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Overexpression of SOX18 promotes prostate cancer progression
via the regulation of TCF1, c-Myc, cyclin D1 and MMP-7
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Abstract. Sex determining region Y (SRY)-box 18 (SOX18)
gene encodes transcription factors that have been recently
confirmed to be overexpressed in various human types of cancer
and maintain the malignant behavior of cancer cells. However,
the role and its potential function in prostate cancer (PCa) has
not been demonstrated and the mechanisms of SOX18 involved
in tumor progression remain largely unclear. In the present
study, the expression of SOX18 was analyzed in 98 PCa and 81
adjacent non-tumor tissues using immunohistochemistry. The
data showed that SOX18 was overexpressed in 72 of 98 (73.5%)
PCa tissues compared with that in 28 of 81 (34.6%) non-tumor
tissues. In addition, the expression of SOX18 was related with
the clinical features of patients with PCa. To explore the poten-
tial role of SOX18 in PCa cells, Cell Counting Kit-8 (CCK-8),
migration, invasion and xenograft assays were performed. Our
data showed that knockdown of SOX18 decreased the prolifera-
tion, migration and invasion of PCa cells in vitro, in addition
to the tumor growth in vivo. Markedly, SOX18 knockdown
caused the decreased expression of TCF1, c-Myc, cyclin D1 and
MMP-7. In conclusion, SOX18 was overexpressed in PCa and
may regulate the malignant capacity of cells via the upregula-
tion of TCF1, c-Myc, cyclin D1 and MMP-7.

Introduction
Prostate cancer (PCa), a clinically heterogeneous multifocal

disease, remains a major health concern in men, with an
estimated 180,890 new cases and 26,120 deaths in the US in
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2016 (1). Although strategies such as lifestyle modifications
offer opportunities to reduce the risk of PCa, the incidence of
PCa has continued to increase in recent years (2). To date, the
early detection of PCa by PSA screening has been controversial
for many years. Therefore, optimization for prostate-specific
antigen (PSA) screening strategies and finding new biomarkers
may minimize overdiagnosis related with PSA screening and
improve the detection rate of PCa. Even after removal, >20%
of patients suffer a recurrence, mostly detected by a rise in
the serum level of PSA (3). Facing this global health issue,
the identification of new biomarkers and potential oncogenes
involved in PCa may provide more sophisticated ways for the
early diagnosis and further treatment.

The SOX family, consisting of a number of transcription
factors that contain a highly conserved high-mobility group
(HMG) DNA-binding domain, plays critical roles in regulating
cell fate decisions during development (4). The SOX family
is comprised of >20 members identified by homology-based
analysis of the HMG DNA-binding domain (5). In recent
years, accumulating research has confirmed the link between
SOX genes and various human diseases including cancer (6).
The expression of SOX genes was found to differ in various
types of cancer, and their functions in cancer development
are also heterogeneous (7). For instance, SOX2 was found to
be overexpressed in adenoid cystic carcinoma (ACC) and is
associated with the poor prognosis in patients with ACC (8).
However, overexpression of SOX2 was found to indicate
a favorable prognosis in patients with non-small cell lung
cancer (9). SOX10, SOX8 and SOX9 are overexpressed in
hepatocellular carcinoma (HCC) and SOX10 is an oncogene
promoting the progression of HCC (10). In the case of the
sex determining region Y (SRY)-box 18 (SOX18), it has been
determined that it participates in the process of angiogenesis
and lymphangiogenesis, and loss of SOX18 is responsible for
hypotrichosis-lymphodema-teleangiectasia syndrome (11-13).
A growing number of studies suggest that SOXIS8 is
overexpressed in various types of tumors and may play an
important role in tumor occurrence and progression (14). It
has been documented that SOX18 is overexpressed in HCC,
ovarian and non-small cell lung cancer and ductal breast
and cervical carcinoma compared with normal tissues and
is related with a poor prognosis in patients with these types
of cancer (15-18). Furthermore, SOX18 may regulate the
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progression of tumors via the activation of its downstream
transcription factors such as MMP-7 and endothelial-specific
claudin-5 (19,20). However, the expression level and biological
function of SOX18 in PCa remain unclear, and the potential
mechanisms involved still need to be addressed.

