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Fusion of the androgen receptor-regulated (AR-regulated) TMPRSS2 gene with ERG in prostate cancer (PCa) 
causes androgen-stimulated overexpression of ERG, an ETS transcription factor, but critical downstream 
effectors of ERG-mediating PCa development remain to be established. Expression of the SOX9 transcription 
factor correlated with TMPRSS2:ERG fusion in 3 independent PCa cohorts, and ERG-dependent expression of 
SOX9 was confirmed by RNAi in the fusion-positive VCaP cell line. SOX9 has been shown to mediate ductal 
morphogenesis in fetal prostate and maintain stem/progenitor cell pools in multiple adult tissues, and has 
also been linked to PCa and other cancers. SOX9 overexpression resulted in neoplasia in murine prostate and 
stimulated tumor invasion, similarly to ERG. Moreover, SOX9 depletion in VCaP cells markedly impaired 
invasion and growth in vitro and in vivo, establishing SOX9 as a critical downstream effector of ERG. Finally, 
we found that ERG regulated SOX9 indirectly by opening a cryptic AR-regulated enhancer in the SOX9 gene. 
Together, these results demonstrate that ERG redirects AR to a set of genes including SOX9 that are not nor-
mally androgen stimulated, and identify SOX9 as a critical downstream effector of ERG in TMPRSS2:ERG 
fusion–positive PCa.

Introduction
The androgen receptor (AR) plays a central role in prostate cancer 
(PCa) development, and its transcriptional functions are partially 
or fully restored in the tumors that relapse after androgen depriva-
tion therapy (castration-resistant prostate cancer, CRPC) (1). The 
role of AR in PCa was further strengthened by the discovery of 
recurrent genomic rearrangements that result in AR-driven over-
expression of ETS family transcription factor proto-oncogenes, 
and in particular the v-ets erythroblastosis virus E26 oncogene 
homolog, ERG. In approximately half of primary PCa cases, a gene 
fusion between the 5′ untranslated region of the androgen-regu-
lated TMPRSS2 gene and an exon in the ERG gene results in andro-
gen-regulated high-level expression of a transcriptionally active, 
N-terminal–truncated ERG protein (amino acids 1–44 being 
deleted in the most common fusion) (2, 3). This fusion is an early 
event, as it is found in precursor prostatic intraepithelial neopla-
sia (PIN) lesions located adjacent to TMPRSS2:ERG fusion–positive 
cancers (4). The fusion gene is also highly expressed in CRPC, indi-
cating that overexpressed ERG contributes to PCa development 
and progression (5).

The importance of ERG is further supported by studies in the 
TMPRSS2:ERG fusion–positive VCaP cell line, where RNAi-medi-
ated downregulation of ERG impairs cell growth and invasion (6, 
7). Moreover, transgenic overexpression of ERG in mouse prostate 
causes increased proliferation, and in combination with the loss 
of one PTEN allele, results in PIN or invasive PCa (8–11). Several 

ERG-regulated genes in TMPRSS2:ERG fusion–positive PCa cases 
have been identified, with EZH2 being one such candidate ERG 
target gene (6, 7, 11–15). Additionally, a recent study found that 
there was marked overlap between ERG and AR binding sites, and 
that ERG repressed both AR expression and AR activity on these 
sites, suggesting that downregulation of AR activity on subsets 
of genes may be a mechanism of ERG action (12). However, the 
downstream effectors and functions of ERG that drive PCa remain 
to be firmly established.

SOX9 belongs to the SOX (SRY-related HMG box) family of 
transcription factors and regulates many developmental pro-
cesses (16, 17). SOX9 mutations cause the disease campomelic 
dysplasia, which is characterized by extreme cartilage and bone 
malformation, frequent XY sex reversal, and multiple defects in 
other organs, consistent with an important role in tissue devel-
opment (18, 19). In the adult, SOX9 contributes to maintenance 
of stem/progenitor cells in tissues including intestine, liver, pan-
creas, and hair follicle (20–24), and dysregulated SOX9 expres-
sion has been implicated in the pathogenesis of several cancers 
(25–31). Similar to AR, SOX9 is required for prostate develop-
ment, and accumulating evidence indicates that it contributes 
to the development of PCa (32–39).

SOX9 in developing prostate is expressed by epithelial cells 
invading into urogenital sinus mesenchyme, and loss of SOX9 
causes a profound defect in prostate ductal morphogenesis (33, 
35, 36, 39). In adult human prostate, SOX9 is normally expressed 
primarily by the basal cells, which surround the strongly AR-pos-
itive luminal epithelium and express only low levels of AR (34). 
In contrast, SOX9 and AR are coexpressed in PCa cells, with an 
increased fraction of SOX9-positive cells being found in CRPC 
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and correlating with more aggressive behavior (32, 34). Moreover, 
a 17q24.3 SNP associated with PCa has been functionally mapped 
to an enhancer of the SOX9 gene, and allele-specific recruitment of 
transcription factors to this enhancer can increase SOX9 and may 
mediate the increased PCa risk (38). Silencing endogenous SOX9 
expression in PCa xenografts by shRNA causes reduced tumor 
growth, while SOX9 overexpression enhances PCa xenograft 
growth and invasion (35). Finally, similarly to ERG, transgenic 
overexpression of SOX9 in mouse prostate epithelium causes 
hyperplasia, and on a Pten-deficient background, can enhance PIN 
development (32). We report here that SOX9 is a critical down-

stream effector of ERG in TMPRSS2:ERG fusion–positive PCa, and 
that ERG stimulates SOX9 expression by redirecting AR to a cryp-
tic AR-regulated enhancer in the SOX9 gene.

Results
SOX9 expression is correlated with TMPRSS2:ERG fusion in primary 
and metastatic CRPC. We reported previously that expression of 
the AR-regulated TMPRSS2:ERG fusion gene is restored in CRPC, 
consistent with the reactivation of AR transcriptional activity 
and a continued important role for ERG in CRPC (5). There-
fore, to identify genes that may be regulated by ERG in vivo, we 

Figure 1
SOX9 expression is increased in TMPRSS2:ERG-positive PCa. (A) Heat maps (green, lower expression; red, higher expression) of Affymetrix 
microarray data showing mRNA expression for genes with increased levels in TMPRSS2:ERG fusion–positive versus TMPRSS2:ERG fusion–
negative tumor subsets of both primary PCa and CRPC bone metastases (fold change of mean expression >1.5 and a 2-tailed Student’s t test 
P value < 0.05). (B) Quartile plot (mean and each quartile) of ERG and SOX9 expression. The differences between the fusion-positive and 
fusion-negative samples were *P < 0.05 or **P < 0.01 (2-tailed Student’s t test). (C) MSKCC dataset showing that SOX9 expression was signifi-
cantly higher in ERG-positive tumors (based on the outlier expression of ERG, 47/103) versus ERG-negative tumors. Heat maps for ERG and 
SOX9 expression in individual tumors are shown in Supplemental Figure 1A. (D) SOX9 expression index based on SOX9 immunostaining inten-
sity and fraction of positive cells (mean SOX9 addscore) are plotted for TMPRSS2:ERG fusion–positive versus –negative radical prostatectomy 
samples from the Physicians’ Health and Health Professionals Follow-up Studies.
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examined our previously reported PCa gene expression dataset 
(40) for genes that were increased in TMPRSS2:ERG-positive pri-
mary PCa and metastatic CRPC (Figure 1A). SOX9 was among 
the genes that were most significantly correlated with TMPRS-
S2:ERG fusion in both the primary and metastatic CRPC tumors 
(Figure 1, A and B). To confirm this correlation between SOX9 
and TMPRSS2:ERG fusion, we next examined a recently reported 
large primary PCa dataset from MSKCC (41), and again found 
that SOX9 expression was significantly correlated with TMPRS-
S2:ERG fusion (Figure 1C; heat map shown in Supplemental Fig-
ure 1A; supplemental material available online with this article; 
doi:10.1172/JCI66666DS1).

