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ABSTRACT

The androgen receptor (AR) is a member of the nuclear receptor superfamily
of transcription factors and is central to prostate cancer (PCa) progression. Ligand-
activated AR engages androgen response elements (AREs) at androgen-responsive
genes to drive the expression of gene batteries involved in cell proliferation and
cell fate. Understanding the transcriptional targets of the AR has become critical in
apprehending the mechanisms driving treatment-resistant stages of PCa. Although
AR transcription regulation has been extensively studied, the signaling networks
downstream of AR are incompletely described. Semaphorin 3C (SEMA3C) is a secreted
signaling protein with roles in nervous system and cardiac development but can also
drive cellular growth and invasive characteristics in multiple cancers including PCa.
Despite numerous findings that implicate SEMA3C in cancer progression, regulatory
mechanisms governing its expression remain largely unknown. Here we identify
and characterize an androgen response element within the SEMA3C locus. Using the
AR-positive LNCaP PCa cell line, we show that SEMA3C expression is driven by AR
through this element and that AR-mediated expression of SEMA3C is dependent on
the transcription factor GATA2. SEMA3C has been shown to promote cellular growth
in certain cell types so implicit to our findings is the discovery of direct regulation of
a growth factor by AR. We also show that FOXA1 is a negative regulator of SEMA3C.
These findings identify SEMA3C as a novel target of AR, GATA2, and FOXA1 and expand
our understanding of semaphorin signaling and cancer biology.

binding domain (LBD). The NTD and LBD domains
contain AF1 and AF2 regions, respectively, that, together,
serve to recruit ancillary proteins required for transcription

INTRODUCTION

The androgen receptor (AR) is a 110 kDa member

of the nuclear hormone receptor (NR) superfamily of
transcription factors. Like other nuclear receptors, the AR
is a modular protein which regulates gene expression in
a ligand-dependent manner by engaging conserved DNA
motifs and promoting transcription. Structurally, the AR
consists of an N-terminal domain (NTD), a DNA-binding
domain (DBD), a hinge region, and a C-terminal ligand-

initiation [1, 2]. The LBD contains an androgen-binding
pocket that has been exploited therapeutically in the
development of antiandrogen compounds for clinical
application [3]. The DBD contains two zinc finger motifs
which recognize and bind to androgen response elements
(AREs) such as inverted repeats of AGAACA [2, 4-6].
Upon binding dihydrotestosterone (DHT), the AR
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translocates to the nucleus where it recruits co-activators,
RNA polymerase II, and other components of the basal
transcriptional complex at AREs found in the vicinity
of androgen-regulated genes [7, 8]. AR is additionally
known to cooperate with pioneering factors GATA2,
FOXAT1, and OCT1 to promote gene transcription through
chromatin remodeling and DNA looping [9-13]. The AR
holds important roles in normal prostate development
and physiology, in the maintenance of secondary male
characteristics, and in sexual function in the adult male;
however, its dysregulation is also largely responsible for
prostate cancer (PCa) development and progression [14—
19]. Accordingly, AR is the focus of many translationally-
driven investigational studies. PCa is the most commonly-
occurring cancer among North American men and despite
initially favourable response to treatment, progression to
metastatic castration-resistant prostate cancer (CRPC)
is frequent [20] for which treatments are palliative.
Several lines of evidence support the notion that the AR
is vital to early PCa but also to CRPC [21]. For example,
AR transcriptional targets include genes related to cell
proliferation and survival such as M phase cell cycle
progression genes [22-24]. Furthermore, PCa tumours
generally respond well to androgen blockade for at least
a period of time. In addition, CRPC is often marked
by: retention or amplification of the AR, biochemical
recurrence of AR target genes such as prostate-specific
antigen (PSA), and mutations to the AR rendering it
constitutively active and refractory to the actions of
antiandrogens [3]. Collectively, these observations suggest
a causal role for AR in disease progression and underscore
the importance of AR blockade and identification of novel
AR targets whose expression by AR facilitate disease
progression.

The semaphorin family of signaling proteins
constitutes a large grouping of membrane-associated
or secreted chemotactic factors that are involved in
embryogenesis and neurogenesis. Semaphorins assist in
neuronal outgrowth and axon guidance by establishing
molecular gradients that guide cell movement [25-28].
Since their initial discovery, semaphorins have been
implicated in a variety of different biological processes
ranging from immunity to cell motility [29, 30]. Twenty
different semaphorin family members have been identified
in mammals and their roles in cancer development are
becoming increasingly evident [31-34]. Semaphorin 3C
(SEMA3C) is a secreted class 3 semaphorin and functions
in endothelial, cardiac, and alveolar development [35—
38]. SEMA3C is also involved in lung, gastric, ovarian,
and breast cancer development and is a driver of glioma
stem cell tumourigenicity [39—43]. Recent reports have
implicated SEMA3C in angiogenesis [44, 45] and have
also highlighted the significance and clinical relevance
of SEMA3C in prostate cancer [46—48]. Additionally,
SEMA3C and its receptors are frequently mutated
and upregulated in PCa [32, 49-51]. Despite ongoing

improvements to our understanding of the normal and
pathological roles of semaphorins, reports describing
their regulation are exceedingly scarce. In a genome-wide
ChIP-Seq study that identified androgen receptor binding
sites (ARBSs) across the genome of prostate cancer cell
lines, several putative ARBSs in the SEMA3C genomic
and upstream sequence were identified [52].

Given the implication of both AR and SEMA3C
in prostate cancer development, in combination with
the discovery of ARBSs within the SEMA3C locus, we
hypothesized that SEMA3C is a transcriptional target of
the androgen receptor. The concept that some semaphorins
are hormone-regulated is not unprecedented and it has
been reported that SEMA3G is upregulated by R1881 in
prostate cells [16] and that SEMA3B and SEMAS3F are
regulated by estrogens in ovarian cancer cells [53]. In the
present study, we provide new evidence that in AR-positive
LNCaP cells, SEMA3C is upregulated by androgen-
stimulated AR. We also assign function to an ARE
discovered at one of the putative ARBSs identified by Yu
et al using gel-shift, chromatin immunoprecipitation, and
reporter gene assays. Collectively these data demonstrate
that SEMA3C is a direct transcriptional target of AR.
Lastly, we show that GATA?2 is a necessary coactivator
of AR-mediated expression of SEMA3C and that FOXA1
is a negative regulator of SEMA3C. These results reveal
several previously unrecognized mechanisms of SEMA3C
regulation. Furthermore, considering SEMA3C has been
shown to promote growth in certain cell types [35, 54],
this work also distinctly shows the regulation of a growth
factor by the androgen receptor.

RESULTS

ARE and GATA2 DNA motifs at the human
SEMA3C locus

The ChIP-Seq study from Yu et al [52] reported
a total of 44,536 genomic regions (or peaks) bound by
the AR protein (ARBSs) in LNCaP cells under treatment
with R1881. The average peak height, an indication of
the amount of DNA bound by the AR, is 30 units. The
annotation of the ChIP-Seq data by the CompleteMOTIFs
program has identified 8 peaks that are within 500 kb of
the transcription start site (TSS) of the SEMA3C gene,
five of which are shown in Figure 1A in addition to three
other peaks upstream of SEMA3C (not shown) which
have heights lower than the average value. As illustrated
in Figure 1A, two ChIP-Seq peaks have heights of 111 and
92, both of which are significantly higher than the average
value and are in the 95" percentile; the coding sequences
are located on the reverse strand of chromosome 7 (hg18).
The two ARBSs span 525 and 500 basepairs (bps) and
are located in intron 2 (34.5 kb downstream of TSS) and
intron 12 (137.7 kb downstream of TSS) of the SEMA3C
gene, respectively. The DNA sequences at the ARBSs were
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scanned for the presence of ARE and GATA2 motifs, using
a motif scanning program, Patser. An ARE DNA motif was
found within the ARBS peak at intron 2 (p = 6.46 x 10°°),
while no ARE motif was found within the peak at intron
12. Prospective GATA2 motifs were identified in both
intron 2 (p = 1.02 x 10*) and intron 12 (p = 1.17 x 10¥)
which resemble the GATA2 motif as defined by JASPAR
motif database (Figure 1B). We began our investigation
of AR-mediated regulation of SEMA3C by examining the
putative ARE that spans from 80,352,119 to 80,352,133 in
the intron 2 of SEMA3C, which shares strong resemblance
to the ARE motif (Figure 1C) as defined in the JASPAR
motif database [2, 4-6, 55].

