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Abstract
Although androgen-deprivation treatment (ADT) is the main treatment for advanced prostate cancer (PCa), it
eventually fails. This failure invariably leads to castration-resistant prostate cancer (CRPC) and the development of
the neuroendocrine (NE) phenotype. The molecular basis for PCa progression remains unclear. Previously, we and
others have demonstrated that the sex-determining region Y-box 4 (SOX4) gene, a critical developmental
transcription factor, is overexpressed and associated with poor prognosis in PCa patients. In this study, we show
that SOX4 expression is associated with PCa progression and the development of the NE phenotype in androgen
deprivation conditions. High-throughput microRNA profiling and bioinformatics analyses suggest that SOX4 may
target the miR-17-92 cluster. SOX4 transcriptionally upregulates miR-17-92 cluster expression in PCa cells. SOX4-
induced PCa cell proliferation, migration, and invasion are also mediated by miR-17-92 cluster members.
Furthermore, RB1 is a target gene of miR-17-92 cluster. We found that SOX4 downregulates RB1 protein
expression by upregulating the miR-17-92 expression. In addition, SOX4-knockdown restrains NE phenotype and
PCa cell proliferation. Clinically, the overexpression of miR-17-92 members is shown to be positively correlated
with SOX4 expression in PCa patients, whereas RB1 expression is negatively correlated with SOX4 expression in
patients with the aggressive PCa phenotype. Collectively, we propose a novel model of a SOX4/miR-17-92/RB1
axis that may exist to promote PCa progression.
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ith 1,276,106 new cases and 358,989 deaths estimated in 2018,
ostate cancer (PCa) is rated the second most common cancer type and
th leading cause of cancer-related deaths among men [1]. Androgen
privation treatment (ADT) remains the standard treatment for patients
ith advanced PCa [2]. However, patients inevitably recur with a more
gressive castration-resistant prostate cancer (CRPC) [3]. With the use
abiraterone or enzalutamide, a subset of patients with late-stage CRPC
entually develops neuroendocrine prostate cancer (NEPC), which is
sociated with extremely poor overall prognosis [4–6]. The mechanisms
PCa progression, particularly pathways involved in the development of
RPC and NEPC, need to be better understood in order to develop
ore effective treatments.
We and others have previously reported that SOX4, an important
velopmental transcription factor, acts as a transforming oncogene
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d is overexpressed in multiple malignancies including PCa [7–10].
X4 can bind to the promoters to regulate many genes that play

gnificant roles in cancer progression including EGFR, EZH2,
SP70 and Tenascin C [11,12]. Most recently, we defined an
portant role for SOX4 in the progression of PCa by orchestrating
epithelial-mesenchymal transition (EMT) [8,13]. Overexpression
SOX4 has been associated with poor clinical outcome of PCa
tients [8]. Additionally, we demonstrated that SOX4 is a
hydrotestosterone (DHT)-repressed androgen receptor (AR) target
ne and is overexpressed in CRPC tumors as compared to the
rmone-dependent PCa [14].
MicroRNAs (miRNAs) are a class of small noncoding RNA
ecies that regulate the translation and stability of mRNAs
sttranscription [15,16]. Aberrant expression of many miRNAs
s been linked to multiple human diseases including cancers
7]. Similar to classical oncogenes and tumor suppressors,
iRNAs play important roles in PCa development and
ogression [16,18,19].
In this study, we hypothesized that SOX4 may promote PCa
ogression via the regulation of specific miRNAs. To test this,
e analyzed the high-throughput miRNA expression profiling and
entified the miR-17-92 cluster that is transcriptionally
regulated by SOX4. RB1 was shown to be the target of the
X4/miR-17-92 axis. The biological role of the SOX4/miR-17-
/RB1 axis in PCa progression was further investigated. Finally,
e proposed a model of SOX4/miR-17-92/RB1 axis which may
ovide insight as to how SOX4 could contribute to PCa
ogression.

aterial and Methods

ell Lines
HEK293T cell and human PCa cell lines LNCaP, VCaP,
RV1, PC3 and DU145 were obtained from the American Type
ulture Collection (Rockville, MD) and cultured following the
anufacturer’s recommendations. To establish a PCa cell line with
e NE phenotype, LNCaP cells were continuously cultured in a
edium for 3 months with 10% FBS without steroids as
eviously described [20–22]. NEPC markers including CHGA,
HGB, SYP, and NCAM1 were significantly increased, and the
sulting subline was designated as LNCaP-NEPC. The stable
NCaP-NEPC cells were authenticated by short tandem repeat
alysis in our study.

