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ABSTRACT

Progression of prostate cancer (PC) to castration-recurrent growth (CRPC) 
remains dependent on sustained expression and transcriptional activity of the 
androgen receptor (AR). A major mechanism contributing to CRPC progression is 
through the direct phosphorylation and activation of AR by Src-family (SFK) and 
ACK1 tyrosine kinases. However, the AR-dependent transcriptional networks activated 
by Src during CRPC progression have not been elucidated. Here, we show that 
activated Src (Src527F) induces androgen-independent growth in human LNCaP cells, 
concomitant with its ability to induce proliferation/survival genes normally induced by 
dihydrotestosterone (DHT) in androgen-dependent LNCaP and VCaP cells. Src induces 
additional gene signatures unique to CRPC cell lines, LNCaP-C4-2 and CWR22Rv1, 
and to CRPC LuCaP35.1 xenografts. By comparing the Src-induced AR-cistrome and/
or transcriptome in LNCaP to those in CRPC and LuCaP35.1 tumors, we identified an 
11-gene Src-regulated CRPC signature consisting of AR-dependent, AR binding site 
(ARBS)-associated genes whose expression is altered by DHT in LNCaP[Src527F] but 
not in LNCaP cells. The differential expression of a subset (DPP4, BCAT1, CNTNAP4, 
CDH3) correlates with earlier PC metastasis onset and poorer survival, with the 
expression of BCAT1 required for Src-induced androgen-independent proliferation. 
Lastly, Src enhances AR binding to non-canonical ARBS enriched for FOXO1, TOP2B 
and ZNF217 binding motifs; cooperative AR/TOP2B binding to a non-canonical ARBS 
was both Src- and DHT-sensitive and correlated with increased levels of Src-induced 
phosphotyrosyl-TOP2B. These data suggest that CRPC progression is facilitated 
via Src-induced sensitization of AR to intracrine androgen levels, resulting in the 
engagement of canonical and non-canonical ARBS-dependent gene signatures.

INTRODUCTION

Prostate cancer (PC) is the second highest 
contributor to cancer-related deaths in U.S. men. Based 
on the critical role played by the androgen receptor (AR) 
as a transcriptional regulator of survival and proliferation 

genes in prostate cells, androgen-deprivation therapy 
(ADT), using AR antagonists or orchiectomy, has been 
highly successful in providing palliative benefit even 
in the setting of androgen-dependent (AD) metastatic 
disease. However, a significant portion of these men fail 
ADT after several years, resulting in castration-recurrent 
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metastatic disease (mCRPC) that typically arises in the 
bone and lymph nodes, and that is largely driven by 
continued, often upregulated AR signaling [1, 2]. Indeed, 
higher levels of AR are thought to sensitize metastatic 
cells to low intracrine androgen levels expressed by 
tumor cells [3]. Second-generation AR antagonists, such 
as Enzalutamide (ENZ), have shown significant, yet non-
durable benefit to some, but not all mCRPC populations 
[4, 5]. Interestingly, most cases of ENZ-resistant mCRPC 
exhibit either increased levels of wtAR, or the expression 
of ligand-independent AR mutants (e.g.- ARF876L) or 
splice variants (e.g.- AR-V7)[6, 7, 8, 9, 10, 11, 12]. 
Although some non-AR bypass mechanisms have been 
described [13], these data strongly suggest continued AR-
dependence in mCRPC.

Several mechanisms have been described that 
facilitate AR activation in mCRPC following ADT failure. 
These include: i) AR mutations (primarily in the ligand-
binding domain) that increase binding for non-androgen 
agonists [14], ii) AR stabilization [15], iii) induction of AR 
co-regulators [16] and iv) post-translational modification 
[14]. These changes are thought to facilitate AR-driven 
tumor progression in response to the post-castration 
expression of low levels tissue androgens [17]. Compared 
to AD-PC, mCRPC tissues exhibit increased protein 
tyrosine phosphorylation levels [18]. This correlates 
with increased activation levels of non-receptor tyrosine 
kinases, such as Src-family members (SFK) and ACK1 
[19, 20, 21, 22, 23], presumably activated downstream 
of receptor tyrosine kinases, such as MET [24], KIT [25] 
and the EGFR family [26, 27], known to be activated 
in CRPC. Several SFK members, especially Fyn, and 
ACK1 are overexpressed in CRPC compared to primary 
PC tissues [2, 28], and these levels correlate with poorer 
prognosis [29]. Importantly, SFK and ACK1 can directly 
phosphorylate AR on Ty534 and Tyr267, respectively, 
thereby promoting CRPC growth in vitro and in vivo [30, 
23, 31, 2]. Indeed, SFK or ACK1 antagonists suppress 
CRPC progression in mouse tumor models [32, 33, 34, 
31, 35, 36]. Taken together, these data strongly suggest 
that SFK or ACK1 antagonists might potentiate the 
clinical effect of ENZ in mCRPC cases. However, the 
use of SFK inhibitors such as Dasatinib, Saracatinib, 
KXO1 or Bosutinib, have had mixed clinical results on 
disease-free progression as monotherapies [37, 38, 39, 40, 
41] or in combination with docetaxel [42] or a VEGFR 
inhibitor [43]. Nonetheless, there is evidence that several 
of these agents reduce bone turnover markers in patients 
with pre-existing bone metastases [44, 45], suggesting that 
targeting SFK in combination AR antagonists such as ENZ 
may show clinical efficacy.

Here, we dissected the transcriptional programs 
by which activated Src (Src527F) could induce CRPC 
progression. Specifically, we performed transcriptome 
and AR cistrome analyses to determine how 
dihydrotestosterone (DHT) and/or Src527F affected the 

expression of AR-dependent and –independent genes 
associated with CRPC progression. To this end the 
transcriptomes and cistromes were compared to those 
produced previously on human CRPC tumors [46], as well 
as those we produced on human AD (VCaP) and CRPC 
cell lines (CWR22Rv1 and LNCaP-C4-2), and on AD and 
CRPC human LuCaP35.1 xenografts. Our data indicate 
that in the absence of DHT, Src can trigger an extensive 
set of AR-dependent genes normally induced by DHT. 
However, we identified two other Src-driven gene groups 
that correlate with CRPC progression: i) Src-regulated 
genes normally not responsive to DHT, yet dependent 
on AR, and ii) differentially-expressed genes enriched in 
CRPC tumors and cell lines that can be regulated by Src in 
the absence of DHT. We identify an 11-gene Src-regulated 
CRPC driver signature, a subset of which correlates with 
earlier metastatic onset. Lastly, in addition to known 
androgen-response element (ARE) motifs, several Src-
induced non-canonical AR binding sites were identified 
that share binding motifs for FOXO1, topoisomerase IIβ 
(TOP2B) and ZNF217. The upregulation of TOP2B and 
ZNF217, and the downregulation of FOXO1, correlated 
with earlier metastatic recurrence and poorer survival 
in CRPC patients. Taken together, these data strongly 
suggest that Src directs CRPC progression by activating 
canonical and non-canonical AR-dependent transcriptional 
programs. These results also suggest that progression to 
CRPC should be sensitive to combining AR antagonists 
with SFK/ACK1 kinase inhibitors.

RESULTS

Src induction of androgen independence 
requires AR

A hallmark of prostate cancer progression is 
its initial dependence on androgens for proliferation, 
followed by a transition to castration-recurrent growth 
in the absence of serum levels of androgens such as 
testosterone or DHT [47]. Previous data indicated that 
activation of Src, which is found in CRPC cell lines 
and human tumors, induces CR growth, likely through 
the direct phosphorylation and activation of AR [2]. 
Consistent with this, the addition of 1 or 10 nM DHT 
induced the in vitro proliferation of LNCaP, VCaP and 
CWR22Pc human PC cell lines, whereas incubation 
of these cells in androgen-free conditions (“control”) 
either caused growth-arrest or cell death (Figure 1A-
1C). In contrast, expression of activated Src527F induced 
androgen-independent growth (Figure 1D), consistent with 
a previous report [31]. Moreover, LNCaP[Src527F] cells, 
but not the CRPC line, CWR22Rv1 (Figure 1E), retained 
a small but significant responsiveness to 10 nM DHT. This 
is consistent with the notion that some CRPC cell lines 
and tumors, though able to grow in the absence of castrate 
androgen levels, remain androgen-responsive [47]. We 
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also confirmed that LNCaP[Src527F] cells expressed high 
levels of autophosphorylated Src, SrcpoY416 (Figure 1G), 
previously shown to act as a surrogate marker for Src 
kinase activation levels [48].

A mechanism proposed previously for Src to 
activate androgen-independence was through the direct 
phosphorylation of AR at Y534 [30, 31, 32, 33]. Thus, 
we determined whether Src activation levels correlated 
with changes in ARpoY534 levels. The addition of androgen-
depleted FBS (charcoal-treated) to LNCaP cells grown in 
androgen deprived conditions resulted in the induction of 
Src activation as well as an increase in relative ARpoY534 
levels (Figure 1H). This agrees with previous data showing 
the ability of growth factors such as EGF to induce ARpoY534 

levels in LNCaP cells [31]. The high basal Src activation 
levels found in LNCaP[Src527F] cells could be blocked by the 
tyrosine kinase inhibitor, Dasatinib, and this correlated with 
a decrease in relative ARpoY534 levels. Based on previously 
data showing that i) AR could also be activated through 
the direct phosphorylation on Y267 by the non-receptor 
ACK1 tyrosine kinase [23] and ii) that Src can activate 
ACK1 [49], we produced an AR-GFP construct containing 
Y→F mutations at residues Y267 and Y534, and then 
produced LNCaP[Src527F] cells that stably expressed wtAR 
or ARY267,534F (Figure 1I). In contrast to vector- or wtAR-
expressing LNCaP[Src527F] cells, the ectopic expression 
of ARY267,534F blocked androgen-independent proliferation 
(Figure 1F), even though it is much less abundant than the 

Figure 1: Src-induced androgen-independent growth requires AR tyrosine phosphorylation. The proliferation of AD 
human PC cell lines, LNCaP A., VCaP B. and CWR22Pc C., LNCaP[Src527F] cells D., and the CRPC cell line, CWR22Rv1 E., was  
assessed (as described in Materials and Methods) in androgen-deprived conditions (Control) vs. DHT treatment (1, 10 or 100 nM). The 
proliferation of LNCaP[Src527F] cells transduced with empty vector, wt-AR or ARY267,534F was assessed in the presence of 1 nM DHT  
F. Error bars indicate mean ± SEM. Immunoblots showing total or active (SrcpoY416) in LNCaP or LNCaP[Src527F] cells G., the effect 
of serum (10% FBS) or Dasatinib (100 nM) on relative Src activation and ARpoY534 levels LNCaP or LNCaP[Src527F] cells H., and the  
stable expression of ectopic AR-GFP alleles in LNCaP[Src527F] cells, compared to parental AR-positive LNCaP, AR-deficient PC-3, or 
transiently transfected LNCaP cells (“TX”) I. GAPDH blots were used as protein-loading controls. These blots are representative of at least 
three independent experiments each.
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endogenous AR (Figure 1I). This may be due to its ability 
to multimerize with endogenous AR, thereby inhibiting 
proliferative gene expression. Taken together, these data 
strongly suggest that Src can induce androgen-independent 
AR activation through AR tyrosine phosphorylation. 
Importantly, androgen-independent growth of LNCaP was 
AR-dependent because the shRNA-mediated depletion of 
AR (Supplementary Figure 1A) prevented proliferation of 
LNCaP[Src527F] cells in ADM conditions (Supplementary 
Figure 1B).

Src induces genes normally DHT-regulated in 
androgen-dependent PC cell lines

It is well accepted that androgens activate AR by 
inducing its nuclear translocation and subsequent function 
as a transcriptional regulator [16, 50]. Therefore, it is 
likely that Src can induce sufficient amounts of the AR 
transcriptional program normally induced by androgens 
in order to facilitate cell proliferation. In order to address 
this, we subjected LNCaP and LNCaP[Src527F] cells  

grown in the presence or absence of 10 nM DHT to AR 
cistrome analysis. We first performed comparative RNA-
seq analysis, and included the androgen-responsive cells 
line, VCaP. Based on the work of Zhao et al [51], who 
showed that most androgen-regulated genes in LNCaP 
started to show expression changes at 6h, but peaked at 
24h, we harvested RNAs for RNA-seq after 24h of DHT 
treatment (in androgen-depleted media), whereas AR-
ChIP-seq analyses were performed on cells treated for 
16h with DHT. All the library reads showed from 94.62 to 
98.32% efficiency in calling correct bases, and additionally,  
the libraries yielded statistically similar Fragments Per 
Kilobase of transcript per Million (FPKM) mapped reads 
(Supplementary Figure 1C&1D), indicating comparable 
library sequencing/reading efficiencies. Interestingly, 
whereas DHT induced more gene upregulation in both 
LNCaP and VCaP, the expression of activated Src in 
the absence of DHT induced more gene downregulation 
compared to levels in DHT-treated LNCaP cells (Figure 
2A and 2B). VCaP cells, which were derived from a 
CRPC metastatic lesion [52], also exhibited more gene 

Figure 2: Gene expression trends induced by DHT or Src: Src downregulates whereas DHT upregulates. A. Volcano plots 
comparing significantly up- (right arm) and downregulated (left arm) genes between PC cell lines +/- DHT. B. Comparison of differential 
gene expression levels with gene frequency, to assess the effects of DHT in LNCaP (top panel) or Src vs. DHT-regulated genes in LNCaP. 
C. Among the 15 most DHT-regulated genes shared in LNCaP and VCaP cells, several (§) were identified in the Androgen Responsive 
Gene Database (http://argdb.fudan.edu.cn/) or were shown to be differentially expressed in prostate cancer compared to control tissues in 
Oncomine studies (http://www.oncomine.org).



Oncotarget10328www.impactjournals.com/oncotarget

downregulation in the absence of DHT when compared 
to levels in DHT-treated LNCaP cells (Figure 2A). We 
also were able to identify a significant number of genes 
induced by DHT in both LNCaP and VCaP (Figure 2C),  
whose DHT-induced expression was confirmed by qRT-
PCR (Supplementary Figure 2A). A list of the most 
significantly expressed DHT-induced genes (Figure 
2C) shows that many were identified previously in the 
Androgen Responsive Gene Database (argdb.fudan.
edu.cn/) or differentially regulated in studies comparing 
prostate cancer to normal tissue (www.oncomine.org).