To determine whether SOX9 protein expression also cor-
related with TMPRSS2:ERG fusion, we carried out SOX9 
immunohistochemical (IHC) assessment on a primary PCa tissue 
microarray from the Physicians’ Health and Health Professionals 
Follow-up Studies, which had been assessed previously for TMPRS-
S2:ERG fusion by FISH and IHC (42, 43). Each tumor was scored 
based on staining intensity and fraction of cells that were posi-
tive (SOX9 addscore; representative SOX9-positive and -negative 
staining is shown in Supplemental Figure 1B). This analysis again 
showed a significant correlation between TMPRSS2:ERG fusion 
and SOX9 expression (Figure 1D). Together, these results indi-
cated that SOX9 may be directly or indirectly regulated by ERG 
in TMPRSS2:ERG-positive PCa. Previous reports have established 
critical roles for SOX9 during prostate development and in stem/
progenitor cell maintenance of multiple tissues, as well as in the 
pathogenesis of several cancers including PCa (20–35, 37, 38). 
Therefore, we focused on SOX9 as a possible effector of ERG in 
TMPRSS2:ERG fusion–positive PCa.

ERG regulates SOX9 expression in TMPRSS2:ERG fusion–positive 
PCa cells. We next compared available PCa cell lines for SOX9 
expression. Significantly, the basal SOX9 mRNA level was higher 
in the VCaP cell line (which is the only available TMPRSS2:ERG 
fusion–positive PCa cell line) relative to the SOX9 levels in a series 
of fusion-negative PCa cell lines (Figure 2A). Moreover, the DHT-
stimulated increase in ERG mRNA was associated with a marked 
increase in SOX9 mRNA in the VCaP cells (Figure 2, A and B). 
Interestingly, the relatively low basal level of SOX9 in LNCaP cells 
was not increased by DHT, and was instead moderately repressed 
(Figure 2, A and B). These apparent cell-specific responses of SOX9 
to DHT correlated with binding of phospho-RNA polymerase II 
to the SOX9 promoter, indicating that they were transcriptional 
(Figure 2C). At the protein level, SOX9 in VCaP cells also increased 
in response to DHT in a dose-dependent fashion, similarly to the 
androgen-regulated PSA and ERG proteins in these cells, and this 
was blocked by an AR antagonist, bicalutamide (Bic) (Figure 2D, 
and data not shown). In contrast, SOX9 protein was decreased by 
DHT in LNCaP cells (Figure 2E).

We next examined VCaP xenografts to determine whether there 
was a correlation in vivo between SOX9 and ERG. We showed 
previously that AR and ERG were highly expressed in these 
xenografts prior to castration, declined markedly immediately 
after castration, and were again highly expressed in the relapsed 
castration-resistant xenografts (5). As shown in Figure 2F, SOX9 
protein showed a similar marked decrease after castration and 
was then highly expressed again in the relapsed castration-resis-
tant xenograft. Consistent with the IHC assessment, ERG and 
SOX9 mRNA levels declined immediately after castration and 
were restored in the relapsed castration-resistant xenografts (Sup-

plemental Figure 2A). Finally, we used RNAi to directly examine 
whether ERG was regulating SOX9 expression. We generated sta-
ble lentiviral shERG-infected VCaP cells and found that basal- and 
DHT-stimulated SOX9 mRNA and protein expression were mark-
edly decreased (Figure 2, G and H). We obtained similar results 
using another ERG shRNA (shERG-2, Supplemental Figure 2B) 
and by transient transfection with an independent ERG siRNA 
(Supplemental Figure 6B). Although additional mechanisms may 
further modulate the expression of SOX9 in fusion-negative or 
-positive tumors (34), these data establish that SOX9 is increased 
by ERG in TMPRSS2:ERG fusion–positive PCa.

SOX9 is a critical downstream effector of ERG in TMPRSS2:ERG 
fusion–positive PCa. The ERG regulation of SOX9, in conjunction 
with accumulating data indicating that SOX9 contributes to 
oncogenesis, indicated that SOX9 may be an important down-
stream effector of ERG in TMPRSS2:ERG-fusion PCa. Therefore, 
we next focused on whether SOX9 could mediate functions asso-
ciated with ERG in PCa cells. Previous studies had shown that 
ERG expression in VCaP cells enhanced cell invasion (6, 7), while 
transgenic overexpression of ERG in murine prostate was found to 
stimulate hyperplasia, dysplasia, or PIN, and to drive progression 
to PCa when expressed on a Pten+/– background (8, 9). Similar to 
the in vitro effects of ERG, we reported previously that overexpres-
sion of SOX9 in LNCaP xenografts caused increased proliferation 
and invasion (35). Moreover, a recent study found that transgenic 
overexpression of SOX9 caused hyperplasia and could cooperate 
with PTEN loss to stimulate tumor formation (32).

Consistent with this latter report, we found that transgenic 
prostate epithelial overexpression of Flag epitope–tagged SOX9 
resulted in PIN lesions in a fraction of mice (4 of 9) analyzed at 5 to 
8 months of age. Although the SOX9 transgene was expressed in all 
prostate lobes (Supplemental Figure 3A), the PIN lesions were pri-
marily in the ventral lobe (Figure 3, SOX9). We also observed PIN in 
a fraction of mice (5 of 9) that were Pten+/–, although these lesions 
were more prominent in the dorsolateral and anterior lobes, and 
spared the ventral lobe (Figure 3, PTEN+/–, and Supplemental Fig-
ure 3B). In contrast, all compound PTEN+/–;SOX9 mice (19 of 19) 
developed PIN lesions, which were also much larger than those in 
Pten+/– mice and occurred in all lobes (Figure 3, PTEN+/–;SOX9). As 
expected, these lesions had high levels of Flag-SOX9, Ki67, and 
phospho-AKT (Supplemental Figure 3C), and high AR expres-
sion as well (Supplemental Figure 3D). Lesions in 2 PTEN+/–;SOX9 
mice had a loss of basal cells (indicated by a lack of high molecular 
weight cytokeratin staining) and marked host inflammatory reac-
tions, suggesting local invasion (Figure 3, bottom panels).