ransient Transfection
SOX4-specific siRNAs, SOX4 cDNA expression vectors, and miR-
-92 mimics and inhibitors were designed and synthesized by Gene-
harma (Shanghai, China). The effective sequences of siRNA were
ted in Supplemental Table 1. SOX4 cDNA was subcloned into the
ENTER eukaryotic expression vector. PCa cells and HEK293T
ere transiently transfected with siRNA, miRNA mimics, miRNA
hibitor, plasmids, and the corresponding control using Lipofecta-
ine 3000 (Invitrogen, Carlsbad, CA) following the manufacturer’s
commendations. Transfection efficiency was confirmed by real-
me quantitative polymerase chain reaction (RT-qPCR) andWestern
ot.

table Cell Line Generation
Lentiviral vectors encoding siRNA of SOX4 and the empty vector
ntrol were synthesized by Gene-Pharma (Shanghai, China). For
able infection, 1×104 VCaP/LNCaP-NEPC cells were plated in six-
ell plates for 48 hours. Following lentiviral infection, 2 μg/ml of
romycin was used for 2 weeks to select expression-stable cell lines.
ransfection efficiency was confirmed by RT-qPCR and Western
ot.

NA Isolation and RT-qPCR Assays
The TRIzol reagents (Invitrogen) were used for total RNA
traction. The mRNA was reverse-transcribed into cDNA by using
e ReverTra Ace qPCR RT kit (TOYOBO, Japan). The qRT-PCR
say was carried out with FastStart Universal SYBR Green Master
oche, USA) according to manufacturer's instructions. Mature
iRNAs were detected by using the All-in-One miRNA qRT-PCR
etection Kit (GeneCopoeia, USA). Glyceraldehyde-3-phosphate
hydrogenase (GAPDH) was used as an internal loading control for
RNA and pri-miRNA. Pre-U6 and U6 were used as an endogenous
ntrol for pre-miRNA and miRNA. The primers of miRNAs
ecursors were utilized according to previous study [23]. All primers
ed in this study are listed in Supplemental Table 2. The primers of
ature miRNAs were designed and synthesized by Gene-Pharma
hanghai, China).

iRNA-seq and Bioinformatics Analysis
VCaP cells were transiently transfected with SOX4-specific siRNA
the control for 48 hours, and the total RNA was isolated using the
RIzol reagent (Invitrogen). MiRNA-seq analysis (KangCheng,
anghai, China) was used to compare the miRNA expression
ofiles in VCaP-siSOX4 and VCaP-NC cells. MiRNA target analysis
ttp://www.targetscan.org and http://www.microrna.org) was car-
ed out to predict the target genes.

estern Blot
Western blot was performed as previously described [24].
ntibodies used in this study are as listed: anti-SOX4 (1:500; cat.
o. NBP1-50776; Novus), anti-RB1 (1:1000; cat. no. CY5661;
bways), anti-E2F1 (1:1000; cat. no.CY6580; Abways), anti-
HGA (1:1000; cat. no.CY6701, Abways), anti-NCAM1
:1000; cat. no. CY6683, Abways), anti-TP53 (1:1000; cat. no.
B3126, Abways), and anti-GAPDH (1:1000; cat. no. ab9385;
bcam). The signals were detected with the Rapid-Step TM ECL
eagent (Millipore, USA). Independent experiments were per-
rmed for at least three separate times. Quantifications of the
nd intensity of Western blot were digitally analyzed using Image
software.

hromatin Immunoprecipitation Assay
Chromatin immunoprecipitation (ChIP) was carried out as
eviously described [24]. The EZ-Magna ChIP assay kit (Millipore,
illerica, MD) was used according to the manufacturer’s recommen-
tions. In brief, 1.0×107 VCaP or LNCaP cells were cross-linked
ith 1% formaldehyde, immunoprecipitated, and reacted with 1-5
g of antibodies overnight at 4°C. Then, DNA was purified, and the
NA enrichment template was analyzed by PCR and RT-qPCR with
e primers specific for miR-17-92 promoter. All primers used in this
udy are listed in Supplemental Table 1.

ual Luciferase Assay
A dual luciferase assay was performed as previously described [24].
brief, VCaP or HEK293T cells were co-transfected with the

http://www.targetscan.org
http://www.microrna.org
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dicated plasmid and siRNA or miRNA mimics/inhibitors. The cells
ere harvested for the luciferase reporter assay using the dual
ciferase assay reporter system following the manufacturer’s
structions (Promega).