SEMA3C is an androgen receptor-regulated gene

Considering that SEMA3C contains an ARE in its
second intron, SEMA3C may be an androgen-regulated
gene; androgen receptor is known to act through distantly-

A 80,250,000

located (including intronic) ARBSs through DNA
looping [11, 13, 18, 56]. To first assess the androgen-
responsiveness of SEMA3C, AR-positive LNCaP cells
were treated with the synthetic androgen R1881 or
naturally-occurring ligand, DHT, and tested for SEMA3C
expression. Consistent with our hypothesis, SEMA3C
mRNA levels increased in a dose-dependent manner upon
treatment with both R1881 and DHT (Figure 2A and 2B,
respectively). R1881 triggered increases in SEMA3C
mRNA levels from 2.2 to 3.1 over that of vehicle control
while DHT reached a maximum induction of 1.9-fold
over vehicle control at 5 nM. These results are supported
by existing microarray datasets [57] which examine the
gene expression profiles of LNCaP in response to R1881
over time. Data mining [58] of these datasets (GEO
accession number GDS2034) showed that SEMA3C
mRNA levels increased in a time-dependent manner
(Supplementary Figure 1). To test if antiandrogens
could influence SEMA3C expression, we administered
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Figure 1: ARE and GATA2 DNA motifs at the human SEMA3C locus. A. The ChIP-Seq peaks (vertical black bars) from Yu et
al were overlaid on the SEMA3C locus (blue horizontal line: exons are shown as vertical blue bars) in the UCSC Genome Browser (hg18).
A red horizontal line illustrates the average peak height from the ChIP-Seq experiment. The DNA sequences containing the ARE and
GATA2 motifs, as predicted by the Patser program, are shown within the two peaks that span from 80,351,826 to 80,352,350 in intron 2 and
from 80,248,676 to 80,249,175 in intron 12, respectively. B. A consensus GATA2 motif documented in the JASPAR database is illustrated
as a sequence logo. C. A consensus ARE motif documented in the JASPAR database is illustrated as a sequence logo.
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increasing concentrations of MDV3100 (Enzalutamide), SEMA3C by 43%, 42%, 73%, and 73% at 6.25, 12.5, 25,

an androgen competitor that competes with androgens and 50 puM, respectively. These findings are consistent
for the AR LBD [59], to R1881-stimulated LNCaP cells. with data mining of a previously published microarray
MDV3100 inhibited SEMA3C expression by over 50% at dataset on MDV3100- and VPC-14449-treated R1881-
all concentrations of MDV3100 examined (Figure 2C). A stimulated LNCaP cells [61] where it was shown that
recently-developed small molecule AR inhibitor (“VPC- administration of MDV3100 and VPC-14449 decreased
14449”) with well-characterized AR DBD-interfering SEMA3C expression by 20% (p = 0.10) and 25% (p =
activity [60, 61] was also capable of inhibiting R1881- 0.04), respectively. To reinforce the idea that SEMA3C
mediated induction of SEMA3C expression (Figure expression requires AR, we also showed that SEMA3C
2D). VPC-14449 inhibited R1881-induced expression of levels were not induced by R1881 in the AR-negative
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Figure 2: SEMA3C is an androgen receptor-regulated gene. LNCaP were treated with increasing concentrations (0 to 5 nM)
of the synthetic androgen, R1881 A., and increasing concentrations (0 to 10 nM) of dihydrotestosterone (DHT; B.) followed by detection
of SEMA3C mRNA levels by qPCR; relative quantities (RQ) are presented. R1881-stimulated LNCaP cells were treated with increasing
concentrations (6.25, 12.5, 25, and 50 uM) of Enzalutamide (MDV3100; C.) or of the AR DBD inhibitor VPC-14449 (14449; D.) followed
by SEMA3C mRNA level detection by qPCR. AR-negative PCa lines PC-3 and DU 145 did not upregulate SEMA3C in response to
R1881 E & F. PC-3 and LNCaP cells were transfected with mock or AR overexpression plasmids followed by qPCR for SEMA3C G &
H. LNCaP cells were transfected with siRNA directed against AR (siAR) or scrambled siRNA (siSCX) followed by qPCR for SEMA3C L.
LNCaP cells were treated with R1881 (5 nM) in the presence of siAR followed by qPCR for SEMA3C J. LNCaP were treated with PI3K
inhibitor LY294002 at the indicated concentrations or DMSO and monitored for SEMA3C message expression K. LNCaP were treated
with LY294002 (40 uM) in the presence of siRNA for AR (siAR) or GATA2 (siGATA2) followed by qPCR for SEMA3C L. 22Rv1 were
treated with PTEN inhibitor bpV(HOpic) at the indicated concentrations or DMSO and monitored for SEMA3C message expression M.
Data represent mean, + SD; * p < 0.05, ** p <0.01, *** p <0.001.
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prostate cancer cells lines, PC-3 and DU 145, over the
same concentrations (Figure 2E & 2F). Additionally,
ectopic expression of AR in PC-3 and LNCaP led to a 4.6
and 3.1-fold increase in SEMA3C expression, respectively
(Figure 2G & 2H). In the reciprocal experiment,
knockdown of AR in LNCaP resulted in a 32% reduction
in SEMA3C expression (Figure 21); verification of AR
knockdown was confirmed by Western blot analysis
(Supplementary Figure 2A). To ascertain whether
R1881-induced SEMA3C expression was by way of AR,
we treated LNCaP cells with R1881 in the presence and
absence of small interfering RNA (siRNA) for AR (siAR).
These experiments showed that R1881-induced expression
of SEMA3C is AR-dependent (Figure 2J); knockdown
of AR in these studies was confirmed by Western blot
analysis (Supplementary Figure 2B). Collectively, these
results demonstrate that steroid-activated AR can trigger
upregulation of SEMA3C.

The PI3K pathway is frequently mutated in
prostate cancer and PTEN is mutated in up to 40% of
advanced prostate cancer patients. The inhibition of
PI3K signaling was shown to upregulate AR-regulated
genes [62] therefore we asked whether inhibiting PI3K
using LY294002 could trigger upregulation of SEMA3C.
In accordance with findings shown by Carver et al,
inhibiting PI3K using LY294002 caused upregulation of
SEMA3C mRNA (Figure 2K). Furthermore, induction
of SEMA3C expression by LY294002 was significantly
diminished when either AR or GATA2, a protein that
cooperates with AR, were knocked down (Figure 2L);
knockdown of AR and GATA2 was confirmed by Western
blot analysis (Supplementary Figure 2C). Conversely,
inhibiting PTEN using bpV(HOpic) in the PTEN-positive
PCa line, 22Rv1, caused a downregulation of SEMA3C
(Figure 2M). Phospho-Akt was used to monitor the
effects of LY294002 and bpV(HOpic) on PI3K activity
(Supplementary Figure 2D & 2E).

The androgen receptor associates with the
SEMAS3C intron 2 ARE

We next set out to determine if the AR acts in cis- at
the intron 2 ARE or if the observed SEMA3C induction
is the result of upregulation of intermediary factors or
pleotropic effects of an activated AR axis. We first tested
the capacity of the AR to interact with the SEMA3C
intron 2 ARE using an electrophoretic mobility shift
assay utilizing purified human AR DNA-binding domain
(AR DBD) and a 50 bp double-stranded oligonucleotide
centred around the SEMA3C intron 2 ARE (WtARE).
Whereas the wtARE oligonucleotide was shifted by the
AR DBD, a 50 bp oligonucleotide mapping to an area
roughly 200 bps downstream of the endogenous ARE
(downARE) did not (Figure 3A, compare lanes 2-4 and
6-8). Moreover, incorporation of transversion mutations
to six of the core nucleotides constituting the putative

ARE (mutARE) abolished the gel-shift observed with the
wtARE oligonucleotide (Figure 3B, compare lanes 2-4 and
6-8). Thus, the AR DBD is capable of interacting with this
putative intragenic ARE.

In canonical NR signaling, NRs are recruited to
response elements in the vicinity of target genes in a
ligand-inducible manner. To determine if AR is recruited
to the SEMA3C locus in this fashion, we used chromatin
immunoprecipitation (ChIP) with an AR-specific antibody
on lysates from EtOH or R1881-treated LNCaP cells
and amplified a 150 bp region mapping to the SEMA3C
intronic ARE. R1881 treatment of LNCaP cells resulted
in the recruitment of AR to genomic SEMA3C ARE
as shown by elevated levels of the SEMA3C ARE
amplicon in both end-point (Figure 3C) and quantitative
PCR (Figure 3D). In end-point PCR, inputs contained
detectable levels of SEMA3C intronic ARE amplicon but
no amplicon was detected in immunoprecipitation with
isotype control (Figure 3C). GAPDH amplicon was not
enriched for by AR immunoprecipitation with R1881
treatment nor was any detectable in the isotype control
samples (data not shown). In quantitative PCR, a 3-fold
increase in enrichment over isotype control was observed
in the R1881-treated samples whereas no enrichment
was observed in the EtOH treatment (Figure 3D). Since
AR occupancy is a strong indicator of AR-regulation
[16], these assays support the notion that SEMA3C is an
androgen receptor-regulated gene.

Androgen receptor transactivates the SEMA3C
intron 2 ARE

AR-mediated gene transcription culminates in the
recruitment of RNA polymerase II, coactivators, and other
members of the pre-initiation complex to the promoter
region of androgen-responsive genes. This assembly is
largely coordinated through AR’s AF1, AF2, and BF3
domains [7, 63—65]. To determine if the isolated SEMA3C
ARE is a platform capable of orchestrating these events,
we utilized pGL3 reporter constructs bearing a one
hundred and fifty bp region surrounding the SEMA3C
intron 2 ARE placed upstream of the luciferase gene.
Luciferase activity was increased 57 times by R1881 in
LNCaP cells transfected with the SEMA3C ARE luciferase
reporter construct (wtARE) but not in LNCaP transfected
with the empty pGL3-Basic vector (Basic; Figure 4A).
Luciferase activity was not induced by R1881 in LNCaP
transfected with a reporter construct bearing the 6 bp
mutant form of the ARE that was described in Figure 3
(mutARE; Figure 4A). Similar results were obtained when
293T cells were co-transfected with reporter constructs
and AR overexpression plasmids. R1881 induced an 8.2-
fold increase in luciferase activity in 293T co-transfected
with wtARE and AR, however, in the absence of co-
transfection with AR, 293T cells showed only minor
R1881-responsiveness (1.6-fold induction; Figure 4B).
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Minor R1881 induction of luciferase activity was observed
in 293T cells transfected with Basic and AR (2.2-fold
induction; Figure 4B) owing likely to cryptic regulatory
elements in the empty reporter plasmid. No induction
was observed in 293T cells transfected with Basic in the
absence of AR co-transfection. In search of additional
elements within our insert that are responsible for
luciferase induction, a series of constructs with progressive
3’ deletions to wtARE insert were generated. Truncation of
60 bp from the full-length insert (WtARE-60bp) resulted
in a drastic reduction in R1881 induction of luciferase
activity (from 220 to 8.1-fold induction; Figure 4C)