The SOX9 transgene in these mice is controlled by the tetra-
cycline operon. Its expression in prostate was stimulated by 
the tetracycline transactivator (tTA), which is controlled by the 
androgen-regulated MMTV promoter. Since tTA activity can 
be repressed by the addition of tetracycline or doxycycline (tet-
off), we also addressed whether established PIN lesions would 
respond to tTA repression by doxycycline. A series of approxi-
mately 8-month-old PTEN+/–;SOX9 mice were treated with doxy-
cycline (added to their food and drinking water) for 2 weeks prior 
to sacrifice, and PIN lesions in their prostates were compared 
with untreated controls. There was a decrease in the number 
of PIN lesions and a decrease in the proportion of larger PIN 
lesions (> 0.5 mm2) from 22% to 9% in the doxycycline-treated 
mice (Supplemental Figure 3, E and F), suggesting a continued 
role for SOX9 in established lesions.
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Figure 2
SOX9 expression is androgen and ERG regulated in TMPRSS2:ERG-positive VCaP PCa cells. (A) VCaP; LNCaP; LNCaP-CSS3 (derived 
from LNCaP cells adapted to hormone-depleted conditions); C4-2; LNCaP-ABL; LAPC4-PR; LAPC4-CR (derived from androgen-dependent 
or castration-resistant LAPC4 xenografts); and CWR22-Rv1 cells were treated with or without DHT for 24 hours followed by qRT-PCR. 
(B) VCaP and LNCaP cells were treated with 0, 0.01, 0.1, 1, or 10 nM DHT for 24 hours and SOX9 mRNA was measured by qRT-PCR. 
(C) LNCaP and VCaP cells were stimulated with or without DHT for 4 hours, and binding of activated phospho-RNA polymerase II (phos-
pho-Ser5 on CTD) to the SOX9 transcriptional start site (TSS) was assessed by ChIP. (D) VCaP cells were treated with 0–10 nM (0, 0.1, 1, or 
10) DHT and with vehicle (DMSO) or 10 μM Bic for 24 hours and immunoblotted. (E) LNCaP cells were treated with 0, 0.01, 0.1, 1, or 10 nM  
DHT for 24 hours, followed by immunoblotting. (F) Expression of SOX9, ERG, or AR was examined by IHC in VCaP xenografts prior to 
castration (Androgen-dependent), at 4 days after castration, or at relapse (Castration-resistant). Original magnification, ×400; Scale bars: 
20 μm. (G and H) VCaP cells stably infected with nontarget control (NTC) or ERG shRNA-1 were treated with or without DHT for 24 hours, 
and SOX9 or ERG mRNA was then measured by qRT-PCR, or SOX9, ERG, and β-tubulin protein were assessed by immunoblotting. Data 
in bar graphs represent means ± SD of at least 3 biological repeats. Significant differences from DHT-negative controls are indicated (*).
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We next used Matrigel invasion assays to determine whether 
SOX9 contributes to ERG-mediated invasion. Consistent with our 
previous results in LNCaP xenograft cells overexpressing SOX9, 
which showed increased invasion in vivo (35), SOX9 induction in 
LNCaP cells with doxycycline-inducible SOX9 (LN-toSOX9, pro-
tein induction shown in Supplemental Figure 4A) strongly stimu-
lated basal Matrigel invasion (Figure 4A). DHT-stimulated invasion 
was not significantly enhanced, which could reflect SOX9 activa-
tion of DHT-regulated genes in mediating invasion or alternative 
mechanisms. To determine whether SOX9 could mediate ERG-de-
pendent invasion, we generated VCaP cells with doxycycline-induc-
ible SOX9 (VCaP-toSOX9, protein induction shown in Supplemen-
tal Figure 4B) and used siRNA to downregulate endogenous ERG 
(Figure 4B). As expected, Matrigel invasion was decreased by ERG 
siRNA, which also decreased endogenous SOX9 (Figure 4, B and 
C). Importantly, invasion was restored by the addition of doxycy-
cline to stimulate exogenous SOX9 expression. Interestingly, while 
SOX9 induction could restore invasion after ERG knockdown, 
it did not stimulate invasion in androgen-depleted VCaP cells, 
indicating that additional DHT-regulated genes in these cells are 
required to support invasion (Supplemental Figure 4C).

To determine whether VCaP invasion was dependent on endoge-
nous SOX9, we next used a SOX9 shRNA lentivirus (shSOX9-1) 
to downregulate SOX9 (Figure 4D), which resulted in a marked 
decrease in DHT-stimulated Matrigel invasion (Figure 4E). This 
result was confirmed using an independent SOX9 shRNA len-
tivirus (shSOX9-2) (Supplemental Figure 4, D and E). Finally, a 
previous study had found that tissue-type plasminogen activator 
(PLAT), which may contribute to invasion, was the major gene 
downregulated in response to ERG RNAi in VCaP cells (6). There-
fore, we addressed whether PLAT expression was SOX9 regulated. 
As shown in Figure 4F, SOX9 siRNA markedly decreased the 

expression of PLAT mRNA in VCaP cells. Moreover, in VCaP cells 
with doxycycline-regulated SOX9, we found that SOX9 induction 
with doxycycline could substantially restore PLAT mRNA in cells 
treated with ERG siRNA (Figure 4G). Together, these results indi-
cate that SOX9 is an effector of ERG-mediated PCa invasion.

To determine whether SOX9 contributes to tumor growth, we 
next assessed the effects of SOX9 RNAi on growth in vitro and 
in vivo. In LNCaP cells expressing low levels of SOX9, growth in 
vitro was not impaired by SOX9 siRNA (Supplemental Figure 
4F). In contrast, infection of VCaP cells with the shSOX9-1 lenti-
virus, which markedly downregulates SOX9 protein (Figure 4D), 
substantially decreased in vitro growth (Figure 4H). Indeed, we 
have not been able to obtain adequate numbers of these cells for 
xenograft studies. Infection with the shSOX9-2 lentivirus did not 
as effectively deplete SOX9 (Supplemental Figure 4D), and in vitro 
growth was not substantially decreased (not shown). Nonetheless, 
SOX9 downregulation by shSOX-2 markedly impaired the ability 
to develop xenografts (Figure 4I). Moreover, in the two shSOX9-2 
xenografts that developed, the rate of proliferation (assessed by 
Ki67 immunostaining) was decreased compared with the control 
tumor on the opposite flank of the same mouse (Figure 4J).