Vitro Proliferation, Migration and Invasion Assays
Cell-Light EdU DNA Cell Proliferation (EdU) assay (Ribobio,
uangzhou, China) and MTS assays (Promega, Madison, WI) were
rried out to measure cell proliferation. Transwell assays were used to
easure cell migration and invasion. These assays were performed as
eviously described [24,25].

umor Xenografts
Male BALB/c mice (4 weeks old) were purchased from
eitonglihua Biotechnology (Beijing, China). They were housed
a specific pathogen-free environment and fed a normal chow diet.
he experimental protocol was approved by the Shandong
niversity Animal Care Committee, and all procedures were
rformed in compliance with the institution’s guidelines. A total of
0×107 VCaP cells in 100 μl of PBS and the same volume of
atrigel were injected subcutaneously into the mice (n=5/group).
he tumor size was measured 6 weeks after tumor formation, and
e tumor volume was calculated with the formula: tumor volume=
ngth × (width) 2 × 1/2.

issue Specimens
The study consisted of 141 PCa patients who underwent radical
ostatectomy between 2009 and 2016 at the Qilu Hospital of
andong University (Jinan, China). In addition, 7 PCa cases with
all cell carcinoma were included. Two tissue microarrays (TMAs)
ere constructed by incorporating two 1-mm cores from each
gure 1. SOX4 overexpression is associated with PCa progression
ogression in GSE6919 dataset (A) and GSE35988 dataset (B). SOX4 ex
d Trento/Cornell/Broad 2016 dataset (D). Number of samples (n) and P
) MRNA expression of SOX4 during NE transdifferentiation in the LT
eatment of LNCaP cells. LNCaP cell were continuously cultured in m
presentative tumor. The morphology was confirmed by two
thologists (B.H. and W.X.L.). This study was approved by the
andong University Research Ethics Committee, and written
formed consent was obtained from each patient.
munohistochemistry
Immunohistochemistry was conducted as previously described [8].
ides were incubated with antibodies overnight at 4°C (with
tibodies against SOX4 and RB1). The slides were then blindly
aluated by two independent pathologists (B.H. and W.X.L.). The
oring criteria for the validation of SOX4 and RB1 were described
eviously [8,26]. The nuclear staining for SOX4 and RB1 were
ored into four grades (0, negative; 1-3, weak; 4-6, moderate; and 8-
, strong) based on its staining intensity. The percentages of positive
lls were scored into five categories: 0 (0%), 1 (1%-25%), 2 (26%-
%), 3 (51%-75%), and 4 (76%-100%) [8,26,27]. In this study, we
mbined negative and weakly SOX4 positive tumors into one group
d moderately and strongly positive SOX4 into the other (SOX4
erexpression). PCa cases were considered to have lost Rb protein if
y TMA spots showed loss (0+ staining) in N95% of the tumor
clei. Positive nuclear staining in surrounding endothelial cells
ovided an internal control.
atistical Analysis
All the analyses in this study were completed by Graphpad Prism 6
the SPSS 20.0 software, with Pb.05 considered statistically

gnificant. The two-tailed unpaired t test was used to calculate
atistical significance between the mean values of the two groups.
arson’s correlation test was used to measure the correlation between
e two factors.
and NEPC. SOX4 expression is upregulated during the PCa
pression in CRPC and NEPC patients from GSE104768 dataset (C)
values (determined by a two-tailed Student’s t test) are as shown.
L331 system. (F) Western blot tested SOX4 expression in ADT
edium with 10% FBS depleted of steroids for 0-3 months.

Image of Figure 1
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Figure 2. High-throughput miRNA expression profiling in SOX4 knockdown PCa cells. (A) The protein expression levels of SOX4 in human
PCa cell lines determined byWestern blot. (B) VCaP and LNCaP cells with silencing SOX4 expression as well as DU145 and PC3 cells with
SOX4 overexpression were established by transiently transfection in 48 hours. Levels of SOX4 knockdown and overexpression were
quantified and normalized to GAPDH levels. (C) Heatmap show the top 25 downregulated miRNAs and top 20 upregulated miRNAs by
siSOX4 in VCaP cells. (D) A Venn diagram depicting seven miRNAs that meet the following properties: (a) N2.0-fold change miRNAs
downregulated by siSOX4 in VCaP; (b) top 100 miRNAs Pearson correlated with SOX4 in TCGA; (c) N2.0-fold change miRNAs upregulated
in castration-resistant xenograft tissue compared to androgen-dependent xenograft tissue from GSE55829. (E) miR17-92 cluster
members located within the same chromosome. (F) miR-19a and miR-19b downregulated genes are enriched for upregulation upon
SOX4 knockdown from GSE11914.
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Previously, we and others have shown that SOX4 overexpression is
sociated with higher Gleason scores and poor prognosis in PCa
tients [8,10]. Using publicly available datasets GSE6919 and
SE35988, we demonstrated that the expression level of SOX4
creased with PCa progression (Figure 1, A and B) [28–31]. In the
SE104786 and Trento/Cornell/Broad 2016 cohort, SOX4 expres-
on is significantly higher in NEPC when compared to CRPC
igure 1, C and D) [31,32]. Analysis of SOX4 expression in patient-
rived xenografts (tumor xenografts of LTL331) indicates that
X4 is upregulated during transdifferentiation of PCa, especially in