We next used qRT-PCR (as described in 
Materials and Methods, using primer sets described 
in Supplementary Table 1) to address whether a well- 
defined set of androgen-regulated genes, TMPRSS2, PSA 
(KLK3) and AR, could be regulated by the expression of 
activated Src. TMPRSS2 and PSA expression, known to be 
induced by DHT in androgen-responsive PC cells [53, 54], 
was induced by activated Src, and this activation could be 
abrogated by Dasatinib treatment (Figure 3A). Moreover, 
10 nM DHT treatment did not significantly alter TMPRSS2 

or PSA expression in LNCaP[Src527F] cells (Figure 3A), 
suggesting that Src-induces maximal AR activation in 
regards to these genes. In contrast, AR transcript levels, 
known to be downregulated in LNCaP by androgens 
[55], were downregulated by activated Src (Figure 3A). 
The finding that neither Dasatinib nor DHT reversed the 
downregulation of AR mRNA by Src strongly suggests 
that unlike the effects on TMPRSS2 and PSA by Src, the 
effect on AR transcript levels is neither Src kinase nor 
AR-ligand dependent. The latter finding agrees with data 
showing that AR downregulation in this context involves 
the recruitment of the LSD1 demethylase to a novel AR 
binding site [56].

We then determined whether the ability of Src to 
regulate PSA transcription was due to increased AR 
binding to a well-described androgen-response element 
(ARE) in the PSA enhancer region [57]. In contrast to 
LNCaP and VCaP cells, where DHT induces AR binding 
to the PSA enhancer ARE, Src induced high levels of AR 
binding in the absence of DHT, and furthermore, DHT 
did not statistically enhance AR binding (Figure 3B).  

Figure 3: Src controls the expression of AR-dependent genes in a DHT-independent manner. A. Measurement by qRT-
PCR of TMPRSS2, KLK3(PSA) and AR in LNCaP or in LNCaP[Src527F] treated for 24h with vehicle (1% DMSO), Dasatinib (100 nM)  
or DHT (1 nM). B. ChIP assays on PC cells treated with vehicle or 10 nM DHT for 16h, using primers specific for the PSA enhancer (+) 
or a non-ARE PSA site (-), and AR-specific Ab vs. control IgG, as described in Materials and Methods. Error bars, mean +/- SEM from 3 
independent experiments. N.S., not significant.
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Indeed, Src-induced AR binding was identified at the 
TMPRSS2 promoter and the KLK3 enhancer, neither of 
which was enhanced by addition of DHT (Supplementary 
Figure 2B). These data are also consistent with the 
findings of Asim et al. [58] showing the requirement for 
Src kinase activity for the ligand-independent occupation 
by AR at the PSA enhancer ARE in the CRPC variant 
of LNCaP, C4-2 cells [59]. Src alone was able to induce 
NKX3-1 expression (Supplementary Tables 6 and 9),  
and as well, was able to induce AR binding to the enhancer 
ARE in NKX3-1 (Supplementary Figure 9A), whereas 
DHT suppressed NKX3-1 expression and AR binding. 
In contrast, Src alone failed to induce AR binding to the 
FKBP5 enhancer (Supplementary Figure 9B). Altogether, 
these findings suggest that Src can promote ligand-
independent AR-mediated transcription, consistent with 
previously described AR activity in CRPC [60], although 
this was not universal for all DHT-regulated genes.

A comparison of the transcriptomes from (LNCaP 
+/- DHT, or VCaP +/- DHT) vs. LNCaP[Src527F] cells 
was performed to identify Src-induced genes typically 
induced by DHT in LNCaP (Tables 1, Supplementary 
Table 2-10). This analysis identified 11 genes shared 
by the (LNCaP + DHT) vs. LNCaP[Src527F] cells,  
compared to 116 or 274 genes uniquely regulated by Src 
or DHT, respectively (Figure 4A, Table 1, Supplementary 
Table 8). Amongst the genes commonly regulated by 
DHT or Src (Figure 4B), four of the highest upregulated 
genes included those encoding three small nucleolar 
RNAs (SNORD104, SNORD1C and SNORA24) and 
Synaptotagmin IV (SYT4). Upregulation of several 
members of the so-called C/D-box small nucleolar 
RNA family have recently been shown to correlate 
with malignancy progression in prostate cancer [61]. 

Five of the most downregulated genes included those 
encoding calcium/calmodulin-dependent protein kinase 
II inhibitor-1 (CAMK2N1), STAC, Sucrase-isomaltase 
(SI), Butyrylcholinesterase (BCHE), NOV, and the Opioid 
receptor, kappa-1 (OPRK1). CAMK2N1, whose transcript 
levels are increased in primary PC yet downregulated in 
CRPC [62, 63] and whose downregulation predicts poor 
clinical outcome [64], encodes functions that suppress 
tumor invasiveness [65] and androgen-independent 
proliferation [66]. SI is downregulated in LNCaP cells 
overexpressing the AR co-activator, MED1 [67]. Battisti 
et al. [68] showed that serum BCHE levels decreased 
progressively in prostate cancer, and even more in patients 
with bone metastases, compared to control groups, and 
moreover, these decreased BCHE levels correlated with 
decreased biochemical recurrence-free survival [69]. The 
NOV gene, known to be transcriptionally downregulated 
by activated Src [70] and by a direct interaction between 
AR and the transcriptional repressor, EZH2, on the NOV 
promoter [71], may play a paradoxical role in promoting 
PC metastasis based on findings that its increased 
secretion by CRPC cells induces greater infiltration of 
pro-metastatic M2 macrophages [72]. The downregulation 
of OPRK1, known to be directed by AR [73], correlates 
with CRPC progression [74]. These data strengthen the 
notion that Src facilitates the up- and downregulation 
of normally DHT-regulated genes that drive CRPC 
progression.

When the transcriptomes of LNCaP and 
LNCaP[Src527F] cells treated with DHT were compared, 
a larger portion of genes (116) were regulated in both 
LNCaP and LNCaP[Src527F] cells (Figure 4C). This 
suggests that a set of genes regulated by Src might 
be super-regulated by DHT. Therefore, we analyzed 

Table 1: Genes Regulated by DHT, AR and/or Src

Experimental 
Condition

Control DHT/AR-regulated Genes

LNCaP + DHT LNCaP
KLK2, IGF1R, NDRG1, SGK1, SLC5A4, SNAI2, TARP, HPGD, ELOVL7, 

ST6GALNAC1
COL5A2, UGT2B17, UGT2B15, SI

VCaP + DHT VCaP KLK4, SLC2A5, TMPRSS2, DHCR24, AGR2
VAV3, IGFBP3

LNCaP[Src] LNCaP + DHT

PGR, PIGR, DPP4, LAMC3, HGMCS2,
NKX3-1, SNAI2, TARP, ATAD2, ELOVL7, GHR,, HERC3, HOMER2, HPGD, 
JAG1, NDRG1, SGK1, SLC4A4, ADRA2A, ANXA1, CARTPT, HMGCS2, ID3, 

DHCR24, ETV1, IGF1R

LNCaP[Src] + DHT LNCaP[Src] SNAI2, CARTPT, DHCR24, NKX3-1

LNCaP[Src] LNCaP CD74, DPP4, PIP, SLC5A4,
ETV1, GHR, JAG1, SI, SLC4A4, SLC22A3

Sampling of highest up- (red) and down-regulated (green) genes differentially regulated (threshold of log2
≥3) between 

control and experimental conditions.
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datasets from the (LNCaP + DHT), LNCaP[Src527F]  
and (LNCaP[Src527F] + DHT) conditions to identify  
genes in which Src alters expression compared to 
DHT-treated LNCaP cells, or DHT alters Src’s ability 
to regulate expression in LNCaP[Src527F] cells. Four  
different gene expression themes were identified and 
examples of each are shown in Figure 4D. One gene 
group, containing SNAI2, DHCR24, NKX3-1, and 
MYBPC1, exhibited DHT-induced upregulation in LNCaP  
cells, downregulation in LNCaP[Src527F] cells, yet 
upregulation in LNCaP[Src527F] cells treated with DHT. A 
second group is typified by CARTPT, whose expression 
was unaltered by DHT in LNCaP, downregulated in 
LNCaP[Src527F] cells, yet upregulated in DHT-treated 
LNCaP[Src527F] cells. A third group, containing IGF1R, 
NDRG1 and SGK1, was upregulated by DHT in LNCaP 
cells, downregulated by Src alone, yet unresponsive to  
DHT in LNCaP[Src527F] cells. Lastly, a fourth group, 
typified by AKAP12, showed DHT upregulation LNCaP, 
Src-induced downregulation, and further downregulation 
induced by DHT in LNCaP[Src527F] cells. When  

analyzed as a whole, these data describe a complex set of 
regulatory interactions between Src and AR. Furthermore, 
all the genes identified in this analysis are known to be 
androgen-regulated in LNCaP cells [75](GEO dataset 
GSE7868), strengthening the notion that Src (with or 
without DHT-induced super-effects) facilitates CRPC 
progression through AR activation.

In order to better understand the transcriptional 
networks regulated by either DHT or Src in LNCaP cells, 
we performed an Ingenuity Pathway Causal Networks 
analysis (http://www.ingenuity.com/products/ipa) using 
the differentially-regulated gene datasets obtained by 
RNA-seq, and then subtracted out networks shared 
by both DHT and Src (e.g.- cellular proliferation). As 
reported previously [76], DHT induced in LNCaP gene 
networks that regulate lipid metabolism and endocrine 
system development/function (Supplementary Figure 3). 
In contrast, Src (in the absence of DHT) induced gene 
networks that regulate cell survival, motility and amino 
acid metabolism (Supplementary Figure 4 & 5), which are 
hallmarks of malignant progression [1].

Figure 4: Genes regulated by Src in the presence or absence of DHT. Transcriptome comparisons between LNCaP + DHT vs. 
LNCaP[Src527F] cells A., or between DHT-treated LNCaP vs. LNCaP[Src527F] cells C., with a differential expression threshold of log2

≥3. 
B. The 10 most differentially expressed genes shared by DHT treatment or Src527F expression in LNCaP cells (red: upregulated; green: 
downregulated). ARGDB: androgen responsive gene database (http://argdb.fudan.edu.cn/). D. Examples of genes whose DHT-induced 
expression (“Up”- or “Down”-regulation; ↔, no change) was altered in an opposite manner by Src. Note that all these genes were identified 
in the ARDGB or in GEO GSE7868 study of Wang et al. [75], which identified DHT-regulated genes in LNCaP cells.
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Src-induced androgen-independent proliferation 
correlates with the regulation of CRPC-specific 
gene sets

LNCaP-C4-2 (“C4-2”) cells are metastatic variants 
of LNCaP cells derived in castrate mice [77]. In order to 
identify CR and DHT-regulated genes shared with either 
LNCaP or LNCaP[Src527F] cells, we performed RNA-seq 
analysis on C4-2 cells grown in the presence or absence 
of 10 nM DHT and then did pairwise comparisons of 
differentially expressed genes (Supplementary Tables 
11-13). Specifically, we compared C4-2 to LNCaP,  
which would presumably identify C4-2-specific CR 
genes, or C4-2 +/- DHT treatment, which would identify 
androgen responsive genes in C4-2 cells. There was a 
strong overlap (>95%) between the C4-2-associated genes 
and those identified as a 73-gene signature in a previous 
analysis [78]. These groups were then compared to LNCaP 
vs. LNCaP[Src527F] cells (identifying genes induced 
by Src alone), or LNCaP+DHT vs. LNCaP[Src527F] 
(identifying Src-induced genes not also induced by 
DHT in LNCaP). Lastly, we identified genes shared 
by LNCaP[Src527F] and C4-2 cells (in the absence of 
DHT), presumably representing CR genes. This analysis 
showed that all of the genes identified in Figure 4B&4C 
as regulated by either DHT or Src in LNCaP cells could 
be induced in either untreated or DHT-treated C4-2  
(Supplementary Table 2).

Interestingly, all the genes shown as regulated by 
DHT or Src in Figure 4B were identified as differentially 
expressed in untreated or DHT-treated C4-2 cells 
(Supplementary Table 2A [(LNCaP vs. LNCaP[Src527F]) 
& (C4-2 vs. C4-2+DHT)]; Supplementary Table 2B: 
[(LNCaP vs. LNCaP[Src]) & (LNCaP vs. C4-2)]), 
suggesting that these represent potential CR genes. 
Similarly, most of the Src-regulated genes described in 
Figure 4D were differentially expressed in DHT-treated 
C4-2 (Supplementary Table 2A: [(LNCaP+DHT vs. 
LNCaP[Src]) & (C4-2 vs. C4-2+DHT)]). This confirms 
that 95% of the genes most regulated by Src in LNCaP 
cells were differentially regulated in the CR variant of 
LNCaP cells, i.e.- C4-2, underlining the thesis that Src is 
a major driver of CR progression.

Identification of an 11-gene Src-regulated CRPC 
driver signature

If the Src-induced transcriptome program for 
androgen-independence correlates highly with known 
AR-regulated genes, then it is likely that Src also induces 
a concomitant increase in AR binding sites thought 
to be drivers of the AR regulatory cistrome in CRPC. 
We first compared the transcriptomes of the LNCaP, 
VCaP and LNCaP[Src527F] cells, plus or minus DHT 
(Figure 5A, “treat” or “ctrl”, respectively) with those 
published by Sharma et al. [46] involving five cases of  

CRPC metastatic lesions (GEO dataset GSE28219).  
As expected, this analysis showed strong correlation 
between untreated LNCaP and VCaP, and between 
untreated LNCaP[Src527F] and DHT-treated LNCaP and 
VCaP. With the exception of CRPC cases 2 and 3, which 
were highly similar in their transcriptomes, there was 
a varying degree of correlation between the five CRPC 
cases, consistent with the notion that mCRPC contains 
heterogeneous genetic changes [79, 6]. However, whereas 
all the CRPC samples except for case 4 correlated 
poorly with DHT-treated LNCaP, there was a consistent 
correlation between the LNCaP[Src527F] (treated or 
untreated) and all the CRPC cases. This suggests that 
Src induces part of the transcriptome that drives and/or 
maintains CRPC.