While these results show that VCaP growth in vitro can be 
decreased by SOX9 shRNA, we and others have not found 
marked effects of ERG RNAi on VCaP growth in vitro (5). This 
may reflect a need to more dramatically deplete SOX9 in order 
to affect growth versus invasion in vitro, as VCaP growth in vitro 
was impaired only by the more efficient shSOX9-1. Consistent 
with this hypothesis, doxycycline induction of SOX9 can partially 
rescue VCaP-toSOX9 cells from the growth-suppressive effects of 
androgen-deprivation VCaP-toSOX9 (which reduces ERG and 
markedly reduces endogenous SOX9) (Supplemental Figure 4G). 
As expected, DHT is more effective, as it clearly stimulates the 

Figure 3
SOX9 mediates increased proliferation and neopla-
sia in mouse prostate. Prostates from 8-month-old 
transgenic mice with the MMTV-driven Flag epitope–
tagged human SOX9 in prostate epithelium on a 
Pten intact background (left panels) or on a Pten+/– 
background (middle panels) were examined. Arrows 
indicate areas of PIN (left panel) and an area that 
appears to be focal invasion (middle panel) shown 
under higher power in the lower panels (stained for 
high molecular weight cytokeratin, 34βE12). Low-
er-power original magnification, ×100; higher-power 
original magnification, ×400. Scale bars: 200 μm. 
Red arrows indicate remaining basal cells in PIN 
lesions (lower left panel) or the area of local invasion 
(lower right panel). Right panels show normal histol-
ogy in age-matched Pten+/– mouse ventral prostate.
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expression of multiple other genes in addition to ERG and SOX9. 
Taken together, these in vitro and in vivo results further support 
the conclusion that SOX9 is a critical mediator of ERG effects in 
TMPRSS2:ERG fusion–positive PCa.

AR directly stimulates SOX9 expression in TMPRSS2:ERG fusion–pos-
itive cells. Since ERG expression in TMPRSS2:ERG fusion–positive 
PCa cells is stimulated by androgen, we initially presumed that 
the DHT-stimulated increase in SOX9 in VCaP cells was second-
ary to the increased expression of ERG (Figure 2). However, the 
rapid induction of SOX9 mRNA and SOX9 protein in response to 
DHT suggested that AR may be directly inducing SOX9 (Figure 
5, A and B). To determine whether the DHT-stimulated increase 
in SOX9 mRNA was mediated by increased ERG protein, we used 
cycloheximide (CHX) to block new protein synthesis. Impor-
tantly, the addition of CHX did not prevent the DHT-stimu-
lated increase in SOX9 mRNA (Figure 5C). As a control for the 
inhibition of protein synthesis, we confirmed that CHX caused 
a rapid decrease in SOX9 protein in DHT-stimulated and control 
cells (Supplemental Figure 5A). Moreover, we found that overex-
pression of full-length ERG or ERG(del1-44), which is expressed 
in VCaP cells, did not increase SOX9 in AR-negative PC3 cells 
(Supplemental Figure 5B). These results indicate that AR may be 
directly stimulating SOX9 expression.

Significantly, examination of available AR ChIP massively par-
allel DNA sequencing (ChIP-seq) data (12, 44, 45) for AR bind-
ing sites within 50 kb of the SOX9 gene transcriptional start site 
revealed a major peak located at approximately 35 kb 3′ of the 
SOX9 gene in VCaP cells that was not present in LNCaP cells (S2 
site, Figure 5D and Supplemental Figure 5C). Conversely, the 
major SOX9 gene–associated AR binding peak in LNCaP cells (S1 
site, located at ~40 kb 5′ of the SOX9 start site) was a very minor 
peak in VCaP cells. Moreover, the S1 peak in LNCaP cells was much 
weaker than the S2 peak in VCaP cells (Figure 5D). Interestingly, 
a portion of the S1 site is highly conserved across 17 vertebrate 

species (Supplemental Figure 5C), although we do not know if this 
is related to AR function at this site. Using AR ChIP and quantita-
tive PCR (qPCR) with S2 site–specific primers, we confirmed the 
marked DHT-stimulated recruitment of AR to this site in VCaP 
cells (Figure 5E). This could be blocked by the AR antagonist Bic, 
which, as reported previously, can more weakly stimulate AR bind-
ing in the absence of androgen. In contrast, there was minimal 
DHT-stimulated AR binding to the S2a and S2b sites flanking the 
S2 site, consistent with the major sharp AR peak observed by ChIP-
seq (Supplemental Figure 5, C and D).

AR binding to the S1 and S2 sites in VCaP versus LNCaP cells 
is compared in detail in Figure 5, F and G, respectively. Weak 
AR binding to the S1 site, which could be modestly increased by 
DHT, was observed in both VCaP and LNCaP cells. Anti-FOXA1 
ChIP showed that FOXA1, which has been previously identified 
as a pioneer transcription factor that is required to initially open 
loci for subsequent AR binding (46), was bound to the S1 sites in 
both cells. Low levels of GATA2, which also associates with AR on 
many AR-regulated genes (46), were present in the LNCaP cells, 
but not in the VCaP cells. Most importantly, DHT did not stim-
ulate recruitment of the p300 coactivator to the S1 site in either 
cell, and modestly decreased p300 binding to the S1 site in LNCaP 
cells. These findings indicate that the weak AR binding to the S1 
site does not stimulate SOX9 expression, but may contribute to 
DHT-mediated SOX9 repression in LNCaP cells.

In contrast to the S1 site, AR binding to the S2 site was dramati-
cally increased by DHT in VCaP cells, but not in LNCaP cells (Fig-
ure 5, F and G, middle panels). Since the AR in LNCaP cells has a 
point mutation in the ligand binding domain (T877A), we also 
examined a stable LNCaP cell line expressing a 3xFlag-tagged wild-
type AR and found that it was similarly recruited to the S1 site 
by DHT, but not to the S2 site (data not shown). Consistent with 
the S2 site functioning as an AR-regulated enhancer in VCaP cells 
and interacting with the promoter, DHT stimulated an associa-
tion between the S2 site and phospho-RNA polymerase II (Figure 
5F, middle panel). FOXA1 binding and DHT-stimulated GATA2 
binding to the S2 site were also observed in the VCaP cells, but not 
in the LNCaP cells. Moreover, DHT stimulated the recruitment 
of p300 to the S2 site in VCaP cells. The DHT-stimulated binding 
of AR, the association with phospho-RNA polymerase II, and the 
recruitment of p300 at the S2 site in VCaP cells were comparable 
to those observed for the major AR-regulated enhancer in the PSA 
gene in both VCaP and LNCaP cells (Figure 5, F and G, bottom 
panels). Finally, using ChIP we found that levels of monomethy-
lated and dimethylated H3K4 (H3K4me1 and H3K4me2), which 
are associated with active enhancers, were higher at the S2 site 
in VCaP cells compared with the S1 site in VCaP cells, and were 
higher than the levels at the S1 and S2 sites in LNCaP cells (Sup-
plemental Figure 5E). Together, these findings indicate that the S2 
site is an AR-regulated enhancer for the SOX9 gene in VCaP cells, 
but not in LNCaP cells.