In the present study, we observed a frequent overexpression
of SOX18 in PCa tissues. Silencing of SOX18 significantly
impaired the proliferation, migration and invasion ability of
PCa cells in vitro and also supressed tumor growth in vivo.
Statistical analysis demonstrated that a high expression of
SOX18 was correlated with the poor clinical features of
patients with PCa. Markedly, knockdown of SOX18 in PC3
cells induced decreased expression of TCF1, c-Myc, cyclin D1
and MMP-7, which establishes it as an oncogene.

Materials and methods

Tissue microarray. A tissue microarray with 179 spots of
human PCa and adjacent normal tissues, or benign hyper-
plasia (BPH) tissues (98 PCa and 81 normal/BPH tissues) was
obtained from Shanghai Outdo Biotech (Shanghai, China).

Cell lines, siRNAs and lentivirus. Three PCa cell lines PC3,
DU145 and LNcaP were directly obtained from the American
Type Culture Collection (ATCC; Manassas, VA, USA) for
no more than 6 months. Cells were cultured in RPMI-1640
(HyClone, Logan, UT, USA) medium supplemented with 10%
fetal bovine serum (FBS) (Gibco, Sydney, Australia) and 1%
penicillin/streptomycin (Gibco, Grand Island, NY, USA), and
incubated at 37°C in a humidified atmosphere with 5% CO,.

Small interfering RNAs (siRNA) targeting SOX18 were
synthesized by GenePharma (Suzhou, China). The following
sequences were used: siRNA1, 5-GGGUUACAUUUUUGAA
GCATT-3' (sense) and 5'-UGCUUCAAAAAUGUAACCC
TT-3' (antisense); siRNA2, 5'-CUCUCUCAUACGCGUGUAU
TT-3' (sense) and 5'-AUACACGCGUAUGAGAGAGTT-3'
(antisense); and negative control (siNC) 5'-UUCUCCGAACG
UGUCACGUTT-3' (sense) and 5-ACGUGACACGUUCGGA
GAATT-3' (antisense). The siRNAs were transfected into PC3
and DU145 cells using Lipofectamine 3000 Transfection kit
(Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer's instructions. The efficiency of SOX18 silencing was
determined using western blotting.

Lentiviruses carrying the silencing sequence (LV-SOX18)
and the negative control sequence (LV-NC) were packaged
by the Shanghai GeneChem Co., Ltd. (Shanghai, China).
The silencing sequence was the same as the siRNA?2 and the
control sequence as the siNC. The PC3 and DU145 cell lines
were infected with the lentiviruses at a multiplicity of infec-
tion (MOI) of 100 for 24 h. Then, puromycin (Calbiochem,
La Jolla, CA, USA) was used to screen the stably infected
cells. The efficiency of infection was assessed by western
blotting.

RT-PCR. The preparation of total RNA and the performance
of RT-PCR were as previously described (21). The primers
used were as follows: SOX18 (forward, 5'-CGCGTGTATGTT
TGGTTC-3' and reverse, 5'-ATGTAACCCTGGCAACTC-3");
and GAPDH (forward, 5'-CACCCACTCCTCCACCTTTG-3'
and reverse, 5'-CCACCACCCTGTTGCTGTAG-3".
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Immunohistochemical analysis. After being dewaxed,
rehydrated and blocked with 30% normal goat serum for
30 min, the microarray was incubated with rabbit monoclonal
antibody against SOX18 (1:100, Abcam, Cambridge, MA,
USA) in a moist chamber at 4°C overnight. Immunodetection
was conducted using the Envision ABC kit (Gene Tech Co.,
Ltd. Shanghai, China). After staining with hematoxylin, the
microarray was dehydrated and mounted. The intensity and
extent of SOX18 staining were evaluated by two experienced
pathologists without the clinical data, respectively. The method
for calculating the score of SOX18 staining was as follows:
the extent of staining in an x200 field was scored as 0, 0%;
1, 1-25%; 2, 26-50%; 3, 51-100%. The intensity of staining was
scored as 0, no signal; 1, light brown; 2, brown; 3, dark brown.
The final score of each field was the average obtained from
the two pathologists from multiplying the extent score by the
intent score. The scores of SOX18 staining were categorized
as follows: low expression (-/+), when scores were 0-1 (-) and
2-3 (+); high expression (++/+++), when scores were 4-6 (++)
and 7-9 (+++). All evaluations were performed using a Leica
DM4000 M microscope.