In order to map the Src-induced AR cistrome, 
we performed AR ChIP-seq on LNCaP, VCaP and 
LNCaP[Src527F] cells +/- DHT treatment. Galaxy Suite 
software was used to identify and compare overlapping 
sequencing read peaks immunoprecipitated (IP) by an 
AR-specific antibody (Ab), as described in Materials 
and Methods. As expected, DHT treatment increased the 
number of AR binding sites (ARBS) in both LNCaP and 
LNCaP[Src527F] cells (Supplementary Figure 6). DHT 
treatment also greatly increased the number of shared 
ARBS between the three cell types (Figure 5B: 1022 sites 
in treated vs. 20 sites in untreated cells). It is noteworthy 
that DHT treatment induced the greatest increase in AR 
binding events in the LNCaP[Src527F] cells compared  
to the LNCaP or VCaP cells (LNCaP[Src527F] cells:  
629 ARBS in untreated vs. 5049 in treated; LNCaP: 
4770 ARBS in untreated vs. 5874 in treated; VCaP: 
6189 ARBS in untreated vs. 3777 in treated). Consistent  
with the notion that Src decreases basal AR binding 
events in LNCaP cells, there were fewer ARBS/per 
chromosome in untreated LNCaP[Src527F] vs. LNCaP 
cells, yet after DHT treatment, the total number of ARBS/
chromosome between the two cell types was similar 
(Supplementary Figure 6). However, DHT treatment 
did not alter significantly where AR bound in regards 
to gene-associated or intergenic regions in LNCaP 
cells (Supplementary Figure 7). In agreement with 
previous studies [80, 81], at least 75% of AR binding 
sites in LNCaP cells were in intronic or distal intergenic 
regions. In contrast, there was a significant decrease in 
LNCaP[Src527F] cells in intronic AR-binding sites, with 
a concomitant increase in promoter, 5’-UTR and gene-
flanking binding sites. We also performed several GREAT 
analyses to compare the effects of DHT or Src on i) the 
number of genes associated with ARBS (within 50Kb), 
ii) the distance (in Kb) of ARBS flanking known gene 
transcriptional start sites (TSS), and iii) the absolute 
distance (in Kb) between ARBS and TSS (Supplementary 
Figure 8). These confirm that Src suppresses the  
number of gene-associated ARBS in the absence of DHT 
(Supplementary Figure 8A-8C). After DHT treatment,  
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there is a similar rise in ARBS associated with 2 genes 
in LNCaP and LNCaP[Src527F] cells, but paradoxically, 
there is an almost 2-fold higher number of ARBS not 
associated with local genes in the LNCaP[Src527F] cells 
(Supplementary Figure 8A). Similarly, the number 
of ARBS that flank known gene TSS is comparable 
between DHT-treated LNCaP and LNCaP[Src527F] cells 
(Supplementary Figure 8B). One possibly interesting 
difference is that DHT-treated LNCaP[Src527F] cells 
have about two-thirds fewer ARBS within 5Kb of TSS, 
and a concomitant increase in more distal ARBS (50-
500Kb from TSS) than in DHT-treated LNCaP cells 
(Supplementary Figure 8C).

We then compared the genes regulated in 
LNCaP[Src527F] cells (+/- DHT) with AR cistrome genes 
identified in CRPC tissues by Sharma et al. [46] (Figure 
5C). 11 differentially expressed genes were shared by 

LNCaP[Src527F] cells and CRPC tissues (Figure 5D), 
including three genes (TM4SF1, DPP4 and CDH3) known 
to be androgen-regulated in LNCaP cells, five genes 
(TM4SF1, DPP4, CDH3, JAG1 and CD274) previously 
identified in the AR binding database (http://cistrome.
org), and one gene, TM4SF1, which was part of a 16-
gene CRPC gene signature defined previously [46]. Most 
significantly, all the genes in our signature (Figure 5D) 
were also induced in LNCaP[Src527F] and C4-2 cells in the 
presence or absence of DHT (Supplementary Table 2), 
strengthening the notion that these may represent a CR 
signature of a Src-regulated AR cistrome. Interestingly, 
the genes in this signature were not induced by DHT 
in LNCaP cells (Figure 6). However, although they 
were induced significantly by Src in the absence of 
DHT, the Src-induced expression was either enhanced 
(TM4SF1) or suppressed by DHT (DPP4, CDH3, SPG20,  

Figure 5: Src-regulated genes define a CRPC-driver signature. A. Histogram showing concordance of ARBS between untreated 
(“ctrl”) vs. DHT-treated (“treat”) LNCaP, VCaP and LNCaP[Src527F] cells, or vs. CRPC lesions analyzed by Sharma et al. [46]. Venn 
diagrams showing frequency of ARBS overlap between untreated (“ctrl”) vs. DHT-treated (“treat”) LNCaP, VCaP and LNCaP[Src527F] cells 
B., or between untreated and DHT-treated LNCaP[Src527F] vs. CRPC lesions C and D. 11-gene Src-regulated CRPC signature. Previous 
identification of these genes in the ARBS database (http://cistrome.org)(§), the 16-gene CRPC signature of Sharma et al. [46](‡), or in 
our transcriptome analyses of Src-induced genes in LNCaP or genes regulated in the absence of DHT in C4-2 cells (¶) (Supplementary  
Table 2). Gene expression changes and the percent frequencies were assessed from primary PC lesions vs. metastases from the study of 
Taylor et al. [82], noting genes that were up- (↑) or down-regulated (↓), or that had no expression change (↔). Pos./Neg., indicates that the 
knockdown of AR by shRNA (Figure 6) either diminished or augmented gene induction by Src, respectively. N.D., not done.
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ICAM1, CNTNAP4, BCAT1 and GJB2), indicating that 
their expression remains AR-regulated. Indeed, with the 
exception of GJB2, the shRNA-mediated knockdown 
of AR (Supplementary Figure 1A) in LNCaP[Src527F] 
cells either decreased (TM4SF1, DPP4, CDH3, ICAM1, 
CNTNAP4 and BCAT1) or increased (SPG20) transcript 
levels over those in untreated LNCaP[Src527F] cells 
(Figure 6). Taken together, these data suggest that Src 
regulation of CRPC genes remains AR-dependent 
(consistent with the fact that these genes were identified 
as containing ARBS in the CRPC tissues), yet is governed 
pleiotropically by AR ligand. One possible explanation 
of this complex interplay is shown in the MACS analysis 
of AR binding peaks for the DPP4 gene (Supplementary 
Figure 9C). An AR binding peak (#2726; red circle), 
found in LNCaP cells, is enhanced after DHT treatment 
in LNCaP and in LNCaP[Src527F] cells, yet is absent in 
untreated LNCaP[Src527F] cells. Yet, DPP4 expression 
is not affected by DHT treatment in LNCaP cells, but 
is upregulated in untreated LNCaP[Src527F] cells (Figure 
6). Thus, the Src-regulated expression of DPP4 cannot 
be explained by MACS peak #2726, but rather may be  

facilitated by a novel AR-binding peak (green circle) 
only found in LNCaP[Src527F] cells. In comparison, 
the DHT-inducible expression of ADAM2, which is not 
Src-regulated, is likely facilitated by a shared ARBS 
(Supplementary Figure 10).

In order to address whether the altered expression 
of the Src-induced CRPC genes has relevance to clinical 
CRPC progression, we interrogated the dataset from 
mCRPC samples from Taylor et al. [82] using cBioPortal 
(http://www.cbioportal.org). The differential expression of 
the total 11-gene set (Figure 5D) correlated with a slight, 
but statistically non-significant, increase in earlier onset 
of metastatic disease (not shown). Thus, we attempted 
to identify trends in differential expression correlating 
with either primary PC or CRPC cases. For example, we 
excluded ICAM1, TM4SF1 and CD274 because clinical 
cases had no consistent trends (either up- or down-
regulation) of these genes (Figure 5D). Of the remaining 
8 genes, the differential expression of 4 genes, DPP4, 
BCAT1, CNTNAP4 and CDH3, each showed a trend 
towards predicting worse survival, and in combination, 
this 4-gene set correlated with earlier onset of metastatic 

Figure 6: Most Src-regulated CRPC genes are controlled by AR but not by DHT. qRT-PCR analysis of Src-regulated CRPC 
signature genes (Figure 5D) in LNCaP (-) or LNCaP[Src527F] cells (+) treated with DHT (10 nM) or vehicle for 24h, or in LNCaP[Src527F] 
cells expressing shAR (Supplementary Figure 1A). Error bars indicate mean ± SEM.
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disease compared with cases without expression changes 
in these genes (Figure 7A, p=0.0667). The differential 
expression of the other 4 genes, SPG20, GJB2, ELF5 or 
JAG1, showed no correlation with survival or metastatic 
recurrence, either individually or as a group. Interestingly, 
DPP4 was predominantly downregulated in primary 
PC in the Taylor study (just under 15% of 85 cases), 
however in metastatic lesions, DPP4 downregulation 
was found in just under 40% of cases, representing a 
2.7-fold increased correlation (Figure 7B). Whereas 
there was little change in the low frequency of BCAT1 
upregulation or CDH3 downregulation between primary 
PC and metastases, there was a small but significant 
increase in the frequency of CNTNAP4 deep deletion in 
metastases. Importantly, all four genes showed similar 
expression trends (downregulation of DPP4, CNTNAP4 

and CDH3; upregulation of BCAT1) in multiple published 
datasets of primary PC vs. mCRPC found in Oncomine 
(http://www.oncomine.org) (Supplementary Figure  
11). In their totality, these data demonstrate a strong 
correlation between this Src-regulated 4-gene set and 
CRPC progression.

We addressed whether ICAM1, DPP4, BCAT1, 
CNTNAP4 or CDH3 were required for Src-induced 
androgen-independent growth. LNCaP[Src527F] 
or CWR22Rv1 cells were stably transduced with 
representative shRNAs, and gene knockdowns 
were verified (Supplementary Figure 12A) in  
LNCaP[Src527F] cells. Aliquots of cells expressing 
either gene-specific shRNAs or empty vector (EV) 
were grown in androgen-free media (“-DHT”) or media 
supplemented with 1 nM DHT. CNTNAP4 seemed to be 

Figure 7: Src-regulated CRPC gene expression patterns correlate with earlier disease progression. A. The differential 
expression of DPP4, BCAT1, CNTNAP4 and CDH3 in primary PC cases assessed in cBioPortal using the primary PC dataset of Taylor et 
al. [82], showed earlier onset of disease progression based on time to biochemical recurrence. B. The frequency of expression and copy 
number changes of DPP4, BCAT1, CNTNAP4 and CDH3 in samples from primary PC or metastases. Overlap of differentially-expressed 
genes (threshold of log2

≥3) in CR vs. AD (PC) LuCaP35.1 xenografts compared to Src-regulated genes in LNCaP cells C., CR-associated 
genes in tumors analyzed by Sharma et al. [46] D., and CRPC ARBS E. Genes common to each group are shown in the panels on the right. 
Bold, differential expression correlates with CRPC metastases in Taylor et al. [82]. *, genes identified by ARBS analysis in LNCaP[Src527F] 
cells. §, Src- and/or DHT-regulated genes. ‡, identified in the 16-gene CRPC panel of Sharma et al. [46].



Oncotarget10335www.impactjournals.com/oncotarget

required for proliferation irrespective of the androgen 
condition because its knockdown slowed the growth 
of LNCaP[Src527F] (Supplementary Figure 12B) or  
CWR22Rv1 (Supplementary Figure 12C). In contrast, 
ICAM1 loss prevented proliferation irrespective of 
androgen condition in LNCaP[Src527F] cells only. 
Knockdown of BCAT1, however, significantly decreased 
androgen-independent proliferation in LNCaP[Src527F] 
or CWR22Rv1, whereas knockdown of CDH3 or DPP4 
decreased proliferation similarly under androgen-free or  
–supplemented conditions. This suggests that BCAT1 plays 
a specific role in Src-induced androgen-independent growth.

We then compared our transcriptome and AR 
cistrome analyses to the transcriptomes of LuCaP35.1, an 
AR-positive human xenograft system that starts as an AD 
growth yet which gives rise to CR lesions after castration 
[83]. RNA isolated from 3 independent AD and CR 
LuCaP35.1 lesions were analyzed by RNA-seq and then 
compared to genes i) regulated by Src in LNCaP[Src527F] 
cells (Figure 7C), ii) regulated in CRPC vs. primary PC 
lesions from the Sharma et al. group [46](Figure 7D), and 
iii) near AR binding sites in CRPC samples (Figure 7E). 
Interestingly, when the three CR LuCaP35.1 samples were 
compared to the AD samples, the genes most differentially 
upregulated in the CR lesions were almost all interferon-
inducible (Supplementary Figure 13A), possibly  
reflecting increased NFkB-regulated survival pathways 
in CR cells in response to recruited, pro-metastatic 
inflammatory cells [84]. When the CR-specific LuCaP35.1 
differentially-expressed genes were compared to those 
induced by Src in LNCaP (Figure 7C, Supplementary 
Figure 13B), CRPC-associated differentially-expressed 
genes (Figure 7D, Supplementary Figure 13C) or ARBS 
genes (Figure 7E, Supplementary Figure 13D) in Sharma 
et al. [46], there were only small numbers of overlapping 
genes (8, 20 and 27, respectively). However, these genes 
showed strong overlap with those we identified as part of 
the Src-driven CRPC signature or those identified as part 
of the putative 16-gene CRPC driver signature by Sharma 
et al. [46], with the strongest correlations associated with 
Src-regulated genes in LNCaP (Figure 7C; 62.5%) and 
ARBS genes in CRPC (Figure 7E; 46%). These data, using 
an independent set of human CRPC lesions, strengthen the 
thesis that Src is a major driver of the gene expression 
program that induces CRPC progression.