A

AR DBD

]

1 2 3 4 5 6 7 8

presumably due to the removal of one or more elements
that support AR transcription initiation (discussed further
below). The deletion of an additional 60 bp (WtARE-
120bp), which removes the putative ARE, completely
abrogated R1881 induction of luciferase activity (from
8.1-fold to no induction; Figure 4C). In PCa, following
castration, a restored AR axis is thought to be one of the
mechanisms that precipitate the onset of castrate-resistant
disease. Restoration of AR activity despite castrate levels
of androgens is thought to be through mechanisms that
include overexpression of, or mutations to, the AR. The
constitutively active AR splice variant, ARv7, which

downARE WtARE WtARE mutARE
downARE: TTTACATCTTGGTTACCTTGCACTAGCTTCCATGGCAGACAAAGCCGTTG
wtARE : GTTTATTATTCTCCAGTTCTTTACACAGTCTTCCTACACCGTCAACATAT
mutARE: GTTTATTATTCTCCAGTTCTTTCACCAGGTGTCCTACACCGTCAACATAT
R1881(5nM) - + - + - +
(emeal  § == "
Input Isotype IP: AR Hm |sotype
m P AR
3.
2-

EtOH

Fold enrichment over isotype control

R1881 (5 nM)

Figure 3: The androgen receptor associates with the SEMA3C intron 2 ARE. In electrophoretic mobility shift assays, 50
basepair oligonucleotides at a final concentration of 1.875 uM were combined with increasing concentrations (0, 0.5, 1.0, 2.0 uM) of
purified human androgen receptor DNA-binding domain (AR DBD) and run on a non-denaturing acrylamide gel. A shift (at arrow) was
observed when AR DBD was combined with oligonucleotide containing the intron 2 ARE (WtARE) but not when combined with either a
50 bp oligonucleotide mapping to ~200 bp downstream of the intron 2 ARE (downARE) A. nor when combined with an oligonucleotide
with transversion mutations to six bases of the ARE (mutARE) B. Sequences of the oligonucleotides used for the assay are shown
below; sequences shown are complementary to those of Figure 1: Bases matching the JASPAR motif are shown in colour; mutations are
underlined. ChIP assays were carried out on lysates of LNCaP treated with 0.05% ethanol (vehicle control) or 5 nM R1881. PCR was
performed on 1% input (Input), isotype-matched control (Isotype), and AR immunoprecipitates (IP: AR). C. End-point PCR showed
abundant levels of SEMA3C ARE amplicon in input and undetectable levels in isotype control irrespective of R1881 treatment. Ethanol-
treated AR immunoprecipitates showed low but detectable levels of SEMA3C ARE amplicon whereas R1881 triggered enriched SEMA3C
ARE amplicon in AR immunoprecipitates. Results were confirmed by qPCR D.; values represent fold enrichment over isotype control of
the same treatment condition. + SD; ** p < 0.01.
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lacks the ligand-binding domain, could represent one such output from the SEMA3C intron 2 ARE was titrated

example. Co-transfection of the ARv7 overexpression against concentrations of MDV3100 and VPC-14449 in
plasmid and the wtARE reporter plasmid into 293T cells R1881-activated LNCaP cells. In these studies, the IC,  of
resulted in luciferase activity comparable to that of ligand- MDV3100 and VPC-14449 was discovered to be 1.1 uM
activated wild-type AR (Figure 4D) which was irrespective and 1.7 pM, respectively (Figure 4E & 4F). This dose-
of R1881 treatment. Collectively, these results demonstrate dependent AR inhibition by MDV3100 and VPC-14449 is
that the identified ARE can coordinate the recruitment of consistent with the transcriptional inhibition observed for
factors necessary for AR-mediated transcription initiation. other ARE-bearing reporter constructs in LNCaP and other
For biochemical comparison, the luciferase transcriptional cell lines [60, 61].
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Figure 4: Androgen receptor transactivates the SEMA3C intron 2 ARE. A. LNCaP cells were transfected with empty pGL3-
Basic reporter plasmid (Basic), SEMA3C intron 2 ARE reporter plasmids (wtARE), or reporter plasmids where the ARE was mutated
(mutARE). Sequences cloned into reporter plasmids are shown below; sequences shown are complementary to those of Figure 1: Bases
matching the JASPAR motif are shown in colour and ARE and GATA?2 elements are indicated; mutations are underlined. Cells were then
treated with R1881 at 5 nM or vehicle control (0.05% EtOH) and harvested for measurement of relative luminescence (RLU). B. 293T
were co-transfected with reporter plasmids (Basic or wtARE) and AR overexpression plasmids followed by treatment with R1881 at 1 nM
or vehicle. C. LNCaP cells were transfected with wtARE, wtARE with the final 60 basepairs truncated (wtARE-60bp), wtARE with the
final 120 basepair truncated (WtARE-120bp), and Basic (sequences are shown below). The wtARE construct contains both the AR and
GATA2 motif; the wtARE-60bp construct has the GATA2 motif removed but retains the AR motif; the wtARE-120bp construct contains
neither the AR nor the GATA2 motif. Transfected cells were then treated with R1881 at 5 nM or vehicle. D. 293T cells were transfected
with wtARE and either wtAR or ARv7 overexpression plasmid and subsequently treated with R1881 to 1 nM. Transfection with pcDNA3.1
served as a control. Values represent a fold increase over EtOH control (A-C) or fold increase over pcDNA3.1/EtOH treatment (D). Data
represent mean, + SD; * p < 0.05, ** p < 0.01, *** p <0.001. LNCaP were transfected with wtARE and co-treated with R1881 (0.1 nM)
and dosages of MDV3100 E. or VPC-14449 F. ranging from 0.04 to 50 uM. MDV3100 IC, = 1.1 uM and 14449 IC, = 1.7 uM. + SEM.
For all luciferase assays, renilla luciferase was used to normalize readings.
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R1881-induction of SEMA3C expression is 80,352,085 situated thirty-three bps downstream of the

GATA2-dependent ARE (Figure 1A & 1B). In reporter gene assays, truncation
of this element from the full-length reporter construct

The GATA family of transcription factors are corresponded to a nearly 30-fold decrease in R1881-
pioneering factors that control gene expression through inducibility (Figure 4C). In addition to this, in microarray
epigenetic chromatin remodeling [66, 67]. One such studies we found that GATA?2 silencing led to a five-fold
member, GATA2, has been shown to cooperate with the decrease in SEMA3C expression in LNCaP (FDR<0.001;
AR in the regulation of androgen-dependent genes [11, NCBI, Gene Expression Omnibus, GEO accession number
68]. GATA2 has roles in development and has recently GSE49342). This data was validated by qPCR where
been ascribed various roles in prostate cancer development silencing of GATA2 decreased basal levels of SEMA3C
[9, 10, 69, 70]. Related family member, GATA®, is by 50% compared to LNCaP treated with negative control
known to regulate SEMA3C in cardiac neural crest [71]. scrambled siRNA (Figure 5A). Furthermore, knockdown
Inspection of the DNA sequence near the SEMA3C intron of GATA2 also prevented R1881-induced expression
2 ARE using Patser software revealed a GATA2 consensus of SEMA3C which was reflected at both the mRNA
sequence at the genomic coordinates 80,352,072 to and protein levels (Figure 5A & 5B). These findings
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Figure 5: R1881-induction of SEMA3C expression is GATA2-dependent. We examined R1881-induced expression of SEMA3C
in the absence of GATA?2 to confirm findings from previous microarray studies showing that knockdown of GATA2 decreases SEMA3C
expression. When compared to LNCaP treated with scrambled siRNA (siSCX), knockdown of GATA2 (siGATA2) triggered a significant
decrease in basal SEMA3C expression and completely attenuated R1881-mediated dose-dependent induction of SEMA3C as shown by
qPCR A. These observations were confirmed at the protein level by Western blot analysis B. of both conditioned media (CM) and whole
cell extract (WCE) where total actin served as loading control. In chromatin immunoprecipitation assays, SEMA3C ARE amplicon was
shown be enriched in GATA2 immunoprecipitates of lysates from LNCaP cells treated with R1881 as shown by end-point C. and qPCR D.
indicating an R1881-dependent recruitment of GATA2 to the SEMA3C intron 2 ARE. Input = 1% input, Isotype = isotype-matched control
antibody, IP: GATA2 = GATA2 immunoprecipitates. PCR primers for these experiments were the same as those for Figure 3 and map to the
SEMA3C intron 2 ARE. ChIP qPCR values represent a fold enrichment over isotype control of the same treatment condition. Chromatin
immunoprecipitation assays previously showing R1881-induced recruitment of AR to the SEMA3C ARE were repeated in the presence of
siRNA to GATA2 E. Values represent a fold enrichment over isotype control of the same treatment condition. Data represent mean, + SD;
*p <0.05, ** p <0.01, *** p <0.001.
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are in agreement with reports describing a dependency
by androgen-regulated genes on GATA2 [10, 11, 68].
Knockdown of GATA2 was verified by Western blot
analysis (Supplementary Figure 3A). We employed
ChIP to investigate whether GATA2 is also recruited
to the intron 2 ARE region in an androgen-dependent
manner. Similar to ChIP results seen with AR (Figure 3C
& 3D), GATA2 was recruited to the SEMA3C intron 2
ARE region in an R1881-dependent manner shown by
both end-point PCR (Figure 5C) and by qPCR (Figure
5D) implying that GATA2 is implicated in AR-driven
expression of SEMA3C. Quantitative PCR revealed a
2.3-fold enrichment of GATAZ2 to the intron 2 ARE region
upon R1881 treatment whereas no significant enrichment
was seen in the EtOH treatment. Silencing of GATA2 also
abrogated R1881-induced recruitment of AR to the ARE in
ChIP (4.4- versus 1.9-fold enrichment in scrambled versus
GATA2 knockdown, respectively; Figure SE). Knockdown
of GATA2 was confirmed by Western blot (Supplementary
Figure 3B). The presence of a GATA2 motif in such
close proximity to the ARE, the dependency on GATA2
in androgen-induced expression of SEMA3C, in reporter
gene assays, and in recruitment of AR to the ARE, and the
co-recruitment of AR and GATA2 to the intron 2 ARE,