Western blotting. The cells were lysed on ice in RIPA buffer
(Solarbio, Beijing, China) supplemented with a 1% protease
inhibitor cocktail (Thermo Scientific, Rockford, IL, USA).
The protein concentration was assessed using BCA protein
assays (Solarbio, Beijing, China). Equal amounts of proteins
were separated using 10% SDS-PAGE gels, and were then
transferred onto nitrocellulose membranes (Millipore,
Bedford, MA, USA). The membranes were blocked in rapid
blocking liquid (Promoton, Shanghai, China) for 10 min
and incubated with a primary antibody at 4°C overnight.
After being incubated with the secondary antibody for
1 h at room temperature, the immunoreactive bands were
detected by Chemiluminescent and Fluorescent Imaging
System (Sagecreation, Hangzhou, China). The primary anti-
bodies were SOX18 rabbit monoclonal antibody (1:1,000;
Abcam), GAPDH rabbit monoclonal antibody (1:3,000) and
[-catenin/TCF1/c-Myc/cyclinD1/c-Jun/MMP-7/MMP-2/MMP-9
rabbit monoclonal antibodies [1:1,000; all from Cell Signaling
Technology (CST), Inc., Danvers, MA, USA]. The secondary
antibodies were goat anti-rabbit IgG/HRP (Bioss, Beijing,
China) and the intensity of the target proteins was normalized
to the intensity of GAPDH.

Cell Counting Kit-8 (CCK-8) assays. After transfection for
24 h, 1,500 cells were seeded into 96-well plates in 100 ul
conditioned medium with 10% FBS. For quantitation of cell
proliferation, CCK-8 assays were performed. Briefly, 10 pl of
CCK-8 reagent (Dojindo, Kunamoto, Japan) was added to each
well and incubated at 37°C, and then the absorbance of each
well at 450 nm was assessed after 1.5 h. Each experiment was
performed in triplicate.

Cell migration and invasion assays. Twenty-four hours after
transfection with siRNAs, the PC3 and DU145 cells were
starved for 6 h. Then, 5x10* cells in 200 ul serum-free media
from each group were added into the upper chamber of a
24-well Transwell or invasion chamber (Corning, Corning,
New York, USA) with a polycarbonate filter (8-um pore size).
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The bottom chamber contained the conditioned medium with
10% FBS. After a 24-h incubation, the non-migrated or non-
invaded cells in the upper chamber were scraped off using a
cotton swab, and the migrated or invaded cells on the bottom
were fixed with methanol and stained with hematoxylin. The
number of cells was counted in five randomly chosen fields
(magnification, x100). Each experiment was performed in
triplicate, and the results were obtained from three individual
experiments.

Tumor xenograft model in nude mice. All protocols for the
animal experiments were approved by the Peking University
Institutional Animal Care and Use Committee. Twenty-four
female BALB/c nude mice (4-6 weeks old, weighing 18-22 g)
were obtained from Peking University Animal Center, and
were randomly divided into 4 groups for tumor xenografts as
LV-SOX18 PC3, LV-NC PC3, LV-SOX18 DUI145 and LV-NC
DU145 groups. Cells (5x10°) in 80 ul PBS were subcutane-
ously injected into the left and right flanks of nude mice for
each time-point (day 0). The mice were raised in a germ-free
environment in the animal facility. The tumor diameter was
measured every 5 days, and the tumor volume was calculated
by: length x width? x 0.5. After 5 weeks, the mice were sacri-
ficed by carbon dioxide narcosis (day 35), and then the tumors
were measured, weighed and photographed.

Statistical analyses. Data are expressed as the mean + SEM.
Statistical analysis was performed using a rank-sum test
and a Student's t-test. Values of P<0.05 were considered as
statistically significant differences. All statistical evaluations
were carried out by SPSS 17.0 (SPSS, Inc., Chicago, IL, USA).