To assess AR binding to the S2 site in vivo, we performed AR 
ChIP on VCaP xenografts prior to castration and at 4 days after 
castration. Comparable levels of AR were bound to the S2 site 
and to the PSA gene enhancer prior to castration, and AR bind-
ing to both sites was markedly decreased after castration (Sup-
plemental Figure 5F). To evaluate the contribution of the S2 
site to SOX9 expression in CRPC, we also examined a cell line 
(VCS2) generated from a castration-resistant VCaP xenograft 
(45). Basal levels (in steroid-depleted medium) of both PSA and 

Figure 4
SOX9 is a major downstream effector of ERG in TMPRSS2:ERG 
fusion–positive PCa cells. (A) LN-toSOX9 cells treated with DHT and/
or doxycycline (inducing SOX9 expression) were assessed for Matri-
gel invasion. Cells invading through membrane were stained and 
quantified. Images are from a representative experiment, and graph 
represents the mean and SD from 3 independent experiments. (B) 
VCaP-toSOX9 cells (grown in DHT-supplemented medium) treated 
with NTC siRNA, ERG siRNA, or ERG siRNA plus doxycycline were 
immunoblotted as indicated and (C) assessed for invasion. (D) VCaP 
cells with SOX9 shRNA or control shRNA (shNTC) were treated with 
DHT and immunoblotted or (E) assessed for invasion. (F) Effect of 
SOX9 siRNA on PLAT mRNA expression in VCaP cells cultured in 
FBS medium. (G) VCaP-toSOX9 cells (grown in DHT-supplemented 
tetracycline-free medium) treated with nontarget control siRNA, ERG 
siRNA, or ERG siRNA plus doxycycline were analyzed by qRT-PCR. 
(H) VCaP-shSOX9-1 versus control VCaP-shNTC cells were treated 
with DHT for 0, 2, or 5 days, and cell recovery was measured by MTT 
assay. (I) The same number of VCaP-shNTC or VCaP-shSOX9-2 cells 
were injected into the left or right flank of the same mouse. When the 
VCaP-shNTC xenografts reached approximately 1 cm in diameter (~8 
weeks), the mice were sacrificed and tumor volumes were compared. 
Graph shows volume of each VCaP-shSOX9 tumor relative to the cor-
responding control on the opposite flank. (J) IHC for Ki67 in xenograft 
set numbers 1 and 2 (%Ki67+ cells based on 4 random areas). Original 
magnification, ×400. Scale bars: 20 μm. Data in bar graphs represent 
means ± SD of at least 3 biological repeats. dox, doxycycline.
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SOX9 mRNA were higher in the VCS2 cells compared with the 
parental VCaP cells, and could be further elevated by DHT and 
suppressed by Bic (Supplemental Figure 5G). Basal p300 and 
GATA2 binding on the PSA enhancer in VCS2 cells was very 
high, consistent with the substantial basal PSA expression in 
these cells (Supplemental Figure 5H, bottom panels). Similarly 
to VCaP cells, DHT in the VCS2 cells markedly induced AR, 
GATA2, and p300 binding to the S2 site, but not to the S1 site 

(Supplemental Figure 5H). These findings further support the 
conclusion that the S2 site is an AR-regulated enhancer for the 
SOX9 gene in TMPRSS2:ERG fusion–positive PCa.

ERG activates the AR-regulated S2 enhancer in TMPRSS2:ERG 
fusion–positive PCa. We next examined available ERG ChIP-seq 
data in VCaP cells to determine whether ERG may be regulating 
AR binding to the S2 site (12). Significantly, we found a broad 
peak of ERG binding over approximately 2 kb that overlapped 

Figure 5
AR directly regulates SOX9 in VCaP cells through activation of an enhancer in the SOX9 gene. (A) VCaP cells were treated with or without DHT for 
4, 8, or 24 hours and SOX9 mRNA was measured by qRT-PCR. (B) VCaP cells were treated with or without DHT for 4, 8, or 24 hours and SOX9, 
PSA, or β-actin was immunoblotted. (C) VCaP cells were treated with cycloheximide (10 ng/mL) and DHT or vehicle (ethanol), and SOX9 mRNA 
was then measured by qRT-PCR after 0–8 hours. (D) Distinct AR binding sites identified by ChIP-seq and ChIP-chip in LNCaP cells (S1 site) and 
VCaP cells (S2). A peak at S1 in VCaP could also be detected by decreasing the threshold of peak analysis, suggesting that AR binds weakly 
to this site in VCaP cells. (E) VCaP cells were treated with or without DHT and with 10 μM Bic or vehicle control (DMSO) for 4 hours followed by 
AR ChIP and qPCR for the S2 site. (F) VCaP cells were treated with or without DHT for 4 hours followed by AR, FOXA1, active RNA polymerase 
II (phospho-Ser5 on CTD), p300, or GATA2 ChIP and qPCR for the S1 site, S2 site, or PSA enhancer ARE (PSA-ARE3). (G) LNCaP cells were 
treated with or without DHT for 4 hours followed by AR, FOXA1, p300, or GATA2 ChIP and qPCR for the S1 site, S2 site, or PSA enhancer. The 
DHT concentration used in experiments was 10 nM. Data in bar graphs represent means ± SD of at least 3 biological repeats.



research article

 The Journal of Clinical Investigation   http://www.jci.org   Volume 123   Number 3   March 2013 1117

the S2 site (Figure 6A). Using anti-ERG ChIP and qPCR with a 
series of primers targeting S2 and its neighboring sites (S3–S5) 
that cover this approximately 2-kb span, we confirmed ERG 
binding to this region (Figure 6B). We next used ERG siRNA 
to determine whether ERG downregulation altered AR bind-
ing to the S2 site in VCaP cells. Importantly, although we could 
greatly reduce cellular ERG protein levels, ChIP studies showed 
that ERG binding over the S2–S5 region was reduced but not 
eliminated (data not shown). Nonetheless, ERG siRNA reduced 
DHT-stimulated AR binding to the S2 site (Supplemental Figure 
6A), and similarly reduced DHT-stimulated expression of SOX9 
(Supplemental Figure 6B).

As a complimentary approach, we determined whether the 
ERG(del1-44) expressed from the TMPRSS2:ERG fusion in VCaP 
cells is sufficient to confer DHT stimulation of SOX9 expression 
in fusion-negative LNCaP cells. In 2 independent LNCaP cell 
lines expressing a doxycycline-inducible ERG(del1-44) protein 
(LN-toERG-1 and -2), we found that DHT could stimulate SOX9 
mRNA expression (Figure 6C) and protein expression (Supple-
mental Figure 6C), which could be blocked by Bic (Supplemen-
tal Figure 6D). Importantly, this exogenous ERG in LNCaP cells 
was bound to the S2–S5 region identified in the VCaP cells (Fig-
ure 6D). Moreover, the S2 site in the ERG-expressing LNCaP cells 
had increased basal FOXA1 binding prior to DHT stimulation, 

consistent with ERG binding to this site and making it accessible 
to transcription factors (Figure 6E). Finally, DHT strongly stimu-
lated recruitment of AR and p300 to the previously unavailable S2 
site in the ERG-expressing LNCaP cells (Figure 6E). It should be 
noted that LNCaP cells have a distinct gene fusion that results in 
androgen-stimulated overexpression of another ETS factor, ETV1, 
indicating that not all ETS factors can stimulate SOX9 expression. 
Together, these findings demonstrate that ERG increases SOX9 
expression in TMPRSS2:ERG fusion–positive PCa cells by opening 
an AR-regulated enhancer in the SOX9 gene.