B I 125
—_— 1.00
o EI)75
3o
15 goso
g
§ 0.25:
Z w0 000
d SISCX siPOU2F1
d .
5 1 SISCX__SiFOXAL
FOXA1
sISCX  siFOXA1 siPOU2F1 [e=—="#==1 vinculin
SiSCX siFOXAl

Rig81(M) O 01 05 1 5 0 01 05 1

5

[ — - o— - o - - - - - | 0

| a1 11 it

siSCX siPOU2F1

| —-—-—-——-a-lSEMASC

|----------I Actin

’os |5EMA3C |CM

together strongly suggest a coordinated effort between AR
and GATA?2 in the regulation of SEMA3C.

FOXAT1 negatively regulates SEMA3C
expression

The forkhead box (FOX) and POU-homeodomain
family of transcription factors have well-established roles
in the expression of genes necessary for development
[72, 73]. Importantly, FOXA1 and POU2F1 (also known
as OCT1) are also known to cooperate with GATA2 and
AR in the expression of androgen-regulated genes [11,
12, 74] and FOXA1 is frequently mutated in advanced
prostate cancer patients [75—77]. This prompted us to
explore whether FOXA1 and POU2F1 are also involved in
SEMA3C expression. To this end, we examined whether
SEMA3C expression was altered following FOXA1
and POU2F1 knockdown. Knockdown of FOXA1 and
POU2F1 resulted in an 18 and 1.2-fold induction of
SEMA3C expression, respectively, over scrambled
siRNA transfection control, strongly indicating that
FOXAI negatively regulates SEMA3C whereas POU2F1
seems not to play a role in SEMA3C expression (Figure
6A). Knockdown of POU2F1 and FOXA1 was assessed
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Figure 6: FOXA1 negatively regulates SEMA3C expression. We assessed the effect of silencing of FOXA1 and POU2F1 on
SEMA3C message levels. A. Knockdown of FOXAT1 (siFOXAT1) triggered an increase in SEMA3C levels when compared to cells treated
with scrambled siRNA (siSCX); knockdown of POU2F1 (siPOU2F1) had no effect on SEMA3C expression. Knockdown of these genes
was confirmed by gPCR (POU2F1) or Western blot (FOXA1; B.). In siFOXA1-treated cells where SEMA3C levels were already elevated,
SEMA3C expression was further increased upon R1881 stimulation shown at both the message C. and protein D. level. Knockdown of
POU2F1 had little effect on R1881 induction of SEMA3C (C, D). WCE: whole cell extract; CM: conditioned media. E. LNCaP cells were
knocked down with siAR, siFOXAT1, or both siAR and siFOXA1 and monitored for SEMA3C expression. Compared to LNCaP treated
with scrambled siRNA, siAR-treated cells had decreased SEMA3C expression while siFOXA1 and siAR+siFOXA1-treated cells had
elevated SEMA3C expression. Knockdown of AR and FOXA1 was confirmed by Western blot analysis (E). Data represent mean, + SD;

** p<0.01, ¥** p <0.001.
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by qPCR and Western blot, respectively (Figure 6Bi &
6Bii). Whereas FOXA1 was detectable by Western blot,
POU2F1 was not, therefore POU2F1 knockdown was
monitored by qPCR. To determine if FOXA1 or POU2F1
has an impact on R1881-induced SEMA3C expression,
LNCaP were treated with R1881 in combination with
FOXA1 or POU2F1 knockdown. In the absence of
FOXAI1, basal SEMA3C levels increased substantially and
further increased upon treatment with R1881 at both the
message and protein level (Figure 6C & 6D). SEMA3C
mRNA levels increased between 47% and 64% with
R1881 treatments over vehicle control in the absence of
FOXA1 (Figure 6C). R1881 induction of SEMA3C in
the absence of POU2F1 did not differ significantly from
that seen in cells treated with scrambled siRNA control
(Figure 6C & 6D). To clarify if FOXAL1 silencing-
mediated induction of SEMA3C was dependent on AR,
we silenced AR and FOXA1 simultaneously and found
that even in the absence of AR, knockdown of FOXA1
triggered induction of SEMA3C, albeit less than in the
presence of AR (21 versus 12-fold induction of SEMA3C
in siFOXAT1 and siFOXA1+siAR, respectively), indicating
that the observed induction is not dependent on AR
(Figure 6E). Efficacy of knockdown of AR and FOXA1
was confirmed by Western blot (Figure 6E). Collectively
these results suggest that while POU2F1 seems not to be
involved in SEMA3C regulation, FOXA1 is a negative
regulator of SEMA3C and that this suppression is
independent of AR. In light of a propensity for FOXA1
mutations in advanced PCa, aberrant FOXA1 signaling
may contribute to elevated SEMA3C expression. The
effect of knockdown of each of GATA2, FOXAI1, and
POU2F1 on SEMA3C expression was repeated in C4-2
cells and results were concordant with those seen in
knockdown of the same genes in LNCaP (Supplementary
Figure 4A). Knockdown of GATA?2 resulted in an 87%
reduction of SEMA3C levels while knockdown of FOXA1
and POU2F1 triggered an 8.3 and 1.5-fold induction of
SEMAZ3C, respectively. Knockdown was verified by either
Western blot or gPCR (Supplementary Figure 4B).

DISCUSSION

A more complete understanding of the set of
androgen receptor-regulated genes that drive growth
and survival will be instrumental to the development
of more efficacious prostate cancer therapies and will
be of particular importance in curtailing progression to
castration-resistant stages of the disease. The ARE in
the second intron of SEMA3C identified based on initial
studies by Yu et al, is located roughly 30 kb downstream
of the TSS for this gene. In many AR gene targets, the
corresponding AREs are situated downstream of the
TSS at distances of tens of kilobases [11, 16]. Here we
demonstrate that SEMA3C expression is regulated by the

androgen receptor in a prototypical way and that androgens
induce SEMA3C expression, that the AR is recruited to
the SEMA3C locus in an androgen-dependent fashion, and
that the intronic ARE can bind to and be transactivated by
the AR. We further demonstrate that GATA?2 is critical to
this process and that FOXA1 is a negative regulator of
SEMA3C expression. FOXA1 suppression of SEMA3C
expression, although additive in nature with those of AR,
is not dependent on AR.

Although pathways downstream of AR are known
to include those that are involved in cell cycle progression
and cell fate [15, 78-80], our work shows that AR directly
regulates the expression of a growth factor and may
therefore have profound implications. Considering the
co-occurrence of aberrant AR and SEMA3C in advanced
prostate cancer, we speculate that restored AR signaling
in advanced PCa drives SEMA3C expression which
in turn propels PCa progression. SEMA3C is known to
have roles in embryogenesis, therefore, its upregulation
might also confer stem-like phenotypes to cancer
cells and contribute to tumor heterogeneity frequently
observed in tumor histopathology of PCa patients. It
is also worth noting that SEMA3C is associated with
tumor cell motility [35, 42, 47, 54] and may therefore
contribute to cancer cell dissemination. This propensity
for motility may be especially important in CRPC where
elevated SEMA3C expression may confer cancer cells
with invasive phenotypes that contribute to metastasis.
Whether SEMA3C expression drives CRPC progression
or simply accompanies restored AR activity remains to be
seen and will require SEMA3C gain-of-function and loss-
of-function studies. Remarkably, the regulatory networks
governing semaphorin expression are largely unknown
despite the fact that SEMA3C and its kin are heavily
implicated in cancer. SOX4, GATA-6, and Twist1 are three
transcription factors with reported involvement in the
regulation of SEMA3C [71, 81-83] but to our knowledge,
hormone regulation of SEMA3C has not yet been reported.
Our success in characterizing the SEMA3C gene in this
way underscores the need for a more comprehensive
understanding of the biological roles of SEMA3C in the
development of CRPC.

The co-recruitment of AR and GATA2 to a region
well downstream of the transcriptional start site of
SEMA3C (Figure 3D & 5D) would imply involvement
of a DNA looping mechanism whereby the ARE and
SEMA3C proximal promoter are brought together
through a bridge consisting of AR and GATA2 and likely
other proteins. AR and GATA2 are known to associate
with distally-located ARBS as a form of gene regulation
of AR-regulated genes [10, 11, 13]. Techniques such
as ChIP-on-chip, ChIP-Seq, or ChIP Combined with
Chromosome Conformation Capture (5C) will be required
to prove that the intron 2 ARE is cooperating with AR
and GATA2 via DNA looping. Despite the known role
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of GATA2 in chromatin remodelling, our reporter gene
assays further suggest that GATA2 also directly supports
AR transcription initiation since deletion of the GATA2
motif drastically diminishes R1881-mediated induction of
luciferase activity (Figure 4C). Nevertheless, the notion
that GATA2 is a driver of PCa is seemingly consistent
with our findings that GATA2 promotes the expression
of oncogenic SEMA3C. FOXAT1’s inhibitory effect
on SEMA3C expression may also be of significance
given that FOXA1, which is often found to be mutated
in advanced PCa, may account for elevated SEMA3C
expression in advanced prostate cancer.