Results

SOX1S8 is overexpressed in PCa tissues. To investigate the
expression of SOX18 in PCa and adjacent non-tumor tissues,
we measured the SOX18 protein level in a tissue microarray by
immunohistochemistry. Compared to the adjacent non-tumor
tissues (28/81, 34.6%), high expression of SOX18 was found in
72 of the 98 (73.5%) PCa tissues, and was frequently located
in the nuclei of the cells (Fig. 1A). SOX18 was also confirmed
in prostate cancer cell lines by western blotting and RT-PCR
analyses (Fig. 1B and C).

Expression of SOX18 is significantly correlated with the clin-
ical features of the patients with PCa. According to the results
obtained from immunohistochemistry, we analyzed whether
the expression of SOX18 was correlated with the clinical
features of the PCa cases. The rate of high SOX18 staining in
the tissues with histological grades III-IV (25/30, 83.3%) was
higher than that in the tissues of grades I-II (47/68, 69.1%). The
difference between the cases with a high and low histological
grade was significant (P<0.05). When comparing the positive
frequency between a higher Gleason (=8) and lower scores
(<7), we found that the high SOX18 expression rate of cases
with a higher Gleason score was 88.2% (30/34), which had a
higher frequency than cases with a lower score (65.6%, 42/64)
(P<0.05). More importantly, expression of SOX18 was signifi-
cantly related to the clinical stage of PCa. A strong positive rate
was observed in 77.4% (24/31) of the tissues with stages III-IV,
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Figure 1. SOX18 is expressed in prostate cancer cells. (A) Overexpression in
prostate cancer tissues and negative expression in adjacent normal prostate

tissues. (B) SOX18 expression in prostate cancer cell lines by western blot-
ting. (C) SOX18 expression in prostate cancer cell lines by RT-PCR.
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Table I. Clinicopathological variables and evaluation of
SOX18 immunostaining in prostate cancer tissues.

Scores for SOX18

staining
No. of
Classification pts. () (+) (++) (+++) P-value
Type 0.000
Non-tumor 81 20 33 24 4
PCa 98 9 17 40 32
Age (years) 0.762
>70 58 5 12 22 19
<70 40 4 5 18 13
Clinical stage 0.048
I-II 67 6 13 32 16
I-1v 31 3 4 8 16
Histological grade 0.010
I-II 68 7 14 31 16
I-1v 30 2 3 9 16
Gleason score 0.005
<7 64 6 16 27 15
=8 34 31 13 17

PCa, prostate cancer; pts., patients.

while the strong positive rate was 71.6% (48/67) in tissues with
stages I-1I (P<0.05). However, no relationship between SOX18
expression and age was observed (P=0.762) (Table I).
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Figure 2. Knockdown of SOX18 significantly decreases the proliferation of prostate cancer cells. (A) The efficiency of SOX18 silencing in PC3 and DU145
cells was detected by western blotting after transfection with siRNAs. (B) Knockdown of the expression of SOX18 inhibited the proliferation of PC3 and

DUI145 cells (""P<0.001).
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Figure 3. Knockdown of SOX18 significantly decreases the migration of prostate cancer cells. The numbers of migrated (A) PC3 and (B) DU145 cells were
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decreased in the siRNA groups compared with those in the siNC groups (" P<0.001).

Knockdown of SOX18 significantly impacts the proliferation
of both PC3 and DUI45 cells. To explore the potential role
of SOX18 in PCa cell proliferation, we knocked down the
expression of SOX18 in both PC3 and DU145 cell lines using
two siRNAs, and analyzed the cell proliferation ability using
CCK-8 assays. The silencing efficiency of SOX18 in PCa cell
lines was confirmed by western blotting (Fig. 2A). The results
revealed that the cell proliferation of both cell lines transfected
with siRNAs was significantly impaired compared with those
transfected with siNC (Fig. 2B).

Knockdown of SOX18 notably suppresses the migration of
PCa cells. To investigate the impact of SOX18 on PCa cell
migration, Transwell assays were conducted with the same
number of PC3 and DU145 cells transfected with siRNAs.
Compared with their respective controls, knockdown of
SOX18 notably suppressed the number of cells that crossed
over the filter (Fig. 3).