Src broadens the non-canonical ARBS repertoire 
in CRPC

In addition to facilitating the activation of AR-
regulated genes, Src also might facilitate CRPC 
progression by causing AR to bind to non-canonical ARE 
sites, presumably through novel functions gained by the 
direct phosphorylation of AR by Src. To analyze this, we 
identified ARBS in LNCaP[Src527F] cells that conformed 
to known AREs, and as well, novel non-canonical 

motifs. Using the “full” (AGRACAnnnTGTYCT) or 
“half” (AGAACA or TGTYCT) ARE consensus motifs 
from JASPAR (http://jaspar.genereg.net/), no matches 
were found for full AREs, whereas 262 peaks contained 
the AGAACA consensus and 265 peaks contained the 
TGTTCT consensus. In contrast, the three most non-
canonical motifs, found in 57 to 90 AR-binding peaks 
also contained binding consensus sites for FOXO1, 
topoisomerase IIβ (TOP2B) and ZNF217 (Figure 8A), 
suggesting that Src-activated AR might either form 
complexes with these factors or compete for their 
binding. Indeed, the differential expression of these 
three factors has been reported to contribute to prostate 
cancer progression. For example, FOXO1 antagonizes 
AR activity [85] and its downregulation contributes to 
increased metastatic activity of prostate cancer cells [65]. 
Complexes containing AR and TOP2B induce double-
stranded breaks resulting in gene fusion products, such 
as TMPRSS2-ERG, contribute to PC progression [86]. 
Moreover, Haffner et al. [86] showed that DHT-induced 
transcription of PSA/KLK3 or TMPRSS2 are facilitated by 
AR-TOP2B complexes binding to promoter and enhancer 
ARE sites. Lastly, ZNF217 upregulation is associated 
with increased proliferation in PC [87]. Importantly, the 
differential expression of these genes correlated with 
earlier disease onset or poorer survival in several PC 
studies in cBioPortal. Specifically, the upregulation of 
ZNF217 and TOP2B correlated with an earlier onset of 
CRPC (Figure 8B) in the study of Taylor et al. [82], and the 
combined upregulation of ZNF217 and downregulation of 
FOXO1 correlated with earlier CRPC onset and decreased 
survival in the provisional PC dataset from TCGA (http://
cancergenome.nih.gov/) (Figure 8C). It is noteworthy that 
of the 18% of cases in the TCGA-PC databank (total = 
327 cases) with FOXO1 alterations, 78% were related to 
homozygous deletions of FOXO1; of the 8% of cases with 
ZNF217 alterations, 21% exhibited gene amplification 
and the rest (with one exception) exhibited transcriptional 
upregulation. These data strongly suggest that ZNF217 
and TOP2B agonize the ability of Src-activated AR to 
facilitate transcriptional activity at non-canonical sites, 
whereas FOXO1 functions in this manner as an antagonist.

To address whether Src induces a functional 
interaction between AR and TOP2B, we compared AR 
MACS peaks from LNCaP[Src527F] cells with TOP2B 
MACS peaks from estradiol-treated MCF-7 cells (GEO 
study GSE66753), and identified overlapping AR and 
TOP2B ChIP peaks in two genes, C7ORF63 and CDX2. 
In the latter case, the overlapping ChIP peaks (found in 
Intron2 of CDX2) flank a non-canonical ARBS motif 
(Figure 8D), CACTCCAGCCTGGG, similar to the one we 
identified in LNCaP[Src527F] cells only (Figure 8A; motif 
#2), as well as an enhancer identified by CAGE analysis 
[88]. Interestingly, CDX2 is not identified in the ARDGB 
as a DHT-induced gene in LNCaP cells, nor is it identified 
in recent TOP2B ChIP-seq analyses [89, 90]. AR binding 
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to this site is potentiated in DHT-treated LNCaP[Src527F] 
only (Figure 8E), whereas the binding of TOP2B to 
the same region is potentiated by Src but unaffected by 
DHT (Figure 8F). This suggests that Src might alter the 
transactivation function of TOP2B, possibly by direct 
phosphorylation. To address this, lysates from LNCaP or 
LNCaP[Src527F] cells grown in the presence or absence of 
100 nM DHT for 6h were incubated with beads loaded 
with anti-phosphotyrosine (4G10) MAb, followed by 
immunoblotting of these IPs for TOP2B. Figure 8G shows 
an increase in the abundance of phosphotyrosyl-TOP2B 
in LNCaP[Src527F] cells irrespective of DHT, strongly 
suggesting that TOP2B is a substrate of Src or a Src-
induced tyrosine kinase. Indeed, several potential tyrosine 

kinase sites on TOP2B are predicted using SCANSITE 
(http://scansite.mit.edu/), and several phosphotyrosyl 
TOP2B peptides have been identified in multiple mass 
spectrometry studies described in PhosphositePlus (http://
www.phosphosite.org/). Taken together, these data suggest 
that Src and DHT act to induce cooperative AR/TOP2B 
binding to the CDX2 site.

DISCUSSION

Much attention has been focused on the ability of 
CRPC lesions to continue to proliferate in the absence of 
serum androgen levels [47, 91]. The continued expression 
of wt-AR in CRPC [79, 6] and evidence of continued 

Figure 8: Src induces non-canonical ARBS that likely interact with CRPC-promoting transcription factors. A. Top 
panel- The three most frequent non-canonical ARBS motifs and their prevalence in the LNCaP[Src527F] AR cistrome analysis. Bottom 
panel- identification of transcription factor binding site motifs (underlined) within the non-canonical Src-induced ARBS. B. Correlation 
between ZNF217 and TOP2B differential expression and earlier metastatic recurrence from the study of Taylor et al. [82]. C. Correlation 
between ZNF217 and FOXO1 differential expression and earlier metastatic recurrence (left panel) and poorer survival (right panel) using 
PC samples (n = 326) from TCGA (http://cancergenome.nih.gov/). D. The CDX2 Intron 2 contains an AR MACS peak (#3585) from our 
AR-ChIP-seq analysis of (LNCaP[Src527F] + DHT) cells, encoding the sequence, 5’-CACTCCAGCCTGGG, which is homologous to the 
non-canonical #2 motif described in panel A. This region also encodes an overlapping TOP2B MACS peak from estradiol-treated MCF-
7 (GSE66753), as well as a CAGE enhancer (enh). Arrows, PCR primer sets. ChIP analysis of AR binding to the CDX2-ARBS E. or of 
TOP2B binding to the CDX2-CAGEenh F. from chromatin prepared from vehicle (-) or DHT (+) treated LNCaP or LNCaP[Src527F] (“Src”) 
cells. *, p<0.02; **, p<0.001. G. Lysates (1 mg protein/lane) from vehicle (-) or DHT (+) treated LNCaP or LNCaP[Src527F] cells incubated 
overnight with 4G10(anti-PTyr)-beads were analyzed by IB for TOP2B (arrow). Lysates (20 μg protein/lane) were analyzed by IB for 
TOP2B or GAPDH. Molecular weight markers are shown at right.
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androgen-responsiveness [17] to low, intracrine levels of 
androgens [1, 92] clearly underlines the concept that CRPC 
progression depends on an adaptive, obligatory role for AR 
[93]. Indeed, resistance to the AR antagonist, Enzalutamide, 
still correlates with AR signaling, either by upregulation of 
wt-AR or the expression of AR mutants or splice variants 
[94], arguing for continued AR targeting even after 
resistance to AR antagonists [95]. However, the notion 
that CRPC pathology is simply the result of continued 
proliferation mechanisms falls short because these 
lesions, invariably associated with peripheral metastases, 
most often retain low proliferative indices [47]. Yet, they 
gain parameters of metastatic growth such as increased 
invasiveness and novel survival crosstalk pathways 
with local microenvironmental cells, such as in the bone 
[96]. One attractive notion is that the activation of Src-
family and ACK1 tyrosine kinases, likely induced by the 
amplification and/or activation of multiple growth factor 
receptors-mediated pathways in CRPC [6], can potentiate 
AR transcriptional activity by the direct phosphorylation of 
AR on Y267 and Y534 [2]. Moreover, activated SFK would 
likely be able to drive multiple AR-independent parameters 
of malignant progression found in CRPC, based on their 
known oncogenic functions [22, 97]. Given that Src- and 
ACK1-specific inhibitors can suppress CRPC growth in 
pre-clinical models [31, 98] these findings suggest that 
combining SFK- and ACK1 antagonists could potentiate 
current anti-AR therapies such as enzalutamide.

In the current study, we analyzed the AR 
transcriptome and cistrome that correlates with Src-
driven androgen-independence in LNCaP cells, and then 
attempted to show that many of the same Src-regulated 
genes were also found in CRPC cell lines, such as C4-
2, xenografts such as LuCaP35.1, or CRPC tumors [46]. 
We first showed that the ability of activated Src to induce 
androgen-independent LNCaP proliferation correlated 
with increased ARpoY534 levels. Conversely, the inhibition 
of Src activity by the pan-tyrosine kinase inhibitor, 
Dasatinib, which ablated androgen-independence [31], 
decreased relative ARpoY534 levels. Similarly, the ectopic 
expression of an ARY267,534F allele inhibited androgen-
independent proliferation. Src also induces the androgen-
independent expression of well-characterized AR-
regulated genes, such as TMPRSS2 and KLK3 (PSA), and 
in the case of PSA, induces high levels of AR binding to 
the enhancer ARE in the absence of androgens. Taken 
together with the inability of DHT to increase activation 
of these genes or the binding of AR to the PSA enhancer in  
LNCaP[Src527F] cells, these data strongly suggested that 
Src induces androgen-independent proliferation through 
the activation the AR-specific transcriptome/cistrome.

Consistent with this notion, we identified a large 
group of DHT-regulated genes whose expression could 
be induced or repressed in a similar fashion by Src in 
the absence of DHT. Of the upregulated genes in this 
group, three encode so-called C/D or H/ACA box small 

nucleolar RNAs that modify rRNAs through post-
translational 2’-O-methylation or pseudouridylation, 
respectively [99], which presumably regulate prostate 
cancer progression by modulating gene expression. A 
fourth upregulated gene, encoding Synaptotagmin IV, 
regulates secretory granules in neuroendocrine cells [100] 
and is part of a prostate cancer-specific neuroendocrine 
signature [101], suggesting a role in the neuroendocrine 
differentiation of prostate cancer [102]. Of the gene 
products that are downregulated in this list, OPRK1 
likely controls neuroendocrine differentiation [74], 
NOV suppresses androgen-independent PC growth [71], 
CAMK2N1 suppresses growth factor-induced PI3K and 
MEK/ERK proliferative signaling in PC cell lines [64], 
STAC likely modulates proliferative signaling through 
its SH3 and cysteine-rich domains, butyrylcholinesterase 
(BCHE) likely suppresses cholinergic stimulation of 
PC proliferation [68], and loss-of-function mutations in 
sucrase-isomaltase (SI) have been associated with cancer-
promoting metabolic reprogramming [103]. Importantly, 
in LNCaP cells, Src mainly affects gene expression 
specific to prostate epithelial cell pathways since there are 
few in common with those regulated by activated Src in 
MCF-10A breast epithelial cells [104].

The notion that Src activation of AR ablates 
androgen responsiveness is mitigated by our finding of a 
group of normally DHT-induced genes whose expression 
is suppressed by Src, and then upregulated by DHT in 
the presence of activated Src. For example, the Src-
induced downregulation of SNAI2, DHCR24, NKX3-1 
and MYBPC1, which are normally up-regulated by DHT 
in LNCaP cells, and the concomitant ability of DHT to 
upregulate these genes in LNCaP[Src527F] cells, suggests 
that Src’s activation of AR is incomplete in regards 
to certain target genes, and that further activation can 
be facilitated by super-activation of AR by DHT or the 
upregulation of AR co-activators by DHT. Importantly, 
though, this finding indicates that Src induces androgen-
hypersensitization rather than independence.

We confirmed the thesis that Src could induce CRPC 
progression genes by showing a strong overlap between  
the transcriptomes of C4-2 cells grown in the absence of 
DHT and of CR-lesions of LuCaP35.1. Network analysis 
of the androgen-independent Src-regulated transcriptome 
identified pathways controlling cell survival and motility, 
and amino acid metabolism, in contrast to the major lipid 
metabolism and endocrine development and function 
pathways induced by DHT in LNCaP cells. Taken 
together, these data strongly suggest that Src’s ability to 
induce AR-regulated genes plays a major role in CRPC 
progression, a finding consistent with a large corpus of 
data using human PC cell lines and CRPC tissues, mouse 
transgenic models (reviewed in [2]).

Our AR cistrome analyses indicate that the major 
effect of Src in the absence of DHT is to decrease the 
total number of ARBS, yet to engage many of those genes 



Oncotarget10338www.impactjournals.com/oncotarget

normally induced by DHT that facilitate proliferation 
and survival. Indeed, in the absence of DHT, Src induces 
AR binding to a larger percentage of gene-associated 
sites, such as within promoter and enhancer regions. We 
identify an 11-gene Src regulated CRPC signature based 
on its overlap with the AR transcriptome/cistrome from 
CRPC clinical samples described previously [46], and on 
its overlap with the CRPC transcriptomes of C4-2 cells 
and LuCaP35.1 tumors. This signature includes ICAM1, 
TM4SF1, DPP4, SPG20, GJB2, BCAT1, CNTNAP4, 
ELF5, CDH3, JAG1 and CD274. All these genes were 
similarly regulated by Src in untreated LNCaP cells, or 
in untreated C4-2 cells or CR-LuCaP35.1 lesions, and 
one (TM4SF1) was part of the 16-gene CRPC signature 
described by Sharma et al. [46]. However, only five of 
these have known local ARBS (TM4SF1, DPP4, CDH3, 
JAG1 and CD274). Consistent with this, none of the 8 
signature genes we tested (ICAM1, TM4SF1, DPP4, 
SPG20, GJB2, BCAT1, CNTNAP4, CDH3) showed more 
than a 2.5-fold induction by DHT in LNCaP. Interestingly, 
all these genes exhibited a greater than 200-fold induction 
by Src, which, in most cases was dependent on AR; the 
exceptions were SPG20, where AR seemed to antagonize 
Src-induced expression, and GJB2, which seemed AR-
independent. Moreover, in all the genes except TM4SF1, 
DHT treatment caused a reversal of Src’s effect; for 
TM4SF1, DHT caused an enhancement. Thus, these 
genes would likely not be identified in signatures based 
on androgen-inducibility, yet most are DHT-regulated in 
the context of activated Src. We propose that this 11-gene 
signature, represents those most likely to drive CRPC in 
the context of activated Src. Consistent with this notion, 
we identified a subset of this signature containing DPP4, 
BCAT1, CNTNAP4 and CDH3, whose expression are 
either the same or increased in CRPC compared to primary 
PC, and whose gene alterations correlate with a more rapid 
onset of cancer. Interestingly, only BCAT1 was required 
for Src-induced androgen-independent proliferation, 
suggesting that the other gene products might function in 
other CRPC-related biologies.