lapsed xenograft tumors recognized as NEPC (Figure 1E) [33]. In
dition, SOX4 expression is increased during the ADT treatment of
NCaP cells (Figure 1F). These findings suggest that the
erexpression of SOX4 may be associated with PCa progression
d the NE phenotype.
iRNA Expression Profiling in SOX4-Knockdown Expression
Ca Cells
Previous reports have shown that many miRNAs are involved in
omoting PCa progression including miR-17-92 [34,35], miR-
6b-25 [36,37] and miR-424 [38]. However, it remains unclear
hether or not SOX4 regulates the miRNAs expression in PCa cells.
o identify the miRNAs that are regulated by SOX4, we firstly chose
appropriate PCa cell model to modulate the SOX4 expression

vels. The protein expression level of SOX4 in PCa cell lines was
easured by Western blot (Figure 2A). VCaP and LNCaP cells were
osen for SOX4 knockdown, while DU145 and PC3 cells were
osen for SOX4 overexpression. The transfection efficiency was
termined by Western blot (Figure 2B).
Next, we preformed high-throughput miRNA expression
ofiling in SOX4-knockdown VCaP cells. A total of 92 miRNAs
ere upregulated and 154 miRNAs were downregulated in the
X4-knockdown VCaP cells as compared to the negative control

old change N2.0) (Supplementary Figure 1A). Of these miRNAs,
e top 25 downregulated and the top 20 upregulated miRNAs
ere shown in the heat maps (Figure 2C). Next, we analyzed the
p 100 miRNAs that were increased in castration-resistant

Image of Figure 2
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Figure 3. SOX4 upregulates miR-17-92 cluster expression by binding to its promoter. VCaP and DU145 cells were transfected with SOX4
knockdown/overexpression or its negative control. After incubation for 48 hours, RT-qPCR detected the expression levels of miR-17-92
cluster members (A) and pre-miR-17-92 cluster members (B). (C) pri-mir-17-92 expression was detected by RT-qPCR in indicated cells
transfected with knockdown/overexpression SOX4 or its negative control at 48 hours. (D) SOX4 directly binds to miR-17-92 promoter.
VCaP and LNCaP cells were subjected to ChIP assay with SOX4 antibodies. IgG was used as control. The y-axis represented the fold
enrichment of the promoter fragments captured by the two different antibodies. IgGwas used as a loading control. (E) SOX4 inducedmiR-
17-92 promoter activity. VCaP cells were transfected with pGL3-miR-17-92-Luc-WT/Mut together with SOX4-knockdown or its negative
control. *Pb.05, **Pb.01, ***Pb.001, based on Student’s t test.
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nograft tissues as compared to androgen-dependent xenograft
ssues from GSE55829 dataset [39]. Furthermore, the top 100
iRNAs correlated to SOX4 in The Cancer Genome Atlas (TCGA)
ere chosen by Pearson correlation. Cross-comparison of all
ustered miRNAs allowed us to generate a “consensus” of seven
iRNAs (Figure 2D). Interestingly, we found that miR-19a and
iR-20a which were significantly downregulated by SOX4
ockdown (Figure 2C) belong to the miR-17-92 cluster which is
cated on the same chromosome (Figure 2E). In addition, we
alyzed the GSE11914 dataset by Gene Set Enrichment Analysis
SEA) [11]. This dataset is about expression data from LNCaP
lls by SOX4 knockdown and overexpression using high-
roughput mRNA expression profiling. As shown in Figure 2F,
iR-19a and miR-19b downregulated genes were enriched for
regulation upon SOX4 knockdown. All the above findings
ggest that miR-17-92 cluster is more likely to be directly
gulated by SOX4. Clinically, the expression of SOX4 and miR-
-92 cluster members is increased in PCa patients as compared to
rmal cases, respectively (Supplementary Figure 1B).

