study
demonstrated that DBC1 affects the stability of AR-FL in
osteosarcoma cells [33]. We also observed that DBC1 posi-
tively regulates the stability of AR-FL by inhibiting CHIP-
mediated AR-FL ubiquitination (Supplementary Fig. 11).
Several studies have also shown a positive correlation
between DBC1 and AR-FL protein levels in osteosarcoma, B
cell lymphoma, and renal cell carcinoma [33-35]. Thus,
DBCI1 may be a key factor in regulating the stability and
function of not only AR-FL but also AR-Vs in various
cancers. Although a number of proteins have been reported
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to act as AR-FL coactivators by binding to the LBD [4], only
a few coactivators have been shown to interact with both AR-
FL and the LBD-truncated AR-Vs through binding to dif-
ferent domains. Among AR-FL coactivators which bind to
the LBD in an androgen-dependent manner, FHL2 and
MEDI1 can also bind to and act as coactivators for AR-Vs
[36, 37]. Because AR-FL plays a crucial role in all phases of
PCa, and considerable evidence indicates a significant role of
AR-Vs, particularly AR-V7, in CRPC development and
resistance to anti-androgen therapies [1-3, 5], further inves-
tigation of coactivators shared by both AR-FL. and AR-V7
may provide promising new therapeutic targets and effective
strategies to treat advanced CRPC.

We have previously reported that DBC1 promotes acet-
ylation of ER and PEA3 through inhibiting SIRT1 [12, 17].
AR-FL is also acetylated at three lysine residues, K630/
K632/K633, in the hinge domain by several acetyl-
transferases including p300 and PCAF, and the acetylation
enhances androgen-mediated AR-FL activity [27, 38]. Con-
versely, SIRT1 deacetylates and represses the activity of AR-
FL [27, 39]. However, it is unknown whether AR-V7, which
lacks the hinge region, is also acetylated and, if so, how AR-
V7 activity is regulated by reversible acetylation. Intrigu-
ingly, a recent study identified a new acetylation site in the
DBD of AR-FL, and the acetylation at K618 by ARDI
enhances AR-FL activity and PCa cell growth [40]. Thus,
further study is needed to explore the possibility that ARD1
could also acetylate AR-V7 and to investigate whether
SIRT1 and DBCI reciprocally regulate the activities of AR-
FL and AR-V7 by modulating their acetylation status.

CDH2 has been shown to be associated with progression
to CRPC and thus has emerged as a promising therapeutic
target for CRPC [8, 9]. A recent study found a significant
increase in CDH2 level in CRPC xenografts, as well as in
metastatic tumors of CRPC patients and suggested that
monoclonal antibody targeting CDH2 could suppress
metastasis and progression to CRPC [8]. CDH2 induction
after neoadjuvant ADT also supports the association of this
mesenchymal marker with CRPC. A growing body of evi-
dence has linked EMT to cancer stem cell properties and
raises the possibility that CDH2 may be a marker for CRPC
stem cell populations [8]. Recent studies suggest that AR-
Vs can contribute to CRPC development and progression
during ADT through the induction of EMT and acquisition
of stemness properties as characterized by upregulation of
CDH2 [10, 11, 22, 41]. However, little is known about the
regulatory mechanism of CDH2 gene expression in CRPC
cells. Here we showed that DBC1 promotes CDH2
expression by facilitating looping of the CDH2 locus and
AR-V7 occupancy on the CDH2 enhancer. CDH2 expres-
sion is preferentially stimulated by AR-V7 rather than AR-
FL in CRPC cells. These results are consistent with pre-
vious reports that AR-Vs, but not AR-FL, are involved in
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the regulation of EMT and stem cell marker expression in
CRPC cells [10, 11]. It is noteworthy that we and others
have observed the androgen-dependent repression of CDH2
expression in CRPC cells (Fig. 2e and Supplementary
Fig. 1) [10, 22]. These results suggest that AR-V7 and AR-
FL can act as an activator and repressor, respectively, and
might compete with each other for binding to the CDH2
enhancer to reciprocally regulate the CDH2 expression.
Consistent with this idea, blocking AR-FL activity by tar-
geting the LBD via ADT or anti-androgens led to upregu-
lation of CDH2 in CRPC cells [9, 10, 22, 41]. Also of note
is that DBC1 depletion had no effect on androgen-mediated
repression of CDH2 expression (Fig. 2e), suggesting that
DBCI1 functions as a coactivator of AR-V7-mediated CDH2
transcription, but is not involved in AR-FL-mediated CDH2
repression. These results, together with the fact that AR-V7
and CDH2 signalings are major causes of both PCa
metastasis and castration resistance, imply that upregulation
of DBCI could lead to an increased expression of CDH2 by
enhancing AR-V7 function, therefore promoting the
development and progression of CRPC.