We also reasoned that Src might drive CRPC by 
altering the breadth of non-canonical ARBS. To this  
end, we identified non-ARE (whole or half) ARBS found  
in LNCaP[Src527F] but not in DHT-treated LNCaP cells. 
The three most prevalent of these non-canonical binding 
sites, which represent about 18-20% of all the ARBS, 
also contained potential binding motifs for FOXO1, 
topoisomerase IIβ (TOP2B) and ZNF217, all of which 
are known to contribute to AR-dependent CRPC growth 
[105, 106, 87]. ZNF217 and TOP2B expression is 
upregulated in human CRPC whereas that of FOXO1 
is lost, mostly resulting from deep deletions. ZNF217 
upregulation correlates with the loss of several targeting 
miRNAs such as miR-24 and -22 [87], and the forced 
knockdown of ZNF217 inhibits proliferation of LNCaP 

and DU145 [87]. Although ZNF217 has not been shown 
to bind to AR (http://www.immunobase.org), it does 
bind to the estrogen receptor (ER) [107, 108] and is 
appreciated to be a biomarker of ERα-positive breast 
cancers [109], suggesting that it may play a regulatory 
role in conjunction with nuclear receptors. In contrast, 
AR is known to bind directly to FOXO1 and TOP2B. 
Whereas androgen-activated AR blocks engagement 
by FOXO1 of promoter elements for apoptosis and cell 
cycle arrest genes [110], consistent with FOXO1’s role 
as a transcriptional repressor, AR-TOP2B complexes 
coordinately regulate gene expression (as shown by co-
ChIP experiments) as well as androgen-induced double-
strand breaks and gene rearrangements, correlating highly 
with TMPRSS2-ERG fusion-positive PC [86]. Consistent 
with this model, we demonstrate that AR and TOP2B 
cooperatively bind to a non-canonical ARBS motif in 
the CDX2 gene only in LNCaP[Src527F]. The finding that 
DHT is required for AR binding to this site suggests that 
modification of AR by Src increases its affinity for some 
non-canonical sites, thereby facilitating its interaction 
with TOP2B. The finding that TOP2B only associates 
with the CDX2 site, which also has been identified as an 
eRNA-encoding enhancer [88], suggests that Src also 
modifies TOP2B.

Importantly, our data indicate that these gene 
expression alterations correlate with a more rapid 
progression to metastasis and decreased overall survival. 
This suggests that Src drives CRPC through at least two 
AR-dependent mechanisms, one involving the induction 
of ARE-encoding genes and the other involving non-
canonical ARBS. Moreover, regulation of the latter genes 
likely involves increased association of AR with TOP2B 
and ZNF217, and decreased association with FOXO1.

MATERIALS AND METHODS

Plasmid construction

The ARY267,534F mutant was produced by sequential 
PCR-mediated mutagenesis (QuikChange Site-Directed 
Mutagenesis Kit, Stratagene) on pEGFP-C1-AR (Addgene 
#28235; kind gift of Michael Mancini) using primers: 
ARY267F, 5’-GGGATTGCATGTtCGCCCCACTTTTG
GGAGTTCC-3’ and ARY267R, 5’-GGA ACTCCCAAA
AGTGGGGCGaACATGCAATCCC-3’, and ARY534F, 
5’-GGATAG CTACTCCGGACCTTtCGGGGACATGCG
TTTGGAG-3’ and ARY534R, 5’-CTCCAAACGCATGTC 
CCCGaAAGGTCCGGAGTAGCTATCC-3’. The resulting  
mutations were confirmed by Sanger sequencing  
using primers: AR-260S, 5’- AGGCGTTGGAGCAT 
CTGAGTCCAGG-3’ or AR-525S, 5’-CAGAGTGCCCT
ATCCCAGTCCCACTT-3’.
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Western blotting

RIPA lysates were analyzed as described previously 
[32] using primary antibodies for Src, SrcpoY416 (Cell 
Signaling Technology, Beverly, MA), GAPDH and AR 
(Santa Cruz Biotechnology, Santa Cruz, CA). Rabbit 
polyclonal anti-ARpoY534 [30] was kindly provided by Yun 
Qiu, Univ. of Maryland.

Cell culture and DHT treatment

LNCaP[Src527F] were produced by infecting 
LNCaP cells (ATCC CRL-1740) with packaged 
pBABEpuro[Src527F] retrovirus, as described 
previously [111] and selecting in RPMI-1640 media 
supplemented with 10% FBS and puromycin (2 μg/ml).  
LNCaP[Src527F] cells stably expressing wt-AR-GFP or 
ARY267,524F-GFP were selected in media containing G418 
(400 μg/ml) after transfection. VCaP (ATCC CRL-2876) 
and PC-3 (ATCC CRL-1435) cells were grown in DMEM 
+ 10% FBS, whereas LNCaP-C4-2 cells (kind gift of 
Leland Chung, Cedars-Sinai) were grown in RPMI-1640 + 
10% FBS. For time-course analyses, cells were hormone-
starved for 2 days in androgen-depleted media (ADM; 
Phenol Red-free RPMI or DMEM supplemented with 10% 
charcoal-stripped FBS (CSS; HyClone, Logan, UT)) plus 
either 1 nM DHT in 1% ethanol or vehicle alone at 37°C, 
5% CO2 for either 24 h (RNAseq) or 16 h (ChIP seq). 
Three sets of AD and CR LuCaP35.1 snap-frozen tumor 
and RNA samples were kindly provided by R. Vessella, 
Univ. of Washington.

Cell proliferation assay

LNCaP, LNCaP[Src527F] or VCaP cells were 
hormone starved for 2 days in ADM, then treated with 
1% ethanol (Control) or DHT for 0, 3 or 6 d. Cell counts 
were determined by washing once with PBS, fixed at 
room temperature for 30 min with 4% glutaraldehyde, and 
after air drying, staining with 0.1% crystal violet (in 20% 
methanol) for 30 minutes, followed by a PBS wash and 
drying. Cells were lysed with 100μl of 33% acetic acid 
and absorbance was read at 630 nm.

RNA-seq library preparation

Total RNA was isolated using Trizol (Invitrogen) as 
per the manufacturer’s instructions. RNA was quantified 
by absorbance at 260 and 280 nm using a NanoDrop ND-
1000 (Wilmington, DE, USA). The quality of RNA was 
determined using an Agilent Bioanalyzer 2100 (Santa 
Clara, CA), requiring RIN (RNA Integrity Number) value 
of ≥6.5. rRNA depletion (cytoplasmic and mitochondrial) 
was performed on 200-400 ng of total RNA using the 
RiboZeroGold kit (Illumina, San Diego, CA) as per the 
manufacturer’s instructions. The entire rRNA-depleted 
fraction (ranging 4-22 ng) was used as input for library 

preparation using the ScriptSeq V2 RNA Seq library 
preparation kit (Illumina, San Diego, CA) as per the 
manufacturer’s instructions. Briefly, rRNA-depleted 
samples were chemically fragmented using the StarScript 
Reverse Transcriptase Buffer and the cDNA Synthesis 
Primer was annealed to the RNA. 5′ end-tagged cDNA 
(equivalent to the 3′ end of the original RNA) was 
produced by random-primed cDNA synthesis. This was 
followed by 3′-Terminal Tagging of the cDNA using the 
Terminal-Tagging Oligo to produce a template for cDNA 
extension. The resulting “di-tagged” cDNAs were purified 
using Qiagen MinElute PCR Purification Kit (Hilden, 
Germany), ligated to the NEBNext Illumina-compatible 
adaptor 5’-poGATCGGAAGAGCACACGTCTGAACTC
CAGTC-U-ACACTCTTTCCCTACACGACGCTCTTCC 
GATC*T-3’ (*, phosphorothioate bond), and then indexed 
using the NEBNExt Universal primer, 5’-AATGATACGG
CGACCACCGAGATCTACACTCTTTCCCTACACGA
CGCTCTTCCGATC*T-3’ plus 6-mer NEBNext indexed 
primer sets, 5’-CAAGCAGAAGACGGCATACGAGA
TCGTGATGTG ACTGGAGTTCAGACGTGTGCTCT
TCCGATC*T-3’, to allow multiplexing. The size of all 
libraries was assessed using the 2100 Bioanalyzer and a 
high sensitivity DNA chip (Agilent Technologies, Inc, 
CA), and further quantified with the Qubit DNA Broad 
Range assay (Life Technologies, Carlsbad, CA).

RNA sequencing data analysis

Sequencing reads were first mapped to the reference 
genome (human GRCh37/hg19) with TopHat v2.0.13 
(https://ccb.jhu.edu/software/tophat/index.shtml), using  
Bowtie v1.1.0 (http://bowtie-bio.sourceforge.net/index. 
shtml) to break up and align the short reads. The 
resulting alignment files were analyzed by Cufflinks 
v2.2.0 (https://github.com/cole-trapnell-lab/cufflinks) to 
generate a transcriptome assembly for each condition. 
These assemblies were then merged together using the 
Cuffmerge utility v3 (http://www.broadinstitute.org/
cancer/software/genepattern/modules/docs/Cuffmerge/3), 
such that the resulting assembly could provide a uniform 
basis for calculating gene and transcript expression under 
each condition. Relative gene expression levels, their 
statistical significances, and transcriptional vs. post-
transcriptional regulation were calculated by analyzing 
the reads and merged assemblies with Cuffdiff (part of 
the Cufflinks package). Cuffdiff calculates expression in 
two or more samples and tests the statistical significance 
of each observed change in expression between them. 
The statistical model used to evaluate changes assumes 
that the number of reads produced by each transcript is 
proportional to its abundance but fluctuates because 
of technical variability during library preparation and 
sequencing associated with biological variability between 
replicates of the same experiment. We employed the 
unpaired t-test using GraphPad Prism version 5.0 for PC 
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(GraphPad, San Diego, CA) to compare mRNA levels 
for each gene between DHT-, Src-or vehicle-treated 
cells. P <0.05 was regarded as the threshold value for 
statistical significance. Volcano plots and relative gene 
expression data were analyzed and graphed using Partek 
GenomicsSuite® (http://www.partek.com/pgs).

ChIP

Ten million cells were grown to 70–80% confluence 
in a 150 mm culture dish containing ADM for 48 h 
before stimulation with 10 nM DHT or vehicle 16 h. 
DNA-protein cross-linking was induced by incubating 
in 1% formaldehyde for 7 min at room temperature 
(RT), before quenching with a final concentration of 125 
mM glycine. Cells were washed twice with 10 ml ice 
cold PBS supplemented with protease inhibitor cocktail 
(cOmplete™, Roche). Cells were harvested by scraping 
in PBS, followed by centrifugation at 800g at 4°C for 
5 min and resuspending in 1 ml ChIP lysis buffer (50 
mM Tris pH 8.1, 150 mM NaCl, 5 mM EDTA, 0.1% 
sodium dodecyl sulfate [SDS], 2% Nonidet P-40, 0.5% 
deoxycholate, 0.5 mM phenylmethanesulfonyl fluoride 
[PMSF] with 1X protease inhibitor cocktail). Nuclear 
lysates were divided into five 200 μl fractions, sonicated 
for 15 min (30 sec on, 30 sec rest) at maximum power in 
a Bioruptor sonication water bath (Diagenode) and pooled 
(total volume 1 ml). 100 μl of 10% Triton X-100 was 
added and insoluble debris was removed by centrifugation 
at 10,000 g for 10 min at 4°C. 100-200μL of supernatant 
was diluted with 2 ml of IP Dilution Buffer (0.01% SDS, 
1.1% Triton X 100, 1.2 mM EDTA, 16.7 mM Tris-Cl pH 
8.0, 167 mM NaCl) supplemented with 1 mM PMSF and 
1X protease inhibitor cocktail. 50 μl was taken as total 
input control and the remainder was used for ChIP. For 
each ChIP reaction, the remaining sheared chromatin 
solution was incubated overnight at 4°C with gentle 
agitation with 20μL of pre-cleared Magna ChIP Protein 
A Magnetic Beads (Millipore; Cat#16-661) plus 10 μg of 
AR Ab (AR N-20, Cat. #SC-816X, Santa Cruz). This AR 
Ab was used in multiple AR-ChIP-seq studies [112, 75, 
113]. Ab-bead complexes were washed three times with 
1 ml of 0.5% BSA in PBS, resuspended in 100 μl of the 
same buffer, combined with the pre-cleared nuclear lysates 
and incubated overnight at 4°C with gentle agitation. The 
following day, the beads were washed five times with 
RIPA buffer (50 mM HEPES-KOH pH 7.6, 500 mM 
LiCl, 1 mM EDTA, 1% IGEPAL® CA-630, 0.7% sodium 
deoxycholate), once with TE (10 mM TRIS, pH 7.4, 0.1 
mM EDTA) plus 50 mM NaCl at 4°C and eluted in 200 μl 
elution buffer (50 mM Tris-HCL pH8, 10 mM EDTA, 1% 
SDS) for 15 min at 65°C with vortexing. Cross-links were 
reversed by overnight incubation at 65°C, and then RNA 
and proteins were degraded by adding 200 μl of TE and 8 
μg of DNAse-free RNAse A (Ambion), incubating for 30 

min at 37°C, followed by the addition of 80 μg Proteinase 
K (Invitrogen) and incubating at 55°C for 1 h. Genomic 
DNA was isolated using phenol:chloroform:isopropanol 
(25:24:1, Invitrogen), back-extracted with 200 μl of TE, 
precipitated with isopropanol, washed with 75% ethanol, 
air-dried and resuspended in 60 μl 10 mM Tris-HCl 
pH 8. ChIP-PCR was performed with 6 μl DNA using 
SYBRGreen dye kits (Applied Biosystems).

ChIP-seq SOLEXA library preparation

Briefly, 10 ng of ChIP DNA was subjected to 
end-repair using T4 DNA polymerase, Klenow DNA 
polymerase and T4 polynucleotide kinase, before 
purification using the DNA Clean and Concentrator-5 
kit (Zymo Research). Adenine overhangs were added 
using Klenow 5’-3’ exo-minus polymerase (New England 
Biolabs). Illumina Solexa sequencing adapters were 
ligated using T4 DNA ligase and amplified with 18 PCR 
cycles using Phusion DNA polymerase (Finnzymes) and 
Illumina Solexa sequencing primers 1.1 and 2.1. Libraries 
were size-selected by electrophoresis, excising the DNA 
smear between 200-300 bp on a Dark Reader non-UV 
transilluminator, purified using a Qiagen gel-extraction 
mini-elute kit and quantified using an Agilent Bioanalyser.