In addition to an ARBS in intron 2, Yu and
colleagues also identified an ARBS in intron 12 of
SEMA3C [52]. Inspection of the ARBS in intron 12 using
Patser software did not reveal consensus sequences for
the androgen receptor (data not shown) but presumably
AR associates with this region of DNA through
intermediary transcription factors or coregulators.
Patser software analysis did, however, reveal a GATA2
consensus sequence in intron 12 of SEMA3C spanning
the genomic coordinates 80,249,027 to 80,249,040 on
the reverse strand (Figure 1A). It is conceivable that
recruitment of AR to this genomic region is GATA2-
dependent, further implicating GATA2 in AR-mediated
regulation of SEMA3C. The functional significance of
the GATA?2 element identified in intron 12 and whether
the intron 12 ARBS and GATA2 element are acting in
concert with the cis-acting elements of intron 2 remain
to be determined. Our results also raise the possibility
that other semaphorins or their receptors fall under AR,
GATA2, or FOXAI1 regulation, especially given that
many semaphorin family members are implicated in
cancer. Indeed, Yu et al’s results also identify ARBSs
in nearly all other class 3 semaphorins, most notably
three ARBSs in another class 3 semaphorin with well-
documented tumor-promoting activity, SEMAS3E.
Conversely, receptors to semaphorins have been shown
to promote AR activity [84].

Our findings identify SEMA3C as a novel target
of the androgen receptor and further show that GATA2
is indispensable to AR-mediated expression of SEMA3C.
AR propels castration-resistant forms of PCa, therefore,
identification of genes downstream of AR which mediate
disease progression may unveil therapeutic targets for
castrate and enzalutamide-resistant forms of the disease.
Accordingly, the identification of SEMA3C as a direct
transcriptional target of AR offers SEMA3C as a target
potentially available for therapeutic exploitation which
would be independent of shortfalls associated in targeting
AR itself. SEMA3C is an attractive target in this regard
because SEMA3C’s roles are diminished in adults.
Furthermore, since SEMA3C is a secreted protein, the
biological fraction of SEMA3C that is accessible for
targeting by pharmacological agents is high.

MATERIALS AND METHODS

Bioinformatics and data set analysis

Previous ChIP-Seq data from Yu ef al [52] was
extracted from the NCBI Gene Expression Omnibus
(GEO) database [85]. In particular, the file (‘GSM353644
jy10s123.allregions.txt.gz”), which contained enriched
DNA regions (i.e. peaks) bound by the AR protein in
LNCaP cells treated with R1881 (GEO sample accession:
GSM353644), was parsed to a bedGraph format and
visualized in the UCSC Genome Browser [86] to identify
AR binding sites (ARBS) nearby to the SEMA3C (RefSeq
accession number NM_006379) locus on chromosome 7
of the human reference genome (version: hgl8). The file
contains a total of 44,536 different AR binding sites across
the human genome, and each region was annotated for
the distance to nearby genes using a ChIP-Seq analysis
program, CompleteMOTIFs [87]. The actual DNA
sequences that compose each AR binding peak region
(~ 500 bps) at the SEMA3C locus were extracted and
scanned for any presence of the ARE motif (15 bps) and
GATA2 motif (14 bps), using a DNA motif scanning
program, Patser [88]. The DNA frequency matrices
that define the ARE motif (ID: MA0007.2) and GATA2
motif (ID: MA0036.2) was obtained from the JASPAR
database [55].

DNA sequences

Fifty basepair oligonucleotides centred around the
SEMA3C intron 2 ARE were used for electrophoretic
mobility shift assay. Oligonucleotides were purchased from
Integrated DNA Technologies and annealed by ramping
from 90°C to 25°C at 0.1°C per second; sequences are
displayed in Figure 3. In reporter gene assays, 150 bases
of genomic sequence bearing the ARE were cloned into
the luciferase reporter backbone pGL3-Basic to generate
the wtARE construct. Six of the basepairs constituting the
putative ARE in wtARE were mutated by transversion
mutations to generate the mutARE construct. Truncation
mutants were generated by progressive 60 basepair
deletions to the 3’ end of wtARE insert. Sequences are
displayed in Figure 4. DNA sequences were cloned in
the same reading orientation relative to luciferase as they
were found relative to SEMA3C in the genome. Ectopic
expression of AR or ARv7 was achieved by transient
transfection of PC-3, LNCaP (Figure 2) or 293T (Figure 4)
with overexpression vectors where wild type AR or ARv7
is placed under the control of the CMV promoter in the
pcDNA3.1 vector (Invitrogen). Empty pcDNA3.1 vector
served as a negative control. Plasmids were transfected
using Lipofectamine 2000 (Invitrogen, Cat. No. 111668-
027) for 24 hours.
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Cell culture

LNCaP (ATCC, CRL-1740), 22Rv1 (ATCC, CRL-
2505), and C4-2 cells (kindly provided by Dr. Leland W.K.
Chung, MD Anderson Cancer Center, Houston, TX) were
cultured in RPMI 1640 supplemented with 10% FBS;
PC-3 (ATCC, CRL-1435), DU 145 cells (ATCC, HTB-81),
and HEK/293T cells (ATCC, CRL-11268) were cultured
in 10% FBS DMEM. Cells were treated at the indicated
concentrations of androgen or 0.05% ethanol as a vehicle
control in 0.2% charcoal-stripped serum (CSS) in Opti-
MEM (Gibco, Cat. No. 11058-021) for 24 hours for gPCR
or 48 hours for Western blot unless otherwise stated. Cells
were starved for 24 hours in 0.2% CSS in Opti-MEM
prior to treatment with R1881 (Perkin-Elmer, Cat. No.
NLPO005) or DHT (Sigma-Aldrich, Cat. No. D-073). For
inhibition studies involving Enzalutamide (MDV3100) or
AR DBD inhibitor VPC-14449, LNCaP were co-treated
with R1881 and MDV3100, VPC-14449, or DMSO as a
vehicle control in 0.2% CSS in Opti-MEM. For LY294002
(EMD /Millipore, Cat. No. 440202) and bpV(HOpic)
(Santa Cruz Biotechnology, Cat. No. sc-221377) treatment
studies, cells were treated at the indicated concentrations
of inhibitor or vehicle control (DMSO) overnight in
serum- and phenol red-free RPMI 1640.

Quantitative polymerase chain reaction

Messenger RNA levels of SEMA3C were measured
by gqPCR. Total RNA was extracted using TRIzol
(Invitrogen, Cat. No. 15596018) and 2 ng of RNA was
reverse-transcribed using random hexamers (Roche,
Cat. No. R15504) and Superscript II (Invitrogen, Cat.
No.18064-014). qPCR was carried out using a AACt
method on an AB ViiA7 real-time PCR machine; reactions
were prepared using Platinum SYBR Green (Invitrogen,
Cat. No.11744-500) and GAPDH or actin served as an
endogenous control. GAPDH primer sequences: 5’-
caccagggctgcttttaactc (forward), 5°- gacaagcttcccgttctcag
(reverse); actin primer sequences: 5’°- gctcttttccagecttcctt
(forward), 5°- cggatgtcaacgtcacactt (reverse); SEMA3C
primer sequences: 5°- gacaatttgcgtgttggttg (forward),
5’-  cggtectgatcttcatcca  (reverse); POU2FA  primer
sequences: 5’- atgaacaatccgtcagaaaccag (forward), 5°-
gatggagatgtccaaggaaagc (reverse).

Electrophoretic mobility shift assay (EMSA)

Electrophoretic mobility shift assay with the
androgen receptor DBD was carried out as described
elsewhere [61]. Briefly, complementary 50 basepair
oligonucleotides centred around the SEMA3C intron 2
ARE were synthesized (Integrated DNA Technologies),
annealed, and combined with purified AR DBD.
Oligonucleotide at a final concentration of 1.875 M was
mixed with AR DBD at final concentrations of 0.5, 1.0,

and 2.0 uM and incubated on ice for 30 minutes in loading
buffer. Oligonucleotide alone and oligonucleotide-AR
DBD mixtures were run on a 5% native polyacrylamide
gel at 125 volts in 1X TBE at 4°C and visualized using
SYBR Safe DNA Gel Stain (Invitrogen Cat. No. S33102).
See Figure 3 for oligonucleotide sequences.