X4 Upregulates miR-17-92 Cluster Expression by Binding
Its Promoter
Next, we characterized how SOX4 regulates the expression of the
iR-17-92 cluster in PCa in vitro. SOX4 inhibition significantly
creased miR-17-92 cluster member expression in VCaP cells,
hereas overexpression of SOX4 significantly increased expression of
iR-17-92 cluster members in DU145 cells (Figure 3A). Consider-
g that SOX4 is a transcription factor, we hypothesized that SOX4
ight regulate miR-17-92 cluster expression at the transcriptional
vel. To test this hypothesis, we investigated the expression of pre-
iR-17-92 cluster members and pri-miR-17-92 by SOX4 knock-
wn/overexpression. As shown in Figure 3B and C, our results
owed that SOX4 knockdown repressed pre-miR-17-92 members
d pri-miR-17-92 expression in VCaP cells, whereas SOX4
erexpression increased pre-miR-17-92 members and pri-miR-17-
expression. These results suggest that SOX4 transcriptionally

gulates the miR-17-92 cluster. Similar results were obtained using
e other siRNA-SOX4 in VCaP cells (Supplementary Figure 2, A-
). Similar results were obtained using the LNCaP and PC3 cells
upplementary Figure 2, D-G).
Next, we determined whether SOX4 could activate miR-17-92
omoter activity. For this aim, we first utilized MatInspector (http://
ww.genomatix.de) to identify the potential SOX4 binding site to
e miR-17-92 promoter. There was one SOX4 binding site at 313-
2 of the miR-17-92 promoter. We then performed ChIP with a
ir of primers flanking the binding motif. ChIP assay showed that
X4 indeed binds to this binding site in both VCaP and LNCaP
lls (Figure 3D). Furthermore, SOX4 was able to induce miR-17-92
omoter activity but failed to do so in mutant miR-17-92 promoter
ciferase activities in VCaP cells (Figure 3E). All these findings
ggest that SOX4 induces miR-17-92 expression by binding to its
omoter.

http://www.genomatix.de/
http://www.genomatix.de/
Image of Figure 3
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Figure 4. SOX4-induced PCa cell proliferation, migration, and invasion are mediated by miR-17-5p, miR-19a-3p, and miR-20a-5p. (A) RT-
qPCR analysis of miR-17-5p, miR-19a-3p, and miR-20a-5p expression in PCa cell lines. VCaP cells were transiently transfected with
indicated siRNA and mimics (B, D), and DU145 cells were transiently transfected with indicated plasmid and anti-mimics (C, E). After
incubation for 48 hours, cell proliferation was examined by EDU assay, and migration invasion ability of cells was examined by Transwell
assay. *Pb.05, P values based on Student’s t test.
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OX4-Induced PCa Cell Proliferation, Migration, and
vasion Are Mediated by miR-17-92 Cluster Members
Since SOX4 upregulates miR-17-92 cluster expression, we next
vestigated whether modulation of miR-17-92 cluster could
ediate SOX4 oncogenic activity. Expression levels of miR-17-5p,
iR-19a-3p, and miR-20a-5p are shown in Figure 4A. Next, we co-
ansfected SOX4 knockdown and respective miR-17-92 cluster
ember mimics in VCaP cells, while we co-transfected SOX4
erexpression and respective miR-17-92 cluster member inhibitors
DU145 cells. Consistent with our previous reports, knockdown of
X4 inhibited PCa cell proliferation, migration and invasion,

hereas reconstitution of miR-17-92 cluster members partially
ocked the repressed effects due to SOX4-knockdown. Addition-
ly, inhibitors of miR-17-92 cluster members partially blocked
X4-overexpression–induced cell proliferation, migration and

vasion (Supplementary Figure 3). Results of miR-17-5p, miR-
a-3p, miR-20a-5p, and their anti-mimics were shown in the
igure 4, B-E. Collectively, these findings suggest that SOX4-
duced PCa cell proliferation, migration and invasion are mediated
miR-17-92 cluster members.

B1 Protein Is Downregulated by the SOX4/miR-17-92 Axis
In order to better understand the network of SOX4/miR-17-92 in
Ca cells, we searched for potential targets of SOX4 and miR-17-92.
sing GSEA, we analyzed the genes that are potentially regulated by
X4 from GSE11914 dataset [11]. Reported and important target