Sequence-read analysis

Single-end 36 bp sequence reads were generated 
by the Illumina analysis pipeline versions 1.3.4 and 1.4.0. 
The two lanes of reads were combined for each sample, 
and aligned to the Human Reference Genome (assembly 
hg18, NCBI Build 36.1, March 2008) using Mapping 
and Assembly with Quality (MAQ; [114]). Next, they 
were filtered by alignment quality score, removing all 
reads with a MAQ score <20, and exact duplicate reads 
were removed such that no single read start position was 
represented more than once. Enriched regions of the 
genome were identified by comparing the ChIPed samples 
with input samples using two independent peak calling 
algorithms: MACS [115] and ChIPSeqMini [116], taking 
only those regions found by both algorithms. Sites found 
in the androgen stimulated and Src condition, but not the 
vehicle-treated condition, were analyzed further. Enriched 
regions of the genome were identified by comparing ChIP 
samples to input samples using SWEMBL peak caller 
version 3.2 (http://www.ebi.ac.uk/~swilder/SWEMBL/), 
MACS and ChIPSeqMini. Only peaks that were present 
in >2 samples in each treatment group, and peaks that 
were identified by both MACS and ChIPSeqMini for cell 
lines, were used for further analyses. The Dreme software 
package [117], in the MEME suite, was used to search 
for enriched conserved motifs within AR binding peaks 
by comparing FASTA files of AR-ChIP-seq data to those 
using control ChIP Ab (representing random sequences).
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Analysis of ChIP peak regions

ChIP-seq enriched regions were identified using the 
Galaxy suite [118], based on overlap, subtraction, union 
and feature annotations. Gene annotation associated with 
ARBS was performed using Genome Regions Enrichment 
Annotations Tool (GREAT) analyses (http://bejerano.
stanford.edu/great/public/html/splash.php). Transcription 
factor motifs were identified using CEAS, de novo motif 
searches using MEME [119] and Nested MICA [120] and 
position weight matrix searches using RSAT matrix-scan 
(http://rsat.ulb.ac.be/rsat/). MEME motifs were compared 
with random-generated sequences with the same base 
frequency. Motifs identified using de novo searches were 
aligned with known transcription factor position weight 
matrices using the motif alignment tool in the JASPAR 
database (http://jaspar.genereg.net/). The optimal genomic 
distance between AR binding sites (peak boundaries) and 
androgen-regulated genes (gene boundaries) were defined 
using Gene Set Enrichment Analysis (GSEA: http://
software.broadinstitute.org/gsea/index.jsp). Briefly, we 
generated gene sets by identifying all genes within 1, 2.5, 
5, 25 and 100 Kb of AR binding sites, whereas control sets 
were generated by identifying genes with no adjacent AR 
binding sites within >50Kb. These gene sets were tested 
for enrichment of the 3319 androgen-regulated genes 
identified in our detailed expression profiling data using 
GSEA (using the ‘time course’ correlation).

Quantitative real-time PCR

RNA (50 ng) was used for each reaction and the 
result was normalized by amplification of 18S RNA. 
Real-time quantitative PCRs were carried out in an ABI 
Prism 7900, using SYBRgreen PCR master mix (Applied 
Biosystems, Warrington, UK). Reactions were carried out 
in triplicate and with biological replicates. Primers are 
shown in Supplementary Table 1.

CONCLUSIONS

This study identifies three major mechanisms by 
which Src promotes CRPC progression through the 
androgen-independent activation of AR-regulated genes 
targets. First, Src potentiates the ability of AR to regulate 
survival and proliferation genes normally controlled by 
DHT in AD-PC cells. Second, Src induces an 11-gene, 
AR-dependent signature that is enriched in CRPC cells 
and tissues, and that predicts poor clinical outcome. 
Third, Src induces CRPC-associated genes by increasing 
AR binding to non-canonical sites, enriched for FOXO1, 
TOP2B and ZNF217 binding motifs. The differential 
expression of Src-regulated CRPC signature genes and 
of FOXO1, TOP2B and ZNF217 correlates with earlier 
metastatic onset and poorer clinical outcomes in PC 

patients, underlying the notion that Src is a critical driver 
of AR-dependent CRPC progression.

Abbreviations

AD, androgen-dependent; ADM, androgen-
deprived media; ADT, androgen deprivation therapy; AI, 
androgen-independent; AR, androgen receptor; ARBS, 
AR binding sites; ARE, androgen response elements; 
ChIP, chromatin immunoprecipitation; CRPC, castration-
recurrent prostate cancer; CSS, charcoal stripped serum; 
DHT, dihydrotestosterone; ENZ, enzalutamide; FBS, 
fetal bovine serum; FPKM, Fragments Per Kilobase of 
transcript per Million; GEO, gene expression omnibus; 
GFP, green fluorescent protein; Kb, kilobase; mCRPC, 
castration-recurrent metastatic prostate cancer; PBS, 
phosphate buffered saline; PC, prostate cancer; qRT-
PCR, quantitative reverse transcriptase polymerase chain 
reaction; SFK, Src-family kinases.

ACKNOWLEDGMENTS

We thank Yun Qiu for sharing reagents, and Seb 
Battaglia for critical review of the manuscript.

ETHICS APPROVAL

All mouse tumor experiments were performed under 
the supervision and approval of the Roswell Park Cancer 
Institute Internal Animal Care and Use Committee.

AVAILABILITY OF DATA AND 
MATERIALS

The datasets supporting conclusions of this article 
are available in the GEO repository (http://www.ncbi.nlm.
nih.gov/geo/): GSE92347, GSE92574, GSE92576.

CONFLICTS OF INTEREST

No competing interests to declare.

GRANT SUPPORT

This work was supported by grants CA94108 
(National Institutes of Health/National Cancer Institute), 
PC074228, PC101210 (Department of Defense), and in 
part, through National Cancer Institute Comprehensive 
Cancer funds (P30-CA016056).

Authors’ contributions

Conception and Design: Gelman
Development of methodology: Gelman, 

Chattopadhyay



Oncotarget10342www.impactjournals.com/oncotarget

Acquisition of data and reagents: Chattopadhyay, 
Vessella, Gao, Holtz

Analysis and interpretation of data: Chattopadhyay, 
Wang, Qin, Vessella, Leach, Gelman

Writing, review, and/or revision of the manuscript: 
Chattopadhyay, Wang, Vessella, Leach, Gelman

Study supervision: Gelman.

REFERENCES

1. Egan A, Dong Y, Zhang H, Qi Y, Balk SP, Sartor O. 
Castration-resistant prostate cancer: Adaptive responses 
in the androgen axis. Cancer Treat Rev. 2014; 40: 
426-433.

2. Gelman IH. Androgen Receptor Activation in Castration-
Recurrent Prostate Cancer: The Role of Src-Family and 
Ack1 Tyrosine Kinases. Int J Biol Sci. 2014; 10: 620-626.

3. Titus MA, Schell MJ, Lih FB, Tomer KB, Mohler JL. 
Testosterone and dihydrotestosterone tissue levels in 
recurrent prostate cancer. Clin Cancer Res. 2005; 11: 
4653-4657.

4. Schalken J, Fitzpatrick JM. Enzalutamide: targeting the 
androgen signalling pathway in metastatic castration-
resistant prostate cancer. BJU Int. 2015; 117: 215-225.

5. Scher HI, Fizazi K, Saad F, Taplin ME, Sternberg CN, 
Miller K, de WR, Mulders P, Chi KN, Shore ND, Armstrong 
AJ, Flaig TW, Flechon A, et al. Increased survival with 
enzalutamide in prostate cancer after chemotherapy. N Engl 
J Med. 2012; 367: 1187-1197.

6. Robinson D, Van Allen EM, Wu YM, Schultz N, Lonigro 
RJ, Mosquera JM, Montgomery B, Taplin ME, Pritchard 
CC, Attard G, Beltran H, Abida W, Bradley RK, et al. 
Integrative clinical genomics of advanced prostate cancer. 
Cell. 2015; 161: 1215-1228.

7. Antonarakis ES, Lu C, Wang H, Luber B, Nakazawa M, 
Roeser JC, Chen Y, Mohammad TA, Chen Y, Fedor HL, 
Lotan TL, Zheng Q, De Marzo AM, et al. AR-V7 and 
resistance to enzalutamide and abiraterone in prostate 
cancer. N Engl J Med. 2014; 371: 1028-1038.

8. Claessens F, Helsen C, Prekovic S, Van den Broeck T, 
Spans L, Van PH, Joniau S. Emerging mechanisms of 
enzalutamide resistance in prostate cancer. Nat Rev Urol. 
2014; 11: 712-716.

9. Efstathiou E, Titus M, Wen S, Hoang A, Karlou M, Ashe R, 
Tu SM, Aparicio A, Troncoso P, Mohler J, Logothetis CJ. 
Molecular characterization of enzalutamide-treated bone 
metastatic castration-resistant prostate cancer. Eur Urol. 
2015; 67: 53-60.

10. Joseph JD, Lu N, Qian J, Sensintaffar J, Shao G, Brigham 
D, Moon M, Maneval EC, Chen I, Darimont B, Hager 
JH. A Clinically Relevant Androgen Receptor Mutation 
Confers Resistance to Second-Generation Antiandrogens 
Enzalutamide and ARN-509. Cancer Discov. 2013; 3: 
1020-1029.

11. Korpal M, Korn JM, Gao X, Rakiec DP, Ruddy DA, Doshi 
S, Yuan J, Kovats SG, Kim S, Cooke VG, Monahan JE, 
Stegmeier F, Roberts TM, et al. An F876L Mutation in 
Androgen Receptor Confers Genetic and Phenotypic 
Resistance to MDV3100 (Enzalutamide). Cancer Discov. 
2013; 3: 1030-1043.

12. Li Y, Chan SC, Brand LJ, Hwang TH, Silverstein KA, 
Dehm SM. Androgen receptor splice variants mediate 
enzalutamide resistance in castration-resistant prostate 
cancer cell lines. Cancer Res. 2013; 73: 483-489.

13. Arora VK, Schenkein E, Murali R, Subudhi SK, Wongvipat 
J, Balbas MD, Shah N, Cai L, Efstathiou E, Logothetis C, 
Zheng D, Sawyers CL. Glucocorticoid receptor confers 
resistance to antiandrogens by bypassing androgen receptor 
blockade. Cell. 2013; 155: 1309-1322.

14. Lamont KR, Tindall DJ. Minireview: Alternative activation 
pathways for the androgen receptor in prostate cancer. Mol 
Endocrinol. 2011; 25: 897-907.

15. Gregory CW, Johnson RT, Jr., Mohler JL, French FS, 
Wilson EM. Androgen receptor stabilization in recurrent 
prostate cancer is associated with hypersensitivity to low 
androgen. Cancer Res. 2001; 61: 2892-2898.

16. Heemers HV, Tindall DJ. Androgen receptor (AR) 
coregulators: a diversity of functions converging on and 
regulating the AR transcriptional complex. Endocr Rev. 
2007; 28: 778-808.

17. Mohler JL. Castration-recurrent prostate cancer is not 
androgen-independent. Adv Exp Med Biol. 2008; 617: 
223-234.

18. Drake JM, Graham NA, Stoyanova T, Sedghi A, Goldstein 
AS, Cai H, Smith DA, Zhang H, Komisopoulou E, Huang 
J, Graeber TG, Witte ON. Oncogene-specific activation of 
tyrosine kinase networks during prostate cancer progression. 
Proc Natl Acad Sci U S A. 2012; 109: 1643-1648.

19. Chang YM, Kung HJ, Evans CP. Nonreceptor tyrosine 
kinases in prostate cancer. Neoplasia. 2007; 9: 90-100.

20. Drake JM, Graham NA, Lee JK, Stoyanova T, Faltermeier 
CM, Sud S, Titz B, Huang J, Pienta KJ, Graeber TG, Witte 
ON. Metastatic castration-resistant prostate cancer reveals 
intrapatient similarity and interpatient heterogeneity of 
therapeutic kinase targets. Proc Natl Acad Sci U S A. 2013; 
110: E4762-4769.

21. Tatarov O, Mitchell TJ, Seywright M, Leung HY, Brunton 
VG, Edwards J. SRC family kinase activity is up-regulated 
in hormone-refractory prostate cancer. Clin Cancer Res. 
2009; 15: 3540-3549.

22. Varkaris A, Katsiampoura AD, Araujo JC, Gallick GE, 
Corn PG. Src signaling pathways in prostate cancer. Cancer 
Metastasis Rev. 2014; 33: 596-606.

23. Mahajan NP, Liu Y, Majumder S, Warren MR, Parker 
CE, Mohler JL, Earp HS, Whang YE. Activated Cdc42-
associated kinase Ack1 promotes prostate cancer 
progression via androgen receptor tyrosine phosphorylation. 
Proc Natl Acad Sci U S A. 2007; 104: 8438-8443.



Oncotarget10343www.impactjournals.com/oncotarget

24. Knudsen BS, Edlund M. Prostate cancer and the met 
hepatocyte growth factor receptor. Adv Cancer Res. 2004; 
91: 31-67.

25. Paronetto MP, Farini D, Sammarco I, Maturo G, Vespasiani 
G, Geremia R, Rossi P, Sette C. Expression of a truncated 
form of the c-Kit tyrosine kinase receptor and activation of 
Src kinase in human prostatic cancer. Am J Pathol. 2004; 
164: 1243-1251.

26. Lorenzo GD, Bianco R, Tortora G, Ciardiello F. 
Involvement of growth factor receptors of the epidermal 
growth factor receptor family in prostate cancer 
development and progression to androgen independence. 
Clin Prostate Cancer. 2003; 2: 50-57.

27. Gallick GE, Corn PG, Zurita AJ, Lin SH. Small-molecule 
protein tyrosine kinase inhibitors for the treatment of 
metastatic prostate cancer. Future Med Chem. 2012; 4: 
107-119.