Identification of additional ERG-dependent AR-regulated genes in 
TMPRSS2:ERG fusion–positive PCa. Since these data indicated that 
ERG was functioning as a pioneer factor for the AR-regulated S2 
site SOX9 gene enhancer, we hypothesized that ERG expression 
may open cryptic AR-regulated enhancers associated with addi-
tional genes and thereby further reprogram AR transcription in 
TMPRSS2:ERG fusion–positive PCa. As outlined below, to test this 
hypothesis we first sought to identify additional genes (exem-
plified by SOX9) that were androgen stimulated and contained 
unique AR binding sites in VCaP cells compared with LNCaP 
cells. We then assessed whether the unique AR binding sites in 
these genes were associated with ERG binding sites. For this anal-
ysis, we used expression microarray data from androgen-stimu-
lated VCaP cells and LNCaP cells (44, 45). In addition, we used 

Figure 6
ERG activates AR-regulated S2 site enhancer in TMPRSS2:ERG fusion–positive PCa. (A) ERG binding site adjacent to and overlapping the S2 
site. (B) Anti-ERG ChIP confirmed ERG binding to this region (S2, S3, S4, and S5) in VCaP cells. (C) Control LNCaP parental cells (LN-Ctrl) or 
independently derived LNCaP cell lines with doxycycline-inducible ERG expression (LN-toERG-1 or LN-toERG-2) were pretreated with doxycy-
cline (+ dox) for 3 days and then treated with or without 10 nM DHT for 24 hours. SOX9 or ERG mRNA was examined by qRT-PCR. (D) Anti-ERG 
ChIP for ERG binding on the S2 region (S2-5) in ERG-expressing LNCaP cells (LN-toERG-2) versus parental LNCaP cells. (E) LN-toERG-2 or 
LNCaP-Ctrl cells were treated with or without 10 nM DHT for 4 hours followed by AR, FOXA1, p300, or GATA2 ChIP and qPCR for the S2 site. The 
DHT concentration used in experiments was 10 nM. Data in bar graphs represent means ± SD of at least 3 biological repeats.



research article

1118 The Journal of Clinical Investigation   http://www.jci.org   Volume 123   Number 3   March 2013

Figure 7
Identification of additional direct AR-regulated genes associated with TMPRSS2:ERG fusion. (A) Identification of genes that are DHT induced 
with AR binding sites in VCaP cells, but not in LNCaP cells, and have associated ERG binding sites. (B) Quartile plots from Affymetrix arrays 
showing expression of 9 genes from this subset in fusion-positive versus fusion-negative primary PCa (PR) or CRPC bone metastases (B-Met). 
Significant differences are indicated. (C) Five genes were further selected for qRT-PCR analysis in DHT-treated (24 hours) VCaP cells stably 
expressing an NTC shRNA (V-shNTC), ERG shRNA-1 (V-shERG), or LNCaP cells. Androgen stimulation of the control FKBP5 gene, which is 
strongly androgen regulated in LNCaP and VCaP cells, was not significantly altered in the V-shERG versus control V-shNTC VCaP cells. (D and 
E) AR, FOXA1, or ERG binding on the CSGALNACT1-ARE (Supplemental Figure 7C) in VCaP, LN-toERG-2 (with dox), or LNCaP-Ctrl (with dox) 
cells was measured by ChIP-qPCR.
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Three of these 9 genes (CSGALNACT1, ATP7B, and SLC26A2) were 
increased in the fusion-positive primary tumors from the MSKCC 
dataset (Supplemental Figure 7D) (41).

To confirm the ERG-dependent androgen regulation of these 
genes, we selected 5 of the 9 and assessed the effects of ERG 
shRNA on their DHT-stimulated expression in VCaP cells. In all 
cases, qRT-PCR showed low expression in LNCaP cells and con-
firmed that basal and DHT-stimulated expression in VCaP cells 
was markedly diminished by ERG shRNA, while expression of a 
gene that is strongly androgen stimulated in VCaP and LNCaP 
cells (FKBP5) was not markedly altered (Figure 7C). Since CSGAL-
NACT1 expression was strongly correlated with TMPRSS2:ERG 
fusion in both clinical datasets, we further assessed DHT-stimu-
lated recruitment of transcription factors to its AR binding site 
in VCaP and LNCaP cells. As observed for SOX9, FOXA1 was con-
stitutively associated with the CSGALNACT1 AR binding site in 
VCaP cells (Figure 7D) and in LNCaP cells stably expressing ERG 
(LN-toERG-2, Figure 7E), as well as DHT-stimulated AR binding 
to this site, while neither FOXA1 nor AR were bound to this site in 
control LNCaP cells (Figure 7E). Finally, DHT strongly stimulated 
CSGALNACT1 mRNA expression in LNCaP cells expressing ERG, 
but not in control LNCaP cells, and this expression was blocked 
by Bic (Supplemental Figure 7E). Overall, this genome-wide study 
shows that ERG allows AR to bind and transactivate a series of 
genes in TMPRSS2:ERG fusion–positive PCa that are not AR regu-
lated in fusion-negative tumors.

Discussion
Approximately half of PCa cases express the AR-driven TMPRS-
S2:ERG-fusion gene, but the downstream targets of ERG that con-
tribute to PCa remain to be established. We found that increased 
SOX9 expression was correlated with TMPRSS2:ERG fusion in 3 
independent PCa cohorts, and confirmed the ERG-dependent 
expression of SOX9 in TMPRSS2:ERG-positive VCaP cells. We fur-
ther demonstrated that ERG regulates SOX9 indirectly by func-
tioning as a pioneer factor to open a cryptic AR-regulated enhancer 
in the SOX9 gene, and that ERG can similarly redirect AR to a series 
of other genes. SOX9 expression in fetal prostate is required for 
ductal morphogenesis, and its aberrant expression has been linked 
to a number of cancers including PCa. We confirmed that SOX9, 
similarly to ERG, stimulates tumor invasion and can drive neopla-
sia when overexpressed in mouse prostate. Moreover, we showed 
that SOX9 RNAi impairs ERG-mediated tumor invasion and sup-
presses tumor growth in vitro and in vivo. Taken together, these 
studies reveal a molecular mechanism through which ERG func-
tions to redirect AR to a series of genes including SOX9, and show 
that SOX9 is a major downstream effector of both AR and ERG in 
TMPRSS2:ERG fusion–positive PCa.

Significantly, primary PCa is characterized by increased for-
mation of glands that lack basal cells and may have well-formed 
lumens (Gleason pattern 3) or ill-defined lumens (Gleason pattern 
4), which is very reminiscent of developing prostate. Therefore, we 
further suggest that one function of aberrant ERG and AR-driven 
SOX9 expression is to reactivate the prostate ductal morphogene-
sis program that SOX9 normally regulates during prostate devel-
opment. However, additional functions of SOX9 related to the 
maintenance of stem/progenitor pools are also likely to contribute 
to PCa development or progression. Finally, it should be empha-
sized that the functions of SOX9 expressed in adult prostate basal 
cells are not known, but SOX9 may contribute to the expression 

published ChIP microarray technology (ChIP-chip) and ChIP-seq 
data identifying AR binding sites in DHT-treated LNCaP and 
VCaP cells, and ERG binding sites in VCaP cells (12, 44, 45).