Image of Figure 4
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Figure 5. SOX4 represses RB1 protein expression via upregulating miR17-92 cluster. (A) Table of miR-17-92 cluster members
downstream target genes. (B) A Venn diagram depicting two genes that meet the following properties: (a) Statistically significant genes of
GSEA analysis of siSOX4 vs. NC from GSE11914. (b) Statistically significant genes of GSEA analysis of SOX4 overexpression vs. NC from
GSE11914. (c) miR-17-92 downstream target genes shown in A. (C) RB1 knockout downregulated gene signatures were enriched for
upregulation upon SOX4 knockdown from GSE11914. (D) The RB1 protein expression detected by Western blot and RB-mRNA analyzed
by RT-qPCR after knockdown or overexpression of SOX4 in PCa cells. (E) Indicated mimics and anti-mimics were transiently transfected
into VCaP and DU145 cells. After incubation for 48 hours, RB1 protein expression was detected by Western blot. (F) RB1 is a direct target
of miR-17-5p and miR-20a-5p. Overexpression/knockdown of miR-17 and miR-20a suppresses/increases RB1 3′-UTR but not mutant 3′-
UTR luciferase activities in VCaP cells. (G) MiR-17-5p and miR-20a-5p were able to override the downregulation of RB1 protein by SOX4.
We co-transfected VCaP/DU145 cells with miR-17-92 cluster members mimics/inhibitors and SOX4 knockdown/overexpression vector.
After incubation for 48 hours, Western blot and RT-qPCR were carried out to detect the expression of RB1. *Pb.05; P values based on
Student’s t test.
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nes of miR-17-92 were shown in Figure 5A [40]. Cross-comparison
all clustered genes allowed us to generate a “consensus” of two
nes, namely, RB1 and E2F1 (Figure 5B). RB1 is a classical tumor
ppressor gene, and RB1 dysfunction has been shown to promote
a development and progression [27,41–44]. RB1-upregulated
ne signatures were significantly enriched after SOX4 knockdown
igure 5C). Next, we confirmed that RB1 is a target of the SOX4/
iR-17-92 axis. We found that SOX4 downregulated the RB1
otein expression but failed at mRNA level at 48 hours (Figure 5D).
our results suggest that SOX4 represses the RB1 protein at the
sttranscriptional level. Interestingly, miR-17-5p, miR-18a-5p, and
iR-20a-5p repressed RB1 protein expression, and their respective
hibitors increased RB1 protein expression. No significant alteration
RB1 protein was found in the miR-19a-3p, miR-19b-3p, and miR-
a-3p mimics and inhibitors (Figure 5E). RB1 has been reported to
a direct target gene of miR-17 and miR-20a. The relative luciferase

Image of Figure 5


ac
m
su

do
kn
m
F
ex
m
m
re
fo
SO
cl

C

in
ex

w
(F
re
cl
m
SO
th
pa
G
th
R
IH
an
R
ex
In
fo
ou
ex
SO

Figure 6. Expression of miR-17-92 cluster members, RB1, and SOX4 in human PCa patients. (A) MiR-17-92 cluster expression is positively
correlated to SOX4 mRNA expression in PCa patients from the GSE26367 dataset; the number of PCa patients, P values, and r values are
as shown. (B) Respective miR-17-5p and miR-19a-3p expression was significantly positive correlated to SOX4 protein expression in PCa
patients. Number of samples (n) and P values (determined by a two-tailed Student’s t test) are as shown. (C) Representative images of
H&E, SOX4, and RB1 protein expression in a PCa case with small cell carcinoma.
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tivity of the wild-type RB1 3′-UTR was inhibited by miR-17-5p and
iR-20a-5pmimics but increased by their respective inhibitors.However,
ch effects were not observed with themutant RB1 3′-UTR (Figure 5F).
To further explore whether miR-17-92 is required for the
wnregulation of RB1 protein by SOX4, we co-transfected SOX4
ockdown or overexpression and miR-17-5p, miR-18a-5p, and
iR-20a-5p mimics/inhibitors in VCaP/DU145 cells. As shown in
igure 5G, SOX4 knockdown significantly induced RB1 protein
pression, whereas miR-17-5p, miR-18a-5p, and miR-20a-5p
imics significantly blocked this increase in VCaP cells. Accordingly,
iR-17-5p, miR-18a-5p, and miR-20a-5p inhibitors significantly
stored RB1 expression in DU145 cells. No significant changes were
und at mRNA level of RB1. Taken together, our data support that
X4 represses RB1 protein expression via upregulating miR-17-92

uster expression.