28. van der Horst EH, Degenhardt YY, Strelow A, Slavin A, 
Chinn L, Orf J, Rong M, Li S, See LH, Nguyen KQ, Hoey 
T, Wesche H, Powers S. Metastatic properties and genomic 
amplification of the tyrosine kinase gene ACK1. Proc Natl 
Acad Sci U S A. 2005; 102: 15901-15906.

29. Mahajan K, Coppola D, Challa S, Fang B, Chen YA, 
Zhu W, Lopez AS, Koomen J, Engelman RW, Rivera C, 
Muraoka-Cook RS, Cheng JQ, Schonbrunn E, et al. Ack1 
mediated AKT/PKB tyrosine 176 phosphorylation regulates 
its activation. PLoS One. 2010; 5: e9646-

30. Guo Z, Dai B, Jiang T, Xu K, Xie Y, Kim O, Nesheiwat I, 
Kong X, Melamed J, Handratta VD, Njar VC, Brodie AM, 
Yu LR, et al. Regulation of androgen receptor activity 
by tyrosine phosphorylation. Cancer Cell. 2006; 10: 
309-319.

31. Liu Y, Karaca M, Zhang Z, Gioeli D, Earp HS, Whang YE. 
Dasatinib inhibits site-specific tyrosine phosphorylation 
of androgen receptor by Ack1 and Src kinases. Oncogene. 
2010; 29: 3908-3916.

32. Su B, Gillard BM, Gao L, Eng KH, Gelman IH. Src controls 
castration recurrence of CWR22 prostate cancer xenografts. 
Cancer Med. 2013; 2: 784-792.

33. Gelman IH, Peresie J, Eng KH, Foster BA. Differential 
Requirement for Src-family Tyrosine Kinases in the 
Initiation, Progression and Metastasis of Prostate Cancer. 
Mol Cancer Res. 2014; 12: 1470-1479.

34. Yang CC, Fazli L, Loguercio S, Zharkikh I, Aza-Blanc P, 
Gleave ME, Wolf DA. Downregulation of c-SRC kinase 
CSK promotes castration resistant prostate cancer and 
pinpoints a novel disease subclass. Oncotarget. 2015; 6: 
22060-22071. doi: 10.18632/oncotarget.4279.

35. Evans CP, Lara PN, Jr., Kung H, Yang JC. Activity of the 
Src-kinase inhibitor AZD0530 in androgen-independent 
prostate cancer (AIPC): Pre-clinical rationale for a phase 
II trial. J Clin Oncol (ASCO Annual Meeting Proceedings). 
2006; 24: abstract 14542-

36. Rabbani SA, Valentino ML, Arakelian A, Ali S, Boschelli 
F. SKI-606 (Bosutinib) blocks prostate cancer invasion, 
growth, and metastasis in vitro and in vivo through 
regulation of genes involved in cancer growth and skeletal 
metastasis. Mol Cancer Ther. 2010; 9: 1147-1157.

37. Yu EY, Massard C, Gross ME, Carducci MA, Culine S, 
Hudes G, Posadas EM, Sternberg CN, Wilding G, Trudel 
GC, Paliwal P, Fizazi K. Once-daily dasatinib: expansion of 
phase II study evaluating safety and efficacy of dasatinib in 
patients with metastatic castration-resistant prostate cancer. 
Urology. 2011; 77: 1166-1171.

38. Twardowski PW, Beumer JH, Chen CS, Kraft AS, Chatta 
GS, Mitsuhashi M, Ye W, Christner SM, Lilly MB. A 
phase II trial of dasatinib in patients with metastatic 
castration-resistant prostate cancer treated previously with 
chemotherapy. Anticancer Drugs. 2013; 24: 743-753.

39. Lara PN, Jr., Longmate J, Evans CP, Quinn DI, Twardowski 
P, Chatta G, Posadas E, Stadler W, Gandara DR. A phase II 
trial of the Src-kinase inhibitor AZD0530 in patients with 
advanced castration-resistant prostate cancer: a California 
Cancer Consortium study. Anticancer Drugs. 2009; 20: 
179-184.

40. Posadas EM, Ahmed RS, Karrison T, Szmulewitz RZ, 
O'Donnell PH, Wade JL, III, Shen J, Gururajan M, Sievert 
M, Stadler WM. Saracatinib as a metastasis inhibitor in 
metastatic castration-resistant prostate cancer: A University 
of Chicago Phase 2 Consortium and DOD/PCF Prostate 
Cancer Clinical Trials Consortium Study. Prostate. 2016; 
76: 286-293.

41. Antonarakis ES, Heath EI, Posadas EM, Yu EY, Harrison 
MR, Bruce JY, Cho SY, Wilding GE, Fetterly GJ, Hangauer 
DG, Kwan MF, Dyster LM, Carducci MA. A phase 2 study 
of KX2-391, an oral inhibitor of Src kinase and tubulin 
polymerization, in men with bone-metastatic castration-
resistant prostate cancer. Cancer Chemother Pharmacol. 
2013; 71: 883-892.

42. Araujo JC, Trudel GC, Saad F, Armstrong AJ, Yu EY, 
Bellmunt J, Wilding G, McCaffrey J, Serrano SV, Matveev 
VB, Efstathiou E, Oudard S, Morris MJ, et al. Docetaxel 
and dasatinib or placebo in men with metastatic castration-
resistant prostate cancer (READY): a randomised, double-
blind phase 3 trial. Lancet Oncol. 2013; 10-2045.

43. Spreafico A, Chi KN, Sridhar SS, Smith DC, Carducci 
MA, Kavsak P, Wong TS, Wang L, Ivy SP, Mukherjee 
SD, Kollmannsberger CK, Sukhai MA, Takebe N, et al. 
A randomized phase II study of cediranib alone versus 
cediranib in combination with dasatinib in docetaxel 
resistant, castration resistant prostate cancer patients. Invest 
New Drugs. 2014; 32: 1005-1016.

44. Araujo JC, Trudel GC, Paliwal P. Long-term use of 
dasatinib in patients with metastatic castration-resistant 
prostate cancer after receiving the combination of dasatinib 
and docetaxel. Cancer Manag Res. 2013; 6: 25-30.



Oncotarget10344www.impactjournals.com/oncotarget

45. Yu EY, Duan F, Muzi M, Deng X, Chin BB, Alumkal JJ, 
Taplin ME, Taub JM, Herman B, Higano CS, Doot RK, 
Hartfeil D, Febbo PG, Mankoff DA. Castration-resistant 
prostate cancer bone metastasis response measured by 
18F-fluoride PET after treatment with dasatinib and 
correlation with progression-free survival: results from 
American College of Radiology Imaging Network 6687. J 
Nucl Med. 2015; 56: 354-360.

46. Sharma NL, Massie CE, Ramos-Montoya A, Zecchini V, 
Scott HE, Lamb AD, Macarthur S, Stark R, Warren AY, 
Mills IG, Neal DE. The androgen receptor induces a distinct 
transcriptional program in castration-resistant prostate 
cancer in man. Cancer Cell. 2013; 23: 35-47.

47. Azzouni F, Mohler J. Biology of castration-recurrent 
prostate cancer. Urol Clin North Am. 2012; 39: 435-452.

48. Boerner RJ, Kassel DB, Barker SC, Ellis B, DeLacy P, 
Knight WB. Correlation of the phosphorylation states of 
pp60c-src with tyrosine kinase activity: the intramolecular 
pY530-SH2 complex retains significant activity if Y419 is 
phosphorylated. Biochemistry. 1996; 35: 9519-9525.

49. Posadas EM, Ahmed RS, Karrison T, Szmulewitz RZ, 
O'Donnell PH, Wade JL, III, Shen J, Gururajan M, Sievert 
M, Stadler WM. Saracatinib as a metastasis inhibitor in 
metastatic castration-resistant prostate cancer: A University 
of Chicago Phase 2 Consortium and DOD/PCF Prostate 
Cancer Clinical Trials Consortium Study. Prostate. 2016; 
76: 286-293.

50. Ryan CJ, Tindall DJ. Androgen receptor rediscovered: 
the new biology and targeting the androgen receptor 
therapeutically. J Clin Oncol. 2011; 29: 3651-3658.

51. Zhao JC, Yu J, Runkle C, Wu L, Hu M, Wu D, Liu JS, 
Wang Q, Qin ZS, Yu J. Cooperation between Polycomb 
and androgen receptor during oncogenic transformation. 
Genome Res. 2012; 22: 322-331.

52. Korenchuk S, Lehr JE, MClean L, Lee YG, Whitney S, 
Vessella R, Lin DL, Pienta KJ. VCaP, a cell-based model 
system of human prostate cancer. In Vivo. 2001; 15: 
163-168.

53. Lee C, Sutkowski DM, Sensibar JA, Zelner D, Kim I, 
Amsel I, Shaw N, Prins GS, Kozlowski JM. Regulation of 
proliferation and production of prostate-specific antigen 
in androgen-sensitive prostatic cancer cells, LNCaP, by 
dihydrotestosterone. Endocrinology. 1995; 136: 796-803.

54. Lin B, Ferguson C, White JT, Wang S, Vessella R, True 
LD, Hood L, Nelson PS. Prostate-localized and androgen-
regulated expression of the membrane-bound serine 
protease TMPRSS2. Cancer Res. 1999; 59: 4180-4184.

55. Quarmby VE, Yarbrough WG, Lubahn DB, French FS, 
Wilson EM. Autologous down-regulation of androgen 
receptor messenger ribonucleic acid. Mol Endocrinol. 1990; 
4: 22-28.

56. Cai C, He HH, Chen S, Coleman I, Wang H, Fang Z, 
Chen S, Nelson PS, Liu XS, Brown M, Balk SP. Androgen 
receptor gene expression in prostate cancer is directly 

suppressed by the androgen receptor through recruitment 
of lysine-specific demethylase 1. Cancer Cell. 2011; 20: 
457-471.

57. Zhang J, Zhang S, Murtha PE, Zhu W, Hou SS, Young CY. 
Identification of two novel cis-elements in the promoter 
of the prostate-specific antigen gene that are required 
to enhance androgen receptor-mediated transactivation. 
Nucleic Acids Res. 1997; 25: 3143-3150.

58. Asim M, Siddiqui IA, Hafeez BB, Baniahmad A, Mukhtar 
H. Src kinase potentiates androgen receptor transactivation 
function and invasion of androgen-independent prostate 
cancer C4-2 cells. Oncogene. 2008; 27: 3596-3604.

59. Wu HC, Hsieh JT, Gleave ME, Brown NM, Pathak S, 
Chung LW. Derivation of androgen-independent human 
LNCaP prostatic cancer cell sublines: role of bone stromal 
cells. Int J Cancer. 1994; 57: 406-412.

60. Dehm SM, Tindall DJ. Ligand-independent androgen 
receptor activity is activation function-2-independent and 
resistant to antiandrogens in androgen refractory prostate 
cancer cells. J Biol Chem. 2006; 281: 27882-27893.

61. Martens-Uzunova ES, Hoogstrate Y, Kalsbeek A, Pigmans 
B, Vredenbregt-van den Berg M, Dits N, Nielsen SJ, Baker 
A, Visakorpi T, Bangma C, Jenster G. C/D-box snoRNA-
derived RNA production is associated with malignant 
transformation and metastatic progression in prostate 
cancer. Oncotarget. 2015; 6: 17430-17444. doi: 10.18632/
oncotarget.4172.

62. Romanuik TL, Wang G, Holt RA, Jones SJ, Marra MA, 
Sadar MD. Identification of novel androgen-responsive 
genes by sequencing of LongSAGE libraries. BMC 
Genomics. 2009; 10: 476-

63. Romanuik TL, Ueda T, Le N, Haile S, Yong TM, Thomson 
T, Vessella RL, Sadar MD. Novel biomarkers for prostate 
cancer including noncoding transcripts. Am J Pathol. 2009; 
175: 2264-2276.

64. Wang T, Liu Z, Guo S, Wu L, Li M, Yang J, Chen R, Xu 
H, Cai S, Chen H, Li W, Wang L, Hu Z, et al. The tumor 
suppressive role of CAMK2N1 in castration-resistant 
prostate cancer. Oncotarget. 2014; 5: 3611-3621. doi: 
10.18632/oncotarget.1968.

65. Su B, Gao L, Baranowski C, Gillard B, Wang J, Ransom 
R, Ko HK, Gelman IH. A Genome-Wide RNAi Screen 
Identifies FOXO4 as a Metastasis-Suppressor through 
Counteracting PI3K/AKT Signal Pathway in Prostate 
Cancer. PLoS ONE. 2014; 9: e101411-

66. Wang T, Guo S, Liu Z, Wu L, Li M, Yang J, Chen R, Liu X, 
Xu H, Cai S, Chen H, Li W, Xu S, et al. CAMK2N1 inhibits 
prostate cancer progression through androgen receptor-
dependent signaling. Oncotarget. 2014; 5: 10293-10306. 
doi: 10.18632/oncotarget.2511.

67. Jin F, Irshad S, Yu W, Belakavadi M, Chekmareva M, 
Ittmann MM, Abate-Shen C, Fondell JD. ERK and AKT 
signaling drive MED1 overexpression in prostate cancer in 



Oncotarget10345www.impactjournals.com/oncotarget

association with elevated proliferation and tumorigenicity. 
Mol Cancer Res. 2013; 11: 736-747.

68. Battisti V, Bagatini MD, Maders LD, Chiesa J, Santos KF, 
Goncalves JF, Abdalla FH, Battisti IE, Schetinger MR, 
Morsch VM. Cholinesterase activities and biochemical 
determinations in patients with prostate cancer: influence 
of Gleason score, treatment and bone metastasis. Biomed 
Pharmacother. 2012; 66: 249-255.

69. Koie T, Ohyama C, Hatakeyama S, Imai A, Yoneyama 
T, Hashimoto Y, Yoneyama T, Tobisawa Y, Hosogoe S, 
Yamamoto H, Kitayama M, Hirota K. Significance of 
preoperative butyrylcholinesterase as an independent 
predictor of biochemical recurrence-free survival in patients 
with prostate cancer treated with radical prostatectomy. Int 
J Clin Oncol. 2015; 21: 379-383.

70. Scholz G, Martinerie C, Perbal B, Hanafusa H. 
Transcriptional down regulation of the nov proto-oncogene 
in fibroblasts transformed by p60v-src. Mol Cell Biol. 1996; 
16: 481-486.