Chromatin immunoprecipitation assay (ChIP)

2.5x10° LNCaP cells were treated with 0.05%
ethanol or 5 nM RI1881 overnight and fixed in 1%
formaldehyde for chromatin immunoprecipitation using
the Millipore EZ-ChIP Chromatin Immunoprecipitation
Kit protocol (Cat. No. 17-371). For end-point PCR, 2
pl of purified DNA was used for thermocycling: initial
denaturing at 94°C for 3 minutes, followed by 33 cycles of
20 seconds 94°C denaturing, 30 seconds 52°C annealing,
30 seconds 72°C extension, and a single final 72°C 2
minute extension step. Products were run at 90 volts
on a 2% agarose TBE gel and stained with SYBR Safe
DNA Gel Stain. For qPCR, 1.5 pl of purified DNA was
used per reaction. For ChIP qPCR reactions, SEMA3C
intron 2 ARE primer sequences: 5’- aaatgccggtactggcctta
(forward), 5°- gcttaaaggtcacaagattg (reverse); PCR primers
amplify a 150 bp genomic region containing the SEMA3C
intron 2 ARE. GAPDH primers were provided with the
Millipore EZ-ChIP Chromatin Immunoprecipitation
Kit. SEMA3C levels were quantitated using a AACt
method, normalized first to input and then isotype control.
Antibodies for immunoprecipitation: Androgen Receptor
(Santa Cruz Biotechnology, Cat. No. sc-816), GATA-
2 (Santa Cruz Biotechnology, Cat. No. sc-9008), and
N-cadherin (isotype control, Santa Cruz Biotechnology,
Cat. No. sc-7939).

Luciferase assay

5x10° LNCaP cells were transiently transfected in
triplicate in 12-well format with 1.2 pg of either empty
pGL3-Basic (Basic), pGL3-wild type ARE (wWtARE),
pGL3-mutated ARE (mutARE), or truncated pGL3-
wtARE (wtARE-60bp and wtARE-120bp) reporter
plasmids and 30 ng of renilla plasmid (phRL-SV40)
kindly provided by the Mui lab (Immunity and Infection
Research Centre, Vancouver Coastal Health Research
Institute, Vancouver, British Columbia). 293T cells were
co-transfected with or without AR or ARv7 overexpression
plasmids or empty vector (pcDNA3.1). The following day
the cells were treated with EtOH or R1881 in 5% CSS
Opti-MEM. 24 hours later, cell extracts were harvested
for luciferase assay using the Promega Dual-Luciferase
Reporter Assay System (Cat. No. E1960) and read on
a TECAN Infinite M200 PRO. For MDV3100 and
14449 dosing studies, 5x10* LNCaP cells were seeded
in quadruplicate in 96-well format, transfected with the
wtARE construct (50 ng), and co-treated with R1881 (0.1
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nM) and one of MDV3100 or VPC-14449 at the indicated
concentrations (24 hrs) and read as described above. In
all luciferase assays, firefly luciferase luminescence was
normalized to renilla luciferase luminescence.

Western blot

Whole cell extracts were prepared in 50 mM
Tris-HCI, 150 mM NaCl, 1% NP40, 10 mM NakF,
10% Glycerol, supplemented with protease inhibitor
cocktail (Roche, Cat. No. 04693116001) and quantitated
using a BCA approach. 60 pg of protein, or 40 pl of
conditioned media, was run on 10% acrylamide gels
and transferred onto nitrocellulose membrane. Western
blots were imaged on radiography film or by a LI-COR
Odyssey system. Actin or vinculin served as loading
controls. Primary antibodies: phospho-Akt (Ser473; Cell
Signaling Technology, Cat. No. 4060S), pan-Akt, (Life
Technologies, Cat. No. 44609G), androgen receptor (Santa
Cruz Biotechnology, Cat. No. sc-816), SEMA3C (Santa
Cruz Biotechnology, Cat. No. sc-27796), GATA2 (Santa
Cruz Biotechnology, Cat. No. sc-9008), FOXA1 (Santa
Cruz Biotechnology, Cat. No. sc-6553), POU2F1 (Santa
Cruz Biotechnology, Cat. No.s sc-232, sc-8024; Cell
Signaling Technology, Cat. No. 4428S), actin (Sigma-
Aldrich, Cat. No. A2066), and vinculin (Sigma-Aldrich,
Cat. No. V4505). Secondary antibodies: anti-rabbit alexa
fluor 680 (Invitrogen, Cat. No. A21109), anti-mouse alexa
fluor 680 (Invitrogen, Cat. No. A21058), anti-goat alexa
fluor 680 (Invitrogen, Cat. No. A21084), anti-rabbit HRP
(Dako, Cat. No. P0448), anti-mouse HRP (Dako, Cat. No.
P0447), and anti-goat HRP (Dako, Cat. No. P0160).

RNA knockdown

Cells were transfected with siRNA using
Lipofectamine RNAIMAX (Invitrogen, Cat. No. 13778-
075) for 48 hours at which time cells were either harvested
or treated for an additional 24 hours (qQPCR) or 48 hours
(Western blot) with EtOH or R1881. Small interfering
RNA for GATA2 (siGATA2) were purchased from
Dharmacon (Cat. No. J009024-17-0005) and Ambion
(Cat. No. 4392420, ID s5596); siFOXA1 was purchased
from Ambion (Cat. No. 4392420, IDs s6687 and s6688);
siPOU2F1 was purchased from Ambion (Cat. No.
4392420, ID s10849); siAR was purchased from Ambion
(Cat. No. 4390824); negative control siRNA (siSCX) were
purchased from Dharmacon (Cat. No. D001810-10-05)
and Ambion (Cat. No. 4390843).

Statistical analyses

Statistical analysis was performed using the
Student’s two-tailed t-test. Data are represented as
mean = SD unless otherwise stated. Data presented a
representative of three biological replicates.

ACKNOWLEDGMENTS

We would like to acknowledge Dr. Alice Mui and
Dr. Sylvia Cheung of the Immunity and Infection Research
Centre, Vancouver Coastal Health Research Institute,
Vancouver, British Columbia for their kind support,
guidance, and technical expertise.

CONFLICTS OF INTEREST

The authors state no conflicts of interest.

FUNDING

This research was proudly funded by grants from
Prostate Cancer Canada (Grant #s TAG2014-06 and
GS2015-06), the Terry Fox Foundation (Grant # TFF-
116129), the Canadian Cancer Society Research Institute
(Grant # 700347), Cancer Research Society (Grant #
F09-60564), the NIH Pacific Northwest Prostate Cancer
SPORE (Grant # NCI P50 CA097186), Networks of
Centres of Excellence of Canada (CECR PC-TRIADD),
Prostate Cancer Foundation BC, and NSERC.

FINANCIAL SUPPORT

This research was proudly funded by grants from
Prostate Cancer Canada (Grant #s TAG2014-06 and
GS2015-06; CJO and KJT), the Terry Fox Foundation
(Grant # TFF-116129; CJO), the Canadian Cancer
Society Research Institute (Grant # 700345; CJO), Cancer
Research Society (Grant # F09-60564; CJO), the NIH
Pacific Northwest Prostate Cancer SPORE (Grant # NCI
P50 CA097186; CJO), Networks of Centres of Excellence
of Canada (CECR PC-TRIADD; CJO), Prostate Cancer
Foundation BC (KJT), and NSERC (KJT).

REFERENCES

1. Bevan CL, Hoare S, Claessens F, Heery DM, Parker MG.
The AF1 and AF2 domains of the androgen receptor interact
with distinct regions of SRC1. Molecular and Cellular
Biology. 1999; 19:8383-8392.

2. Beato M. Gene-Regulation by Steroid-Hormones. Cell.
1989; 56:335-344.

3. Tran C, Ouk S, Clegg NJ, Chen Y, Watson PA, Arora
V, Wongvipat J, Smith-Jones PM, Yoo D, Kwon A,
Wasielewska T, Welsbie D, Chen CD, Higano CS, Beer
TM, Hung DT, et al. Development of a second-generation
antiandrogen for treatment of advanced prostate cancer.
Science. 2009; 324:787-790.

4. Shaffer PL, Jivan A, Dollins DE, Claessens F, Gewirth DT.
Structural basis of androgen receptor binding to selective
androgen response elements. Proceedings of the National

www.impactjournals.com/oncotarget

9629

Oncotarget



11.

12.

14.

15.

17.

Academy of Sciences of the United States of America.
2004; 101:4758-4763.

Beato M, Herrlich P, Schutz G. Steroid hormone receptors:
many actors in search of a plot. Cell. 1995; 83:851-857.

Verrijdt G, Haelens A, Claessens F. Selective DNA
recognition by the androgen receptor as a mechanism for
hormone-specific regulation of gene expression. Molecular
Genetics and Metabolism. 2003; 78:175-185.

Hiipakka RA, Liao SS. Molecular mechanism of androgen
action. Trends in Endocrinology and Metabolism. 1998;
9:317-324.

Shibata H, Spencer TE, Onate SA, Jenster G, Tsai SY, Tsai
MJ, O'Malley BW. Role of co-activators and co-repressors
in the mechanism of steroid/thyroid receptor action. Recent
Progress in Hormone Research, Proceedings of the 1996
Conference, Vol 52. 1997; 52:141-165.

Bohm M, Locke WJ, Sutherland RL, Kench JG, Henshall
SM. A role for GATA-2 in transition to an aggressive
phenotype in prostate cancer through modulation of key
androgen-regulated genes. Oncogene. 2009; 28:3847-3856.
Wu DY, Sunkel B, Chen Z, Liu XT, Ye ZQ, Li QJ, Grenade
C, Ke JD, Zhang CP, Chen HY, Nephew KP, Huang THM,
Liu ZH, Jin VX, Wang QB. Three-tiered role of the pioneer
factor GATA2 in promoting androgen-dependent gene
expression in prostate cancer. Nucleic Acids Res. 2014;
42:3607-3622.

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.

Gao N, Zhang J, Rao MA, Case TC, Mirosevich J, Wang
Y, Jin R, Gupta A, Rennie PS, Matusik RJ. The role of
hepatocyte nuclear factor-3 alpha (Forkhead Box A1) and
androgen receptor in transcriptional regulation of prostatic
genes. Mol Endocrinol. 2003; 17:1484-1507.