The role of DBC1 in cancer remains controversial
because DBC1 has been shown in different studies to either
promote or suppress cancer cell growth [12, 15-19]. This
controversy may be explained by the p53 status in cancer
cells [15]. Gain-of-function p53 mutants promote cancer
cell proliferation and migration. DBC1 stabilizes both WT
and mutant p53 and acts as a tumor suppressor in cells
expressing WT p53 but as a tumor promoter in cancer cells
expressing p53 mutants. TP53 mutations are frequently
found in advanced PCa and known to contribute to CRPC
progression [42]. Consistent with these notions, our results
showed that DBCI functions as a tumor promoter in CRPC
22RV1 cells, which have a heterozygous dominant-negative
mutation (Q331R) in the TP53 gene [43]. However, it was
also reported that DBC1 effect on p53 stabilization is cell
type-specific due to difference in genetic backgrounds of
cancer cells and that p53 can directly regulate AR signaling
in PCa cells [15, 44]. Thus, future studies will be required to
explore the tumor-promoting role of DBCI in cross-talk
between p53s (wild type and mutant p53s) and ARs (AR-
FL and AR-Vs) in the context of CRPC.

All current hormonal therapies targeting AR-FL rely on
the presence of the LBD and eventually fail by mechanisms
involving the expression of AR-V7 and its target genes [1—
3, 5]. More research focus is needed on regulatory
mechanisms of AR-V7 and its target gene expression
because targeting them could be potential therapeutic stra-
tegies for the treatment of CRPC. Understanding upstream
and downstream effectors of AR-V7 will thus provide
useful information for developing therapeutic drugs
for CRPC. Our findings reinforce the importance to target
AR-V7 in CRPC, provide a novel regulatory mechanism of
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AR-V7 activity and the expression of its downstream target
CDH2 by DBCI, and suggest DBC1 as a potential ther-
apeutic target for CRPC.

Materials and methods

Cell culture, lentiviral infection, and transient
transfection

CV-1, 293T, VCaP, DU145, and PC3 cells were maintained
in DMEM supplemented with 10% fetal bovine serum
(FBS). LNCaP, C4-2B, 22RV1 cells were cultured in RPMI
1640 containing 10% FBS. All cell lines used were pur-
chased from the Korean Cell Line Bank and the American
Type Culture Collection, tested for mycoplasma infection,
and authenticated by STR analysis (DNA profiling). For
lentiviral infection, lentiviral particles were generated as
described previously [45]. LNCaP and C4-2B cells with
inducible AR-V7 expression were established using Lenti-X
Tet-Advanced Inducible Expression System (Clontech).
The detailed method for generation of stable cell lines is
described in Supplementary Information. Reporter gene
assays and transient transfections were performed as
described previously [18, 20, 45]. For DHT or Dox treat-
ment, cells were grown in RPMI 1640 or DMEM contain-
ing 5% dextran/charcoal-stripped FBS for at least 3 days
and treated with 10 nM DHT for 1624 h or 5 ng/ml Dox
for 48 h as indicated in figure legends.

RNAi and quantitative real-time reverse
transcriptase-PCR (qRT-PCR)

DBC1 depletion by shRNA or siRNA was performed as
previously described [12, 17, 18]. Total RNA was extracted
using TRIzol Reagent (Invitrogen), and qRT-PCR was
carried out with Brilliant Il SYBR Green QRT-PCR Master
Mix 1-Step (Agilent). Data were normalized to GAPDH or
B-actin mRNA levels.

ChIP assays

ChIP assays were performed as previously described [12,
17, 18, 20, 45]. ChIP DNAs were quantified by quantitative
real-time PCR (qPCR).

3C assays

3C experiments were carried out as described previously
[18, 20]. Cross-linked chromatin was digested with Apol,
and ligated under 50-fold diluted conditions. After reverse
cross-linking and DNA purification, the input and 3C DNAs
were amplified by conventional PCR.

FAIRE assays

FAIRE assays were performed as described previously [20].
Cross-linked, sonicated chromatin fraction was subjected to
three rounds of phenol/chloroform extractions followed by
reverse cross-linking, and the FAIRE DNAs were purified.
Enriched open chromatin at the CDH2 enhancer region was
quantified by qPCR using ChIP PCR primers.

DAPA

DAPA was performed as described previously [20].
Ubiquitination assays

293T or 22RV1 cells were transfected with expression plas-
mids for HA-Ubiquitin, AR-V7, DBCI, and CHIP as descri-
bed in figure legends. After 48 h transfection, the cells were
treated with 10 pM MG132 for 8 h and then lysed in FLAG
lysis buffer or 6 M Guanidine—HCI. AR-V7 was immuno-
precipitated, and ubiquitinated levels were determined by
immunoblot using antibodies as indicated in figure legends.

Xenografts

Xenograft experiments were conducted as previously
described [17, 18, 20]. The detailed procedure is provided
in Supplementary Data. Animal experiments were con-
ducted according to protocols approved by the Institutional
Animal Care and Use Committee of the Samsung Biome-
dical Research Institute.

The detailed methods, siRNAs, shRNAs, primers, and
antibodies can be found in Supplementary Information.
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