Downregulation of SOX18 reduces the invasion ability of PCa
cells. After establishing the role of SOX18 in the migration of
PCa cells, we aimed to explore whether SOX18 is involved in

the invasion of PCa cells. Therefore, we performed invasion
assays using the same number of PC3 and DU145 cells trans-
fected with siRNAs and siNC. As a result, downregulation of
SOX18 significantly decreased the number of invaded cells
compared with the controls (Fig. 4).

Knockdown of SOXI8 suppresses tumor growth in nude
mice. After the demonstration of the proliferation inhibition
of SOXI18 silencing in vitro, we subsequently used xenograft
models in nude mice to investigate whether SOX18 silencing
inhibited tumor growth in vivo. The same number of PC3
and DU14S5 cells transfected with LV-SOX18 or LV-NC were
injected into each group of nude mice. The efficiency of
SOX18 silencing was detected by western blotting (Fig. 5A).
The tumor volume and weight in mice receiving cells trans-
fected with LV-SOX18 were significantly decreased than those
transfected with LV-NC (Fig. 5B and C).

SOX18 regulates the expression of TCF1, c-Myc, cyclin DI
and MMP-7. To explore the molecular mechanisms of SOX18
underlying the proliferation, migration and invasion in PCa
cells, we first assessed using western blotting several proteins
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Figure 4. The invasion ability of prostate cancer cells was also reduced after SOX18 silencing. Compared with the siNC groups, the invaded (A) PC3 and
(B) DU145 cells in the siRNA groups were significantly decreased (““P<0.001).
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Figure 5. Silencing of SOX18 in prostate cancer cells suppresses tumor growth in nude mice. (A) The efficiency of SOX18 silencing in the PC3 and DU145 cells
after transfection with the lentivirus was detected by western blotting. (B) The tumor volume and tumor weight were significantly decreased in the LV-SOX18
PC3 group. (C) The tumor volume and weight were also decreased in the LV-SOX18 DU145 group (“'P<0.01, ““P<0.001).

that may be involved in the progression of PCa in PC3 cells  notably decreased protein levels of TCF1, c-Myc, cyclin D1
after a 48-h transfection with siRNAs and siNC. There were = and MMP-7 in the SOX18 silenced cells compared with the
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Figure 6. The expression of several proteins after SOX18 silencing in the PC3
cells. Compared with the siNC group, the expression levels of TCF1, c-Myc,
cyclin D1 and MMP-7 were decreased in the siRNA groups. There were no
differences in the expression of f-catenin, c-jun, Met, MMP-2 and MMP-9
between siRNAs and siNC lanes.

controls. Considering these signals are involved in the Wnt
signaling pathway, we detected several other Wnt family
members (including B-catenin, c-Jun and Met), but found no
differences. In addition, we detected two other members of the
MMP family (MMP-2 and MMP-9), but also found no differ-
ences (Fig. 6).

Discussion

Recently, a growing number of studies suggest that SOX18
is overexpressed in various types of tumors, and plays an
important role in tumor occurrence and progression (13). The
role and the potential function of SOX18 in various types of
cancer have been revealed. Since the SOXI8 gene behaves as
an oncogene in various types of human cancer, its targeting
has great therapeutic potential. In the present study, we found
that SOX18 was significantly overexpressed in prostate cancer
(PCa) tissues using immunohistochemistry, which was further
confirmed with the expression of SOX18 at both the mRNA
and protein level by western blotting and RT-PCR. A high
expression of SOX18 was related to poor clinical character-
istics (including a higher Gleason score, a higher histological
grade and an advanced clinical stage) of patients with PCa.
In addition, SOX18 was confirmed to be involved in the
proliferation, migration and invasion of PCa cell lines in vitro
and involved in tumor growth in vivo. As for the mechanisms
of SOX18 underlying the progression of PCa, we found that
TCF1, c-Myc, cyclin D1 and MMP-7 were decreased when
SOX18 was silenced by siRNAs in the PC3 cell line. Our data
indicated that SOX18 may be of diagnostic and therapeutic
value for PCa.
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Previous studies demonstrated that SOX18 promoted the
cell proliferation of HepG2 hepatocellular carcinoma (HCC)
and MCF-7 breast cancer cells (15,17). Consistent with these
findings, knockdown of SOX18 in PCa cell lines notably
suppressed cell growth in vitro. Moreover, the role of SOX18
silencing in the suppression of cell proliferation was also
confirmed in vivo in the present study. Notably, in vivo, the
tumor size was almost equal to that of the control group, but
inside the tumor, the tumor was full of the hydrops, which
indicated that knockdown of SOX18 promoted apoptosis in
the PCa cells (data not shown). In a study of SOX18 in HCC,
SOX18 knockdown was found to induce G1 phase arrest and
apoptosis of HCC cells, indicating that SOX18 may contribute
to cell proliferation via the promotion of cell cycle progression
from the G1 to the S phase and the suppression of apoptosis. In
the present study, we discovered that cyclin D1 was reduced in
the SOX18-knockdown cells at the protein level. Cyclin D1, a
transcription factor, is associated with cell proliferation via the
promotion of the cell cycle from Gl to the S transition (22,23).
Previous studies found that cyclin D1 is overexpressed and
contributes to the androgen-dependent DNA damage repair
in PCa cells (24). Although we had a lack of data from the
trials to address the changes in the PCa cell cycle after SOX18
silencing, the decreased level of cyclin D1 expression caused
by SOX18 silencing indicated that SOX18 may promote cell
cycle transition from the Gl to the S phase via the regulation
of the expression of cyclin DI to accelerate the aggressiveness
of PCa.