Using the VCaP microarray expression data, we initially identi-
fied 471 genes as being androgen stimulated (greater than 2-fold, 
AR-activated genes) in VCaP cells (Figure 7A). Among these 471 
genes, the VCaP AR ChIP-seq data showed that 274 (58%) had AR 
binding sites within 50 kb of their transcription start sites (versus a 
background of 37% of all genes in these cells having an AR binding 
site within 50 kb), consistent with them being directly regulated by 
AR (Supplemental Figure 7A). Of these 274 genes that appeared to 
be AR regulated in VCaP cells, analysis of the microarray expres-
sion data in LNCaP cells showed that 75 genes had less than a 50% 
expression level in LNCaP cells versus VCaP cells, and were not 
DHT induced in LNCaP cells (less than 1.5-fold induction). Com-
parison of the AR ChIP-chip and ChIP-seq data in LNCaP cells 
versus VCaP cells then showed that 66 of these 75 genes had AR 
binding sites in VCaP cells that were not present in LNCaP cells.

Significantly, using the VCaP ERG ChIP-seq data, we then found 
that ERG binding sites were located within 20 kb of the AR site in 
56 of these 66 genes (Figure 7A). Forty of these 66 genes (61%) have 
ERG binding sites within 1 kb of the AR binding sites. By com-
parison, among the total set of 274 AR-regulated genes in VCaP 
cells, only 97 genes (35%) have ERG binding sites within 1 kb of 
the AR binding sites, indicating that these VCaP-specific AR bind-
ing sites are further enriched for ERG binding. The VCaP-specific 
AR-regulated genes with closely associated ERG and AR binding 
sites (within 4 kb) are listed in Table 1.

Gene ontology analysis of these genes revealed only a weak overall 
association with secretion (Supplemental Figure 7B). To identify 
genes in this group that may be clinically significant, we assessed 
their expression in TMPRSS2:ERG fusion–positive versus TMPRS-
S2:ERG fusion–negative primary PCa and CRPC bone metastases 
(40). In addition to SOX9 (Figure 1), 9 of these genes were increased 
in TMPRSS2:ERG fusion–positive PCa primary tumors (PR) or bone 
marrow metastases (B-Met) (Figure 7B). AR and ERG binding sites 
for these 9 genes are shown in Supplemental Figure 7C. However, 
these genes were also not strongly associated with specific path-
ways (Supplemental Figure 7B, right panel), and none were signifi-
cantly increased in both the primary and metastatic CRPC tumors. 

Table 1
List of ERG-dependent AR-activated genes

AGR2 GAS2L1 PPIB
ANXA2 GIPC1 PPM1B
ASRGL1 GNE RABAC1
ATP7B HMGCS2 RAP1GAP
CDK2AP2 KCNH2 SCRG1
CMTM8 KCTD3 SLC1A5
CORO2A STYK1 SLC26A2
CSGALNACT1 KRT19 SLC27A3
DPP3 LAT2 SLC2A10
EPDR1 LIPG SOX9
FAM13C METRNL TESC
FKBP1B MYOF TMEM8
FXYD3 OCEL1 

VCaP-specific AR-regulated genes with ERG binding site located within 
4 kb of the AR binding site.
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Methods
Cell culture and xenografts. LNCaP cells were cultured in RPMI-1640 with 
10% FBS. VCaP cells were cultured in DMEM with 10% FBS, and VCS2 
cells were cultured in DMEM with 8% charcoal-dextran–stripped serum 
(CSS) and 2% FBS (HyClone). The LN-toERG cell lines were generated by 
transfecting the pTET-Splice/ERG vector into a LNCaP clone carrying 
the pcDNA6/TR, followed by selection (34). pTET-Splice/ERG vector was 
made by inserting the HA-del 1-44 ERG coding fragment between the Sal1-
SpeI sites of the pTET-Splice vector. The VCaP-toSOX9 cell line was gener-
ated by infection of lentivirus generated with the pLVX-Tet-On Advanced 
system (Clontech, in which a 3xFlag-SOX9 fragment was cloned between 
the BamHI and EcoRI sites of pLVX-Tight-Puro vector). The tet-inducible 
cells were maintained in RPMI-1640 with 10% tetracycline-free FBS. For 
androgen stimulation assays, cells were grown to 50%–60% confluence in 
medium with 5% CSS for 3 days prior to treatment. Cells were stimulated 
with 10 nM DHT unless otherwise indicated. VCaP xenografts were estab-
lished in the flanks of male SCID mice by injecting approximately 2 mil-
lion cells in 50% Matrigel.

RT-PCR, immunoblotting, and IHC. Quantitative real-time RT-PCR 
amplification was performed with Taqman 1-step RT-PCR reagents 
and results were normalized to coamplified 18S RNA or GAPDH. Data 
shown are representative of at least 3 experiments. Primers and probes 
are listed in Supplemental Materials. Proteins were extracted by boiling 
for 15 minutes in 2% SDS and detected by blotting with anti-ERG (Santa 
Cruz Biotechnology), anti-PSA (BioDesign), anti-AR (Upstate USA), 
anti-SOX9 (34), anti-β-actin (Abcam), or anti-β-tubulin (Upstate USA). 
Gels shown are representative of at least 3 independent experiments. 
Paraffin sections underwent antigen retrieval and were then blocked 
using 5% goat serum and avidin-blocking solution (Vector Laboratories). 
Anti-AR, anti-ERG (Santa Cruz Biotechnology), anti-SOX9, anti-FLAG 
(Sigma-Aldrich), or anti-Ki67 (Dako) were then added overnight at 4°C, 
followed by biotinylated secondary antibody and streptavidin-HRP (Vec-
tor Laboratories). Sections compared in each figure were stained at the 
same time and photographed under identical conditions.

SOX9 IHC and ERG fusion status in PCa tissue microarrays. IHC was per-
formed on tissue microarrays (TMAs) created from prostatectomy sam-
ples among men with prostate cancer in the Physicians’ Health and Health 
Professionals Follow-up Studies tumor cohort as described in detail in 2 
recent publications (42, 48). IHC was performed on 5-micron sections of 6 
TMAs using the SOX9 antibody as described above. The immunostained 
TMAs were then scanned and quantitatively scored using the Ariol SL-50 
system (Genetix, Molecular Devices), after the areas of tumor were identi-
fied and electronically circled by a study pathologist (X. Yuan). Scores were 
generated using the MultiStain assay, providing areas of staining per cell 
(area_score), intensity of staining (intensity_score), and a combination of 
the two to produce a logarithmic score with an approximately normal dis-
tribution (addscore). The TMPRSS2:ERG fusion status of the TMA samples 
was determined by IHC using the ERG antibody (43). A 2-tailed Student’s 
t test was used to compare mean SOX9 expression in fusion-positive and 
-negative PCa.