71. Wu L, Runkle C, Jin HJ, Yu J, Li J, Yang X, Kuzel T, Lee C, 
Yu J. CCN3/NOV gene expression in human prostate cancer 
is directly suppressed by the androgen receptor. Oncogene. 
2014; 33: 504-513.

72. Chen PC, Cheng HC, Wang J, Wang SW, Tai HC, Lin 
CW, Tang CH. Prostate cancer-derived CCN3 induces M2 
macrophage infiltration and contributes to angiogenesis in 
prostate cancer microenvironment. Oncotarget. 2014; 5: 
1595-1608. doi: 10.18632/oncotarget.1570.

73. Buhler P, Fischer T, Wolf P, Gierschner D, Schultze-
Seemann W, Wetterauer U, Elsasser-Beile U. Comparison 
of gene expression in LNCaP prostate cancer cells after 
treatment with bicalutamide or 5-alpha-reductase inhibitors. 
Urol Int. 2010; 84: 203-211.

74. Romanuik TL, Wang G, Morozova O, Delaney A, Marra 
MA, Sadar MD. LNCaP Atlas: gene expression associated 
with in vivo progression to castration-recurrent prostate 
cancer. BMC Med Genomics. 2010; 3:43.

75. Wang Q, Li W, Liu XS, Carroll JS, Janne OA, Keeton 
EK, Chinnaiyan AM, Pienta KJ, Brown M. A hierarchical 
network of transcription factors governs androgen receptor-
dependent prostate cancer growth. Mol Cell. 2007; 27: 
380-392.

76. Lamont KR, Tindall DJ. Androgen regulation of gene 
expression. Adv Cancer Res. 2010; 107: 137-162.

77. Hsieh JT, Wu HC, Gleave ME, von Eschenbach AC, Chung 
LW. Autocrine regulation of prostate-specific antigen gene 
expression in a human prostatic cancer (LNCaP) subline. 
Cancer Res. 1993; 53: 2852-2857.

78. Spans L, Helsen C, Clinckemalie L, Van den Broeck T, 
Prekovic S, Joniau S, Lerut E, Claessens F. Comparative 
genomic and transcriptomic analyses of LNCaP and 
C4-2B prostate cancer cell lines. PLoS ONE. 2014; 9: 
e90002.

79. Grasso CS, Wu YM, Robinson DR, Cao X, Dhanasekaran 
SM, Khan AP, Quist MJ, Jing X, Lonigro RJ, Brenner JC, 
Asangani IA, Ateeq B, Chun SY, et al. The mutational 
landscape of lethal castration-resistant prostate cancer. 
Nature. 2012; 487: 239-243.

80. Pomerantz MM, Li F, Takeda DY, Lenci R, Chonkar A, 
Chabot M, Cejas P, Vazquez F, Cook J, Shivdasani RA, 
Bowden M, Lis R, Hahn WC, et al. The androgen receptor 
cistrome is extensively reprogrammed in human prostate 
tumorigenesis. Nat Genet. 2015; 47: 1346-1351.

81. Zhang C, Wang L, Wu D, Chen H, Chen Z, Thomas-
Ahner JM, Zynger DL, Eeckhoute J, Yu J, Luo J, Brown 
M, Clinton SK, Nephew KP, et al. Definition of a FoxA1 
Cistrome that is crucial for G1 to S-phase cell-cycle transit 
in castration-resistant prostate cancer. Cancer Res. 2011; 71: 
6738-6748.

82. Taylor BS, Schultz N, Hieronymus H, Gopalan A, Xiao 
Y, Carver BS, Arora VK, Kaushik P, Cerami E, Reva B, 
Antipin Y, Mitsiades N, Landers T, et al. Integrative 
genomic profiling of human prostate cancer. Cancer Cell. 
2010; 18: 11-22.

83. Corey E, Quinn JE, Buhler KR, Nelson PS, Macoska JA, 
True LD, Vessella RL. LuCaP 35: a new model of prostate 
cancer progression to androgen independence. Prostate. 
2003; 55: 239-246.

84. Nguyen DP, Li J, Yadav SS, Tewari AK. Recent insights 
into NF-kappaB signalling pathways and the link between 
inflammation and prostate cancer. BJU Int. 2014; 114: 
168-176.

85. Dong XY, Chen C, Sun X, Guo P, Vessella RL, Wang RX, 
Chung LW, Zhou W, Dong JT. FOXO1A is a candidate 
for the 13q14 tumor suppressor gene inhibiting androgen 
receptor signaling in prostate cancer. Cancer Res. 2006; 66: 
6998-7006.

86. Haffner MC, Aryee MJ, Toubaji A, Esopi DM, Albadine R, 
Gurel B, Isaacs WB, Bova GS, Liu W, Xu J, Meeker AK, 
Netto G, De Marzo AM, et al. Androgen-induced TOP2B-
mediated double-strand breaks and prostate cancer gene 
rearrangements. Nat Genet. 2010; 42: 668-675.

87. Szczyrba J, Nolte E, Hart M, Doll C, Wach S, Taubert 
H, Keck B, Kremmer E, Stohr R, Hartmann A, Wieland 
W, Wullich B, Grasser FA. Identification of ZNF217, 
hnRNP-K, VEGF-A and IPO7 as targets for microRNAs 
that are downregulated in prostate carcinoma. Int J Cancer. 
2013; 132: 775-784.

88. Andersson R, Gebhard C, Miguel-Escalada I, Hoof I, 
Bornholdt J, Boyd M, Chen Y, Zhao X, Schmidl C, Suzuki 
T, Ntini E, Arner E, Valen E, et al. An atlas of active 
enhancers across human cell types and tissues. Nature. 
2014; 507: 455-461.

89. Manville CM, Smith K, Sondka Z, Rance H, Cockell S, 
Cowell IG, Lee KC, Morris NJ, Padget K, Jackson GH, 
Austin CA. Genome-wide ChIP-seq analysis of human 



Oncotarget10346www.impactjournals.com/oncotarget

TOP2B occupancy in MCF7 breast cancer epithelial cells. 
Biol Open. 2015; 4: 1436-1447.

90. Uuskula-Reimand L, Hou H, Samavarchi-Tehrani P, Rudan 
MV, Liang M, Medina-Rivera A, Mohammed H, Schmidt 
D, Schwalie P, Young EJ, Reimand J, Hadjur S, Gingras 
AC, Wilson MD. Topoisomerase II beta interacts with 
cohesin and CTCF at topological domain borders. Genome 
Biol. 2016; 17: 182-1043.

91. Katsogiannou M, Ziouziou H, Karaki S, Andrieu C, Henry 
d, V, Rocchi P. The hallmarks of castration-resistant prostate 
cancers. Cancer Treat Rev. 2015; 41: 588-597.

92. Fiandalo MV, Wu W, Mohler JL. The role of intracrine 
androgen metabolism, androgen receptor and apoptosis 
in the survival and recurrence of prostate cancer during 
androgen deprivation therapy. Curr Drug Targets. 2013; 14: 
420-440.

93. Perner S, Cronauer MV, Schrader AJ, Klocker H, Culig Z, 
Baniahmad A. Adaptive responses of androgen receptor 
signaling in castration-resistant prostate cancer. Oncotarget. 
2015; 6: 35542-35555. doi: 10.18632/oncotarget.4689.

94. Sharifi N. Mechanisms of androgen receptor activation in 
castration-resistant prostate cancer. Endocrinology. 2013; 
154: 4010-4017.

95. Schalken J, Fitzpatrick JM. Enzalutamide: targeting the 
androgen signalling pathway in metastatic castration-
resistant prostate cancer. BJU Int. 2015; 117: 215-225.

96. Morrissey C, Vessella RL, Lange PH, Lam HM. The biology 
and clinical implications of prostate cancer dormancy and 
metastasis. J Mol Med (Berl). 2015; 94: 259-265.

97. Gelman IH. Src-family tyrosine kinases as therapeutic 
targets in advanced cancer. Front Biosci (Elite Ed). 2011; 
3: 801-807.

98. Mahajan K, Coppola D, Rawal B, Chen YA, Lawrence HR, 
Engelman RW, Lawrence NJ, Mahajan NP. Ack1-mediated 
androgen receptor phosphorylation modulates radiation 
resistance in castration-resistant prostate cancer. J Biol 
Chem. 2012; 287: 22112-22122.

99. Stepanov GA, Filippova JA, Komissarov AB, Kuligina 
EV, Richter VA, Semenov DV. Regulatory role of small 
nucleolar RNAs in human diseases. Biomed Res Int. 2015; 
2015:206849. 

100. Ahras M, Otto GP, Tooze SA. Synaptotagmin IV is 
necessary for the maturation of secretory granules in PC12 
cells. J Cell Biol. 2006; 173: 241-251.

101. Lee JK, Phillips JW, Smith BA, Park JW, Stoyanova T, 
McCaffrey EF, Baertsch R, Sokolov A, Meyerowitz JG, 
Mathis C, Cheng D, Stuart JM, Shokat KM, et al. N-Myc 
Drives Neuroendocrine Prostate Cancer Initiated from 
Human Prostate Epithelial Cells. Cancer Cell. 2016; 29: 
536-547.

102. Nelson EC, Cambio AJ, Yang JC, Ok JH, Lara PN, 
Jr., Evans CP. Clinical implications of neuroendocrine 
differentiation in prostate cancer. Prostate Cancer Prostatic 
Dis. 2007; 10: 6-14.

103. Rodriguez D, Ramsay AJ, Quesada V, Garabaya C, Campo 
E, Freije JM, Lopez-Otin C. Functional analysis of sucrase-
isomaltase mutations from chronic lymphocytic leukemia 
patients. Hum Mol Genet. 2013; 22: 2273-2282.

104. Broecker F, Hardt C, Herwig R, Timmermann B, Kerick M, 
Wunderlich A, Schweiger MR, Borsig L, Heikenwalder M, 
Lehrach H, Moelling K. Transcriptional signature induced 
by a metastasis-promoting c-Src mutant in a human breast 
cell line. FEBS J. 2016; 283: 1669-1688.

105. Zhao Y, Tindall DJ, Huang H. Modulation of androgen 
receptor by FOXA1 and FOXO1 factors in prostate cancer. 
Int J Biol Sci. 2014; 10: 614-619.

106. Kolar Z, Burdova A, Jamaspishvili T, Bouchal J, 
Kucerova R, Bienova M, Kral M, Student V. Relation 
of ETS transcription factor family member ERG, 
androgen receptor and topoisomerase 2beta expression 
to TMPRSS2-ERG fusion status in prostate cancer. 
Neoplasma. 2014; 61: 9-16.

107. Nguyen NT, Vendrell JA, Poulard C, Gyorffy B, Goddard-
Leon S, Bieche I, Corbo L, Le RM, Bachelot T, Treilleux 
I, Cohen PA. A functional interplay between ZNF217 and 
estrogen receptor alpha exists in luminal breast cancers. 
Mol Oncol. 2014; 8: 1441-1457.

108. Frietze S, O'Geen H, Littlepage LE, Simion C, Sweeney 
CA, Farnham PJ, Krig SR. Global analysis of ZNF217 
chromatin occupancy in the breast cancer cell genome 
reveals an association with ERalpha. BMC Genomics. 
2014; 15:520.

109. Cohen PA, Donini CF, Nguyen NT, Lincet H, Vendrell JA. 
The dark side of ZNF217, a key regulator of tumorigenesis 
with powerful biomarker value. Oncotarget. 2015; 6: 
41566-41581. doi: 10.18632/oncotarget.5893.

110. Li P, Lee H, Guo S, Unterman TG, Jenster G, Bai W. 
AKT-independent protection of prostate cancer cells from 
apoptosis mediated through complex formation between 
the androgen receptor and FKHR. Mol Cell Biol. 2003; 23: 
104-118.

111. Avizienyte E, Wyke AW, Jones RJ, McLean GW, Westhoff 
MA, Brunton VG, Frame MC. Src-induced de-regulation of 
E-cadherin in colon cancer cells requires integrin signalling. 
Nature Cell Biology. 2002; 4: 632-638.

112. Massie CE, Lynch A, Ramos-Montoya A, Boren J, Stark 
R, Fazli L, Warren A, Scott H, Madhu B, Sharma N, Bon 
H, Zecchini V, Smith DM, et al. The androgen receptor 
fuels prostate cancer by regulating central metabolism and 
biosynthesis. EMBO J. 2011; 30: 2719-2733.

113. Jia L, Shen HC, Wantroba M, Khalid O, Liang G, Wang Q, 
Gentzschein E, Pinski JK, Stanczyk FZ, Jones PA, Coetzee 
GA. Locus-wide chromatin remodeling and enhanced 
androgen receptor-mediated transcription in recurrent 
prostate tumor cells. Mol Cell Biol. 2006; 26: 7331-7341.

114. Li H, Ruan J, Durbin R. Mapping short DNA sequencing 
reads and calling variants using mapping quality scores. 
Genome Res. 2008; 18: 1851-1858.



Oncotarget10347www.impactjournals.com/oncotarget

115. Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, 
Bernstein BE, Nusbaum C, Myers RM, Brown M, Li W, Liu 
XS. Model-based analysis of ChIP-Seq (MACS). Genome 
Biol. 2008; 9: R137-R139.

116. Johnson DS, Mortazavi A, Myers RM, Wold B. Genome-
wide mapping of in vivo protein-DNA interactions. Science. 
2007; 316: 1497-1502.

117. Bailey TL. DREME: motif discovery in transcription factor 
ChIP-seq data. Bioinformatics. 2011; 27: 1653-1659.

118. Giardine B, Riemer C, Hardison RC, Burhans R, Elnitski 
L, Shah P, Zhang Y, Blankenberg D, Albert I, Taylor J, 

Miller W, Kent WJ, Nekrutenko A. Galaxy: a platform for 
interactive large-scale genome analysis. Genome Res. 2005; 
15: 1451-1455.

119. Bailey TL, Elkan C. The value of prior knowledge in 
discovering motifs with MEME. Proc Int Conf Intell Syst 
Mol Biol. 1995; 3: 21-29.

120. Down TA, Hubbard TJ. NestedMICA: sensitive inference of 
over-represented motifs in nucleic acid sequence. Nucleic 
Acids Res. 2005; 33: 1445-1453.