. Wang QB, Carroll JS, Brown M. Spatial and temporal

recruitment of androgen receptor and its coactivators
involves chromosomal looping and polymerase tracking.
Mol Cell. 2005; 19:631-642.

Wilson JD, Griffin JE, George FW, Leshin M. The
endocrine control of male phenotypic development. Aust J
Biol Sci. 1983; 36:101-128.

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

Bolton EC, So AY, Chaivorapol C, Haqq CM, Li H,
Yamamoto KR. Cell- and gene-specific regulation of
primary target genes by the androgen receptor. Genes &
development. 2007; 21:2005-2017.

Ngan S, Stronach EA, Photiou A, Waxman J, Ali S,
Buluwela L. Microarray coupled to quantitative RT-PCR
analysis of androgen-regulated genes in human LNCaP
prostate cancer cells. Oncogene. 2009; 28:2051-2063.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Jariwala U, Prescott J, Jia L, Barski A, Pregizer S, Cogan JP,
Arasheben A, Tilley WD, Scher HI, Gerald WL, Buchanan
G, Coetzee GA, Frenkel B. Identification of novel androgen
receptor target genes in prostate cancer. Molecular Cancer.
2007; 6.

Sung YY, Cheung E. Androgen receptor co-regulatory
networks in castration-resistant prostate cancer. Endocr
Relat Cancer. 2014; 21:R1-R11.

McLeod DG, Crawford ED, DeAntoni EP. Combined
androgen blockade: The gold standard for metastatic
prostate cancer. European Urology. 1997; 32:70-77.

Attard G, Cooper CS, de Bono JS. Steroid hormone
receptors in prostate cancer: a hard habit to break? Cancer
cell. 2009; 16:458-462.

Hu R, Lu CX, Mostaghel EA, Yegnasubramanian S, Gurel
M, Tannahill C, Edwards J, Isaacs WB, Nelson PS, Bluemn
E, Plymate SR, Luo J. Distinct Transcriptional Programs
Mediated by the Ligand-Dependent Full-Length Androgen
Receptor and Its Splice Variants in Castration-Resistant
Prostate Cancer. Cancer Res. 2012; 72:3457-3462.

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.

Wang QB, Li W, Zhang Y, Yuan X, Xu KX, Yu JD, Chen
Z, Beroukhim R, Wang HY, Lupien M, Wu T, Regan
MM, Meyer CA, Carroll JS, Manrai AK, Janne OA, et
al. Androgen Receptor Regulates a Distinct Transcription
Program in Androgen-Independent Prostate Cancer. Cell.
2009; 138:245-256.

Kolodkin AL, Matthes DJ, Oconnor TP, Patel NH, Admon
A, Bentley D, Goodman CS. Fasciclin-Iv - Sequence,
Expression, and Function during Growth Cone Guidance in
the Grasshopper Embryo. Neuron. 1992; 9:831-845.

Luo YL, Raible D, Raper JA. Collapsin - a Protein in
Brain That Induces the Collapse and Paralysis of Neuronal
Growth Cones. Cell. 1993; 75:217-227.

Koppel AM, Feiner L, Kobayashi H, Raper JA. A 70 amino
acid region within the semaphorin domain activates specific
cellular response of semaphorin family members. Neuron.
1997; 19:531-537.

Kolodkin AL, Matthes DJ, Goodman CS. The Semaphorin
Genes Encode a Family of Transmembrane and
Secreted Growth Cone Guidance Molecules. Cell. 1993;
75:1389-1399.

Kruger RR, Aurandt J, Guan KL. Semaphorins command
cells to move. Nat Rev Mol Cell Bio. 2005; 6:789-800.
Yazdani U, Terman JR. The semaphorins. Genome Biology.
2006; 7.

Rehman M, Tamagnone L. Semaphorins in cancer:
Biological mechanisms and therapeutic approaches.
Seminars in Cell & Developmental Biology. 2013;
24:179-189.

WWw

.impactjournals.com/oncotarget

9630

Oncotarget



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Worzfeld T, Offermanns S. Semaphorins and plexins as
therapeutic targets. Nature Reviews Drug Discovery. 2014;
13:603-621.

Giordano S, Corso S, Conrotto P, Artigiani S, Gilestro G,
Barberis D, Tamagnone L, Comoglio PM. The Semaphorin
4D receptor controls invasive growth by coupling with Met.
Nature Cell Biology. 2002; 4:720-724.

Casazza A, Finisguerra V, Capparuccia L, Camperi A,
Swiercz JM, Rizzolio S, Rolny C, Christensen C, Bertotti
A, Sarotto I, Risio M, Trusolino L, Weitz J, Schneider
M, Mazzone M, Comoglio PM, et al. Sema3E-Plexin
D1 signaling drives human cancer cell invasiveness
and metastatic spreading in mice. J Clin Invest. 2010;
120:2684-2698.

Banu N, Teichman J, Dunlap-Brown M, Villegas G, Tufro
A. Semaphorin 3C regulates endothelial cell function by
increasing integrin activity. FASEB J. 2006; 20:2150-2152.
Feiner L, Webber AL, Brown CB, Lu MM, Jia L,
Feinstein P, Mombaerts P, Epstein JA, Raper JA. Targeted
disruption of semaphorin 3C leads to persistent truncus
arteriosus and aortic arch interruption. Development. 2001;
128:3061-3070.

Kagoshima M, Ito T, Kitamura H, Goshima Y. Diverse
gene expression and function of semaphorins in developing
lung: positive and negative regulatory roles of semaphorins
in lung branching morphogenesis. Genes to Cells. 2001;
6:559-571.

Vadivel A, Alphonse RS, Collins JJP, van Haaften T,
O'Reilly M, Eaton F, Thebaud B. The Axonal Guidance Cue
Semaphorin 3C Contributes to Alveolar Growth and Repair.
PLoS One. 2013; 8.

Martin-Satue M, Blanco J. Identification of semaphorin E
gene expression in metastatic human lung adenocarcinoma
cells by mRNA differential display. Journal of Surgical
Oncology. 1999; 72:18-23.

Miyato H, Tsuno NH, Kitayama J. Semaphorin 3C is
involved in the progression of gastric cancer. Cancer
Science. 2012; 103:1961-1966.

Yamada T, Endo R, Gotoh M, Hirohashi S. Identification of
semaphorin E as a non-MDR drug resistance gene of human
cancers. Proceedings of the National Academy of Sciences
of the United States of America. 1997; 94:14713-14718.

Esselens C, Malapeira J, Colome N, Casal C, Rodriguez-
Manzaneque JC, Canals F, Arribas J. The cleavage
of semaphorin 3C induced by ADAMTSI promotes
cell migration. Journal of Biological Chemistry. 2010;
285:2463-2473.

Man JH, Shoemake J, Zhou WC, Fang XG, Wu QL, Rizzo
A, Prayson R, Bao SD, Rich JN, Yu JS. Sema3C Promotes
the Survival and Tumorigenicity of Glioma Stem Cells
through Racl Activation. Cell Rep. 2014; 9:1812-1826.
Mumblat Y, Kessler O, Ilan N, Neufeld G. Full-

Length Semaphorin-3C Is an Inhibitor of Tumor

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Lymphangiogenesis and Metastasis. Cancer Res. 2015;
75:2177-2186.

Yang WJ, Hu JH, Uemura A, Tetzlaff F, Augustin HG,
Fischer A. Semaphorin-3C signals through Neuropilin-1
and PlexinD1 receptors to inhibit pathological angiogenesis.
Embo Mol Med. 2015; 7:1267-1284.

Li K, Chen MK, Li LY, Lu MH, Shao CK, Su ZL, He
D, Pang J, Gao X. The predictive value of semaphorins
3 expression in biopsies for biochemical recurrence of
patients with low- and intermediate-risk prostate cancer.
Neoplasma. 2013; 60:683-689.

Herman JG, Meadows GG. Increased class 3 semaphorin
expression modulates the invasive and adhesive properties
of prostate cancer cells. International journal of oncology.
2007; 30:1231-1238.

Blanc V, Nariculam J, Munson P, Freeman A, Klocker H,
Masters J, Williamson M. A role for class 3 semaphorins in
prostate cancer. Prostate. 2011; 71:649-658.

Wong OG, Nitkunan T, Oinuma I, Zhou C, Blanc V, Brown
RS, Bott SR, Nariculam J, Box G, Munson P, Constantinou
J, Feneley MR, Klocker H, Eccles SA, Negishi M,
Freeman A, et al. Plexin-B1 mutations in prostate cancer.
Proceedings of the National Academy of Sciences of the
United States of America. 2007; 104:19040-19045.

Ellis LM. The role of neuropilins in cancer. Mol Cancer
Ther. 2006; 5:1099-1107.

Latil A, Bieche I, Pesche S, Valeri A, Fournier G, Cussenot
O, Liderecau R. VEGF overexpression in clinically
localized prostate tumors and neuropilin-1 overexpression
in metastatic forms. International Journal of Cancer. 2000;
89:167-171.

Yu J, Mani RS, Cao Q, Brenner CJ, Cao X, Wang X, Wu
L, LiJ, Hu M, Gong Y, Cheng H, Laxman B, Vellaichamy
A, Shankar S, Li Y, Dhanasekaran SM, et al. An integrated
network of androgen receptor, polycomb, and TMPRSS2-
ERG gene fusions in prostate cancer progression. Cancer
Cell. 2010; 17:443-454.

Joseph D, Ho SM, Syed V. Hormonal Regulation and
Distinct Functions of Semaphorin-3B and Semaphorin-3F
in Ovarian Cancer (vol 9, pg 499, 2010). Mol Cancer Ther.
2010; 9:774-775.