o-Expression of SOX4, miR-17-92 Cluster, and RB1 In Vivo
To identify the correlation between SOX4 and miR-17-92 cluster
vivo, we first analyzed public datasets. Our result showed that the
pression of miR-17-92 cluster members was positively correlated
ith SOX4 expression in PCa patients from the GSE26367 dataset
igure 6A) [45]. Furthermore, we examined whether SOX4
gulation of miR-17-92 cluster is physiologically relevant in PCa
inical specimens. We found that the expression of miR-17-5p and
iR-19a-3p was higher in SOX4-positive patients as compared to
X4-negative patients (Figure 6B). Using TMA and IHC, we found
at SOX4 was overexpressed in 23.0% (32/140) of Chinese PCa
tients. SOX4 overexpression was significantly associated with high
leason scores and the presence of distant metastasis. IHC showed
at approximately 8% of PCa patients in our cohort demonstrated
B1 protein loss. Of the seven PCa cases with small cell carcinoma,
C also revealed that 71% (5/7) showed overexpression of SOX4
d 57.1% (4/7) demonstrated RB1 loss. Notably, IHC revealed that
B1 protein expression was negatively correlated with SOX4
pression in PCa patients with small cell carcinoma (Figure 6C).
addition, SOX4 knockdown significantly inhibited tumor

rmation and metastasis (Supplementary Figure 4). Collectively,
r data suggest that there is a significant relationship between the co-
pression of SOX4, miR-17-92, and RB1, which indicates that the
X4/miR-17-92/RB1 axis may promote PCa progression.

Image of Figure 6
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X4 Knockdown Restrains NE Phenotype and PCa Cell
roliferation
Previous studies report that RB1 loss is one characteristic of
EPC and that RB1 dysfunction promotes PCa metastasis and
RPC progression [26,41,43,46]. To identify if the SOX4/miR-
-92/RB1 axis plays an important role in PCa progression, we
rst confirmed that SOX4 causes RB1 and TP53 downregulation
t increases E2F1 protein expression (Figure 7A). We

ypothesized that SOX4 knockdown may prevent NE
fferentiation in PCa cells.
Next, LNCaP-NEPC cells with clear morphological changes
ward an NE phenotype were chosen for further studies. Moreover,
X4 and NEPC markers were significantly increased in LNCaP-
EPC cells as compared to LNCaP cells (Figure 7B). We then
tablished the stable knockdown of SOX4 in LNCaP-NEPC cells.
he results showed that SOX4 knockdown was able to convert
NCaP-NEPC cells with the NE phenotype to the rounded shape
at is typical of epithelial cell clusters. The percentages of cells with
ithelial and NE phenotype are shown in Figure 7C. Furthermore,
X4 knockdown is shown to reduce LNCaP-NEPC cells'
oliferation (Figure 7D) and NEPC markers' expression (Figure
) as compared to the control. Therefore, our data suggest that
X4 knockdown restrains the NE phenotype and SOX4 may
omote PCa progression.
[2
th
th
th
Pr
PI
do
Fu
co
R
pr
an

w
lo
up
ch
hy
N
ou
N
pr
in

C
In
up
m
m

do

A
T
C

iscussion
s a developmental transcription factor, SOX4 is overexpressed in
ultiple human malignancies and has been recognized as one of the
“cancer signature” genes, suggesting a fundamental role in tumor
velopment and progression [9,47]. Previously, we and others have
ggested that SOX4 overexpression is correlated with high Gleason
ores, abnormal cell proliferation, as well as tumor progression
rough the induction of EMT and metastasis in PCa [8,10,13,48].
this study, we are the first to suggest that SOX4 expression might
so be associated with development of the NE phenotype in PCa.
ll of the above findings suggest that SOX4 promotes PCa
ogression.
To better understand of the mechanism of how SOX4 promote
Ca progression, we focused on the relationship between SOX4
d miRNAs. MiRNAs play oncogenic or suppressive roles in PCa
ogression [15,16,18]. This is the first study that characterizes the
iRNAs regulated by SOX4 in PCa cells. Previously, Scharer et al.
ve identified the direct transcriptional targets of SOX4 using a
hIP-seq approach in PCa cells, which includes the many genes
volved in transcriptional regulation, developmental pathways,
owth factor signaling, and tumor metastasis [11]. An increasing
dy of evidences has demonstrated that SOX4 directly regulates a
mber of genes important for PCa progression and metastasis
cluding EGFR, tenascin C, Rac1, ADAM10, Frizzled-5, and
ZH2 [9,11,12]. Interestingly, the SOX4 transcriptional network
pacts the Notch, Wnt, and PI3K pathways; participates in
odulating stem cell activation by interacting with Oct-4; and
regulates SOX2 expression [9,49]. Although preliminary data
ggested that SOX4 regulates components of the miRNA
thway such as Dicer and Argonaute 1[9,11], it has not been
ported whether SOX4 regulates the miRNAs expression in PCa
lls. Using high-throughput miRNAs profiling analyses, our study
scovered series of miRNAs that are potentially regulated by
X4, including miR-106-25 cluster, miR-let7, miR-221/222,
d miR-200b-3p. We also demonstrate a direct link between
X4 and the miR-17-92 cluster. SOX4 transcriptionally
regulates the miR-17-92 cluster expression. Furthermore,
X4-induced PCa cell proliferation, migration, and invasion