ChIP. Dispensed cells or xenograft tissues were formalin fixed, lysed, 
and sonicated to break the chromatin into 500–800 bp fragments. Anti-
AR, anti-p300, anti-OCT1, anti-GATA2, anti–RNA polymerase II, rabbit 
or mouse IgG (Santa Cruz Biotechnology), anti–RNA polymerase II CTD 
repeat (phospho Ser5), or anti-FOXA1 (Abcam) were used to precipitate 
chromatin fragments from cell extracts. Real-time qPCR was used to ana-
lyze binding to the SOX9-TSS, S1-S5 sites, and androgen-responsive ele-
ments (AREs) in the PSA enhancer (ARE3) or TMPRSS2 enhancer (14 kb 
upstream). The primers are listed in the Supplemental Information. We 
used real-time qPCR (SYBR Green) to amplify the DNA fragment in the 

of paracrine factors that support the luminal epithelium. In this 
case, ERG and AR-mediated SOX9 expression in PIN lesions may 
stimulate the autocrine production of these factors, and thereby 
permit the loss of basal cells that is a defining feature of PCa. Fur-
ther studies are clearly needed to define the precise sets of SOX-
9-regulated genes that contribute to fetal prostate development, 
adult basal cell functions, and PCa.

Although these data reveal that ERG opens a cryptic AR- 
regulated enhancer in the SOX9 gene, the precise mechanisms 
through which this occurs and the roles of other proteins includ-
ing FOXA1 remain to be precisely defined. A straightforward 
model is that ERG binding directly or indirectly increases local 
H3K4 methylation and subsequent binding of FOXA1, which 
then facilitates androgen-stimulated binding of AR. However, 
while FOXA1 can interact with AR and functions as a pioneer 
factor for AR binding to other enhancers, further RNAi stud-
ies are needed to determine whether AR binding to this site is 
dependent on FOXA1 or is facilitated by interactions with other 
proteins including ERG. Further studies are also needed to char-
acterize the interaction between the S2 site and the SOX9 pro-
moter, and specifically to determine whether the interaction is 
mediated by an AR-stimulated chromatin looping mechanism, 
as has been shown for other AR-regulated enhancers.

Substantial overlap between AR and ERG binding sites was 
also observed in a recent study. However, that study found that 
ERG was functioning to repress AR transcriptional activity at 
these sites, as well as to directly decrease expression of the AR 
gene (12). Our data are not inconsistent with this previous study, 
as we have not examined the effects of ERG on genes that are 
normally strongly stimulated by androgens. Moreover, they are 
not inconsistent with the hypothesis that ERG may stimulate 
tumor growth in part by repressing AR activity on a subset of AR- 
regulated genes. However, while this mechanism may contribute 
to tumor progression, we suggest that the ERG-mediated redi-
rection of AR, rather than the suppression of AR, makes a more 
significant contribution to tumor initiation in TMPRSS2:ERG 
fusion–positive PCa.

In contrast to PCa cells expressing ERG, androgen repressed 
the low basal expression of SOX9 in LNCaP cells. Consistent 
with this result, a previous study found that castration increased 
SOX9 expression in murine prostate epithelium (36). Our data 
indicate that AR binding to the S1 site may mediate this repres-
sion, but more studies are needed to determine the role of this 
site in the response to androgen. In any case, the evolution-
ary conservation of the S1 site suggests a significant role for 
this region in regulating SOX9 expression. Indeed, it should 
be emphasized that additional mechanisms may drive SOX9 
expression in TMPRSS2:ERG fusion–negative PCa, and may 
further modulate its expression in fusion-positive PCa. Inter-
estingly, among these other mechanisms are the Wnt/β-catenin 
and receptor tyrosine kinase/MAP kinase pathways (24, 29, 47). 
Therefore, higher levels of SOX9 expression (above the AR- and 
ERG-stimulated levels in fusion-positive tumors or above the 
lower basal levels in fusion-negative tumors) may be a biomarker 
for the activation of additional pathways that can drive PCa 
progression through SOX9-dependent and -independent mech-
anisms. Further studies of mechanisms controlling SOX9 and 
identification of the downstream genes it regulates should pro-
vide new therapeutic targets, which may be particularly relevant 
to TMPRSS2:ERG fusion–positive PCa.
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Affymetrix gene expression data (accession number GSE32344); and the 
results of the ChIP-seq analysis for AR binding in VCaP cells (accession 
number GSE32345).

Statistics. Data in bar graphs represent means ± SD of at least 3 biolog-
ical repeats. Statistical analysis was performed by a 2-tailed Student’s  
t test. *P < 0.05; **P < 0.01 versus control values. P < 0.05 was considered 
statistically significant.

Study approval. The analyses of deidentified human tissue samples for 
gene expression were approved by the Beth Israel Deaconess Medical Cen-
ter’s IRB. The development and analyses of genetically modified mice 
described in the manuscript were approved by the IACUC of Beth Israel 
Deaconess Medical Center.
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antibody-precipitated DNA and the unprecipitated input DNA to calculate 
ΔCT values. The relative quantity (RQ) value (RQ = 2–ΔCT) represented the 
precipitated DNA relative to input. Results are represented as mean ± STD 
for replicate samples. Data are representative of at least 3 experiments.

ChIP-seq. ChIP-seq assay was performed in VCaP cells treated with DHT 
for 4 hours. ChIP-seq library construction for AR was performed as pre-
viously described (44), and the libraries were sequenced to 35 bp with the 
Illumina Genome Analyzer. Significantly (P < 1 × 10−15) enriched regions 
were detected with MACS software using default parameters.

Cell proliferation and invasion assays. Cell growth was examined using the 
MTT assay (Sigma-Aldrich). Cell invasion was measured using the Cell 
Invasive Assay Kit from Chemicon following the manufacturer’s protocol. 
Briefly, cell suspensions in an upper chamber containing 800,000 cells/
ml in serum-free medium were treated with or without 10 nM DHT and 
then monitored for invasion into a lower chamber containing RPMI-
1640 medium with 10% FBS. After 72 hours of incubation at 37°C, cells 
attached to the membrane of the lower chamber were stained.

Transgenic mice. A 3xFlag-SOX9 cDNA fragment was cloned into the Hind 
III-EcoRV site of the pTet-Splice vector, which contains 7 copies of the tet 
operator (TetO; Invitrogen). To generate TetO-SOX9 transgenic mice, the 
Xho I-Not I fragment containing the TetO-3xFlag-SOX9 and SV40 intron/
polyadenylation signal was gel purified and microinjected into the pronu-
clei of fertilized mouse eggs at the Beth Israel Deaconess Transgenic Core 
Facility. The MMTV-tTA mice (49) were provided by M. Kelliher (University 
of Massachusetts Medical School, Worcester, Massachusetts, USA). The 
Pten+/– mice (C57Bl/6 background) were provided by P. Pandolfi (50). The 
combined Pten+/– transgenic mice overexpressing SOX9 were on a mixed 
C57Bl/6 and FVB background.

Data deposits. The following have been deposited in the Gene Expression 
Omnibus database: PCa tissue Affymetrix gene expression microarray data 
(Gene Expression Omnibus accession number GSE32269); VCaP cell line 
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