Malik MFA, Satherley LK, Davies EL, Ye L, Jiang WG.
Expression of Semaphorin 3C in Breast Cancer and its
Impact on Adhesion and Invasion of Breast Cancer Cells.
Anticancer Res. 2016; 36:1281-1286.

Mathelier A, Zhao XB, Zhang AW, Parcy F, Worsley-Hunt
R, Arenillas DJ, Buchman S, Chen CY, Chou A, Ienasescu
H, Lim J, Shyr C, Tan G, Zhou M, Lenhard B, Sandelin A,
et al. JASPAR 2014: an extensively expanded and updated
open-access database of transcription factor binding
profiles. Nucleic Acids Res. 2014; 42:D142-D147.
Makkonen H, Kauhanen M, Paakinaho V, Jaaskelainen T,
Palvimo JJ. Long-range activation of FKBP51 transcription

WWw

.impactjournals.com/oncotarget

9631

Oncotarget



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

by the androgen receptor via distal intronic enhancers.
Nucleic Acids Res. 2009; 37:4135-4148.

Hendriksen PJM, Dits NFJ, Kokame K, Veldhoven A,
van Weerden WM, Bangma CH, Trapman J, Jenster
G. Evolution of the androgen receptor pathway during
progression of prostate cancer. Cancer Res. 2006;
66:5012-5020.

Barrett T, Troup DB, Wilhite SE, Ledoux P, Rudnev D,
Evangelista C, Kim IF, Soboleva A, Tomashevsky M,
Edgar R. NCBI GEO: mining tens of millions of expression
profiles - database and tools update. Nucleic Acids Res.
2007; 35:D760-D765.

Tran C, Ouk S, Clegg NJ, Chen Y, Watson PA, Arora
V, Wongvipat J, Smith-Jones PM, Yoo D, Kwon A,
Wasielewska T, Welsbie D, Chen CD, Higano CS, Beer
TM, Hung DT, et al. Development of a Second-Generation
Antiandrogen for Treatment of Advanced Prostate Cancer.
Science. 2009; 324:787-790.

Li HF, Ban FQ, Dalal K, Leblanc E, Frewin K, Ma D,
Adomat H, Rennie PS, Cherkasov A. Discovery of Small-
Molecule Inhibitors Selectively Targeting the DNA-Binding
Domain of the Human Androgen Receptor. Journal of
Medicinal Chemistry. 2014; 57:6458-6467.

Dalal K, Roshan-Moniri M, Sharma A, Li HF, Ban FQ,
Hessein M, Hsing M, Singh K, LeBlanc E, Dehm S, Guns
EST, Cherkasov A, Rennie PS. Selectively Targeting
the DNA-binding Domain of the Androgen Receptor
as a Prospective Therapy for Prostate Cancer. Journal of
Biological Chemistry. 2014; 289:26417-26429.

Carver BS, Chapinski C, Wongvipat J, Hieronymus H, Chen
Y, Chandarlapaty S, Arora VK, Le C, Koutcher J, Scher H,
Scardino PT, Rosen N, Sawyers CL. Reciprocal Feedback
Regulation of PI3K and Androgen Receptor Signaling
in PTEN-Deficient Prostate Cancer. Cancer Cell. 2011;
19:575-586.

Meyer ME, Gronemeyer H, Turcotte B, Bocquel MT, Tasset
D, Chambon P. Steroid-Hormone Receptors Compete for
Factors That Mediate Their Enhancer Function. Cell. 1989;
57:433-442.

McKenna NJ, O'Malley BW. Combinatorial control of gene
expression by nuclear receptors and coregulators. Cell.
2002; 108:465-474.

Glass CK, Rosenfeld MG. The coregulator exchange in
transcriptional functions of nuclear receptors. Genes &
development. 2000; 14:121-141.

Boyes J, Byfield P, Nakatani Y, Ogryzko V. Regulation of
activity of the transcription factor GATA-1 by acetylation.
Nature. 1998; 396:594-598.

Cirillo LA, Lin FR, Cuesta I, Friedman D, Jarnik M,
Zaret KS. Opening of compacted chromatin by early
developmental transcription factors HNF3 (FoxA) and
GATA-4. Mol Cell. 2002; 9:279-289.

Perez-Stable CM, Pozas A, Roos BA. A role for GATA
transcription factors in the androgen regulation of

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

the prostate-specific antigen gene enhancer. Mol Cell
Endocrinol. 2000; 167:43-53.

Tsai FY, Orkin SH. Transcription factor GATA-2 is required
for proliferation/survival of early hematopoietic cells and
mast cell formation, but not for erythroid and myeloid
terminal differentiation. Blood. 1997; 89:3636-3643.
Chiang YT, Wang K, Fazli L, Qi RZ, Gleave ME, Collins
CC, Gout PW, Wang YZ. GATA?2 as a potential metastasis-
driving gene in prostate cancer. Oncotarget. 2014; 5:451-461.
doi: 10.18632/oncotarget.1296.

Lepore JJ, Mericko PA, Cheng L, Lu MM, Morrisey
EE, Parmacek MS. GATA-6 regulates semaphorin 3C
and is required in cardiac neural crest for cardiovascular
morphogenesis. J Clin Invest. 2006; 116:929-939.

Zaret K. Developmental competence of the gut endoderm:
genetic potentiation by GATA and HNF3/fork head proteins.
Dev Biol. 1999; 209:1-10.

Verrijzer CP, Van der Vliet PC. POU domain transcription
factors. Biochim Biophys Acta. 1993; 1173:1-21.
Gonzalez MI, Robins DM. Oct-1 preferentially interacts
with androgen receptor in a DNA-dependent manner that
facilitates recruitment of SRC-1. Journal of Biological
Chemistry. 2001; 276:6420-6428.

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, Dolgalev I, Major JE,
Wilson M, et al. Integrative genomic profiling of human
prostate cancer. Cancer Cell. 2010; 18:11-22.

Grasso CS, Wu YM, Robinson DR, Cao X, Dhanasekaran
SM, Khan AP, Quist MJ, Jing X, Lonigro RJ, Brenner JC,
Asangani [A, Ateeq B, Chun SY, Siddiqui J, Sam L, Anstett
M, et al. The mutational landscape of lethal castration-
resistant prostate cancer. Nature. 2012; 487:239-243.
Barbieri CE, Baca SC, Lawrence MS, Demichelis F,
Blattner M, Theurillat JP, White TA, Stojanov P, Van Allen
E, Stransky N, Nickerson E, Chae SS, Boysen G, Auclair
D, Onofrio RC, Park K, et al. Exome sequencing identifies
recurrent SPOP, FOXA1 and MED12 mutations in prostate
cancer. Nat Genet. 2012; 44:685-689.

Dehm SM, Tindall DJ. Molecular regulation of androgen
action in prostate cancer. Journal of Cellular Biochemistry.
2006; 99:333-344.

Wu CT, Altuwaijri S, Ricke WA, Huang SP, Yeh SY, Zhang
CX, Niu YJ, Tsai MY, Chang CS. Increased prostate cell
proliferation and loss of cell differentiation in mice lacking
prostate epithelial androgen receptor. Proceedings of the
National Academy of Sciences of the United States of
America. 2007; 104:12679-12684.

Bello D, Webber MM, Kleinman HK, Wartinger DD, Rhim
JS. Androgen responsive adult human prostatic epithelial
cell lines immortalized by human papillomavirus 18.
Carcinogenesis. 1997; 18:1215-1223.

Huang HY, Cheng YY, Liao WC, Tien YW, Yang CH, Hsu
SM, Huang PH. SOX4 transcriptionally regulates multiple

WWw

.impactjournals.com/oncotarget

9632

Oncotarget



82.

83.

84.

85.

SEMA3/plexin family members and promotes tumor
growth in pancreatic cancer. PLoS One. 2012; 7:¢48637.

Liao YL, Sun YM, Chau GY, Chau YP, Lai TC, Wang JL,
Horng JT, Hsiao M, Tsou AP. Identification of SOX4 target
genes using phylogenetic footprinting-based prediction
from expression microarrays suggests that overexpression
of SOX4 potentiates metastasis in hepatocellular carcinoma.
Oncogene. 2008; 27:5578-5589.

Lee MP, Yutzey KE. Twistl Directly Regulates Genes That
Promote Cell Proliferation and Migration in Developing
Heart Valves. PLoS One. 2011; 6.

Williamson M, de Winter P, Masters JR. Plexin-Bl
signalling promotes androgen receptor translocation to the
nucleus. Oncogene. 2016; 35:1066-1072.

Barrett T, Wilhite SE, Ledoux P, Evangelista C, Kim IF,
Tomashevsky M, Marshall KA, Phillippy KH, Sherman

86.

87.

88.

PM, Holko M, Yefanov A, Lee H, Zhang N, Robertson CL,
Serova N, Davis S, et al. NCBI GEO: archive for functional
genomics data sets--update. Nucleic Acids Res. 2013;
41:D991-995.

Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH,
Zahler AM, Haussler D. The human genome browser at
UCSC. Genome Research. 2002; 12:996-1006.
Kuttippurathu L, Hsing M, Liu YC, Schmidt B, Maskell
DL, Lee K, He AB, Pu WT, Kong SW. CompleteMOTIFs:
DNA motif discovery platform for transcription factor
binding experiments. Bioinformatics. 2011; 27:715-717.
Hertz GZ, Stormo GD. Identifying DNA and protein
patterns with statistically significant alignments of multiple
sequences. Bioinformatics. 1999; 15:563-577.

www.impactjournals.com/oncotarget

9633

Oncotarget