e mediated by the miR-17-92 cluster.
It has been well documented that the miR-17-92 cluster plays an
cogenic role in PCa [34,35]. Reported genes such as PTEN, BIM,
B1, Trp53inp1, and SMAD4 are well-known targets of miR-17-92
0,51]. Phosphatase and tensin homolog deleted on chromosome
n (PTEN) functions as a negative regulator of the PI3K/AKT
gnaling; however, SOX4 promotes PI3K/AKT signaling and is
dispensable for prostate tumorigenesis initiated by PTEN ablation
2–54]. Additionally, both SOX4 and SMAD4 participate in EMT
hen induced by TGF-β [55]. Therefore, PTEN and SMAD4 maybe
rgets of the SOX4/miR-17-92 axis.
Among the target genes, RB1 is a key cell cycle inhibitor and
mor suppressor. RB1 interacts with E2F1 and represses its
anscription activity, which leads to cell cycle arrest [56]. RB1 is
ten cited as a “gatekeeper,” whose inactivation, direct or
direct, is a rate-limiting step for tumor initiation [42]. Recent
ports have demonstrated that RB1 dysfunction causes early-
age prostate cancer [41] and promotes PCa progression [57].
oreover, RB1 dysfunction promotes metastasis and induces
controlled AR activity to promote CRPC development
7,46]. Deficiency of RB1 protein has many causes. Among
em, RB1 gene loss is the most common mechanism by which
is occurs [41,46]. However, there are still other mechanisms
at have been reported to explain decreased RB1 expression.
evious studies have shown that RB1 is a target protein of
3K/Akt signaling pathway [58] and AGE/RAGE/Akt pathway
wnregulates RB1 protein to promote PCa progression [59].
rthermore, reduced or increased RB1-interacted protein also
ntributes to decrease RB1 protein levels [57,60]. Additionally,
B loss is infrequently detected in primary PCa (~7%) but is
edominantly associated with transition to the incurable CRPC
d NEPC [26,46].
Here, we proposed a model for a SOX4/miR-17-92/RB1 axis
hich gives insight into how RB1 protein is reduced (besides RB1
ss). Mechanically, SOX4 downregulates RB1 protein expression by
regulating the miR-17-92 cluster expression. Since RB1 loss is one
aracteristic of NEPC and promotes PCa metastasis [26,27], we
pothesized that the SOX4/miR-17-92/RB1 axis might take part in
E phenotype development (Figure 7F). It is important to note that
r data show that SOX4 knockdown represses the expression of
EPC, restraining the NE phenotype and cell proliferation. Here, we
oposed a model of the SOX4/miR-17-92/RB1 axis which may be
volved in PCa progression.

onclusions
conclusion, SOX4 downregulates RB1 by transcriptionally

regulating miR-17-92 cluster expression in PCa. The SOX4/
iR-17-92/RB1 axis may promote PCa progression and develop-
ent of the NE phenotype.
Supplementary data to this article can be found online at https://
i.org/10.1016/j.neo.2019.05.007.
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Figure 7. SOX4 knockdown restrains neuroendocrine differentiation and proliferation of LNCaP-NEPC cells. (A) Analysis of the protein
expression of RB1, TP53, and E2F1 in SOX4 knockdown/overexpression PCa cells detected by Western blot. (B) The morphology of
LNCaP and LNCaP-NEPC cells was shown in the top. LNCaP-NEPC was established by continuously culturing the LNCaP cells in medium
with 10% FBS depleted of steroids for 3 months. As shown in bottom, NEPC markers and SOX4 expression were detected by Western
blot and RT- qPCR. (C) LNCaP-NEPC cells were infected with shNC or shSOX4 lentivirus and selected for stable cells. The morphology of
the control and SOX4 knockdown cells was shown on the left. Shown on the right is the percentage of cells with epithelial and
neuroendocrine-like phenotype. (D) Cell proliferation was examined by MTS. *Pb.05. P values based on Student’s t test. (E) The
expression of NEPCmarkers and SOX4 in shNC and shSOX4 LNCaP-NEPC cells wasmeasured byWestern blot and RT-qPCR. (F) Amodel
depicting SOX4, downregulating RB1 protein via upregulating miR-17-92 cluster, promotes PCa progression.
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