Matrix metalloproteinases (MMPs), a family of transcrip-
tion factors, can regulate the tumor microenvironment mainly
through the degradation of the extracelluar matrix, and were
found to be increased in expression and activation in almost all
human types of cancer including PCa compared with normal
tissues. The upregulation of MMPs was found to be related to the
enhanced invasion ability of PCa cells in vitro (25). Consistent
with previous research, our data showed that SOX18 silencing
also impaired the migration and invasion abilities of PCa cells.
Markedly, we found a decreased protein level of MMP-7 in the
SOX18-silenced PCa cells. Grindel et al reported that MMP-7
acts as a switch altering PCa cell behavior and favoring cell
dispersion and invasiveness (26). MMP-2 and MMP-9 are also
involved in the mobility of PCa (27), but our results showed
no differences when comparing the siRNA and siNC groups.
Hoeth et al reported that SOX18 regulated the expression of
MMP-7 in human endothelial cells by directly combining to
the promoter of MMP-7 and activating its transcription (19).
Although our results did not confirm whether SOX18 could
combine to the promoter of MMP-7, we did demonstrate that
SOX18 may regulate the mobility of PC3 cells via the regula-
tion of MMP-7, but not that of MMP-2 or MMP-9. Whether
or not the process of SOX18 regulation of MMP-7 in PCa is
roughly analogous to that in endothelial cells needs further
study.

However, cyclin D1, MMP-7, TCF1 and c-Myc also
exhibited a decreased protein level in the SOX18-silencing
cells. TCF1 and c-Myc are also transcriptional factors, which
are involved in tumor progression (28). Cyclin D1, MMP-7,
TCF1 and c-Myc were also found to be involved in the Wnt
signaling pathway, which is an important pathway in tumori-
genesis and tumor progression (29), and TCF1 is located in
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the upstream of c-Myc, cyclin D1 and MMP-7. We detected
other Wnt members, but found no differences among the
siRNA and siNC groups. Previous research has reported that
SOX7 decreases the expression of c-Myc and cyclin DI via
the downregulation of Wnt/B-catenin transcription through the
HMG-box which is the common domain of all SOX family
members (30). Whether a simple link between SOX18 and the
Wht signaling pathway exists warrants further study.

The research on transcription factors and signaling path-
ways related with cancer has gradually become a ‘hot spot’ in
the field of cancer research. Controlling the expression levels
of certain transcription factors or some key points in signaling
pathways to regulate the epofenetic characteristics of cells
are promising therapeutic approaches. Transcription factor
SOX18 is overexpressed in PCa, and the expression of SOX18
is notably correlated with both the clinical characteristics of
patients and the malignant biological behavior of PCa cells.
SOX18 may promote PCa progression via the upregulation of
various transcription factors, such as TCF1, c-Myc, cyclin D1
and MMP-7. Therefore, further research on SOX18 is of
potential value for the early diagnosis, risk evaluation and
therapeutic approaches of PCa.
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