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A B S T R A C T

Aims: SRY-box 18 (SOX18) is a transcription factor known for its role in regulating cell differentiation and
lymphatic and blood vessel development. It has been reported that SOX18 was involved in various diseases,
including cancer. This study aimed to explore the significance and biological function of SOX18 in bladder
cancer (BCa).
Materials and methods: SOX18 expression in BCa and normal tissues was analyzed by immunohistochemistry,
and SOX18 expression in BCa cell lines was quantified by western blotting and quantitative real-time PCR. The
role of SOX18 on the proliferation, migration and invasion of BCa cells was explored by CCK-8 and transwell
invasion assays in vitro. Cell cycle was measured by flow cytometry assays. Western blotting and qRT-PCR were
performed to investigate the potential mechanisms by which SOX18 leads to tumor progression.
Key findings: SOX18 was significantly upregulated in BCa and its expression was associated with clinical features
of patients with BCa. Our data demonstrated that SOX18 promoted cell proliferation via accelerating cell cycle
and by regulating c-Myc and Cyclin D1, promoted cell invasion via upregulation of MMP-7. Moreover, phos-
phorylation of c-Met and Akt regulated by SOX18 was identified to be involved in the process of cell migration
and invasion, indicating the vital role of SOX18 in the metastasis of BCa.
Significance: Our data demonstrated a cancer-promoting effect of SOX18 in BCa, revealed the potential me-
chanisms of SOX18 in mediating cellular functions, and indicated that SOX18 may serve as a promising pro-
gression and prognostic biomarker and a therapeutic target for BCa.

1. Introduction

Bladder cancer (BCa) is the most common urological cancer and is a
global threat. Urothelial cell carcinoma (UCC) is the predominant his-
tological form of this neoplasm [1]. BCas are usually classified as non-
muscle invasive and muscle invasive tumors. Muscle-invasive BCa
(MIBC) accounts for 30% of BCas and is associated with a high recur-
rence frequency and a poor prognosis [2]. The standard treatment for
BCa is radical cystectomy. Even with recent improvements in treat-
ments, mortality due to MIBC remains high. Studies have demonstrated
that a number of molecular therapeutic targets, including PI3K/AKT/
mTOR, VEGFR, RTK/RAS and Her2, are potentially beneficial for
treating patients with BCa [3–7]. However, the lack of therapeutic
target specificity for BCa facilitates the examination of novel molecules
involved in tumorigenesis and progression of BCa.

SRY-box 18 (SOX18) is a member of the SOX transcription factor
family, which is composed of> 20 family members, sharing a common
HMG box [8]. SOX18 is well known for its functional role in regulating

cell differentiation and determining cell fate during embryonic devel-
opment [8,9]. Disruption of the function of SOX18 leads to diseases,
including hypotrichosis-lymphedema-telangiectasia [10]. Recently, ac-
cumulating evidence suggests that SOX18 is upregulated in various
types of human malignant tumors, including ovarian, lung, breast and
hepatocellular carcinoma [11–15]. Additionally, previous studies have
reported that SOX18 is upregulated in HCC and that upregulated SOX18
expression promotes cell proliferation, migration and invasion and is
associated with clinical characteristics. However, the role of SOX18
expression in human BCa remains unknown, and its biological function
and potential mechanisms associated with the occurrence and pro-
gression of BCa has yet to be elucidated.

In the present study, SOX18 was indicated to be significantly up-
regulated in BCa tissues and cell lines, and its expression was associated
with patients' clinical features. In particular, SOX18 expression was
associated with poor outcomes of patients with BCa. In addition, SOX18
promoted the proliferation, migration and invasion of BCa cell lines.
Furthermore, expression of molecules associated with tumor
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progression, including c-Myc, Cyclin D1, Matrix metalloproteinase-7
(MMP-7), phosphorylated (p)-Met (Tyr1349) and p-Akt (Ser473), were
reduced or increased following silencing or overexpression of SOX18 in
BCa cells. Therefore, the present study demonstrated the cancer-pro-
moting effects of SOX18 in BCa and revealed the potential mechanisms
of SOX18 in cell proliferation and tumor metastasis. It also indicated
that SOX18 may serve as a promising progression and prognostic bio-
marker, in addition to a therapeutic target for BCa.

2. Material and methods

2.1. Tissue microarray and specimens

The tissue microarray, consisting of 105 sample spots, including 59
BCa and 46 corresponding normal tissue samples, was purchased from
Shanghai Outdo Biotech Co., Ltd. (Shanghai, China). A total of 31 BCa
specimens were collected from patients diagnosed with BCa, who re-
ceived a resection at Peking University People's Hospital (Beijing,
China). All cases were followed up for 2–96months. Clinical stage was
classified according to American Joint Committee on Cancer. The ap-
proval from the Ethical Reviewing Committee of Peking University
People's Hospital (Beijing, China) was obtained after written informed
consent was provided from all patients prior to inclusion in the study.
The clinicopathological information of patients is presented in Table 1.

2.2. Immunohistochemical analysis

The tissue microarray and specimens were dewaxed in xylene, re-
hydrated in graded alcohol, and subsequently incubated in 3% hy-
drogen peroxide for 10min to block endogenous peroxide activity.
Following antigen recovery in a 95 °C water bath for 20min, followed
by incubation with 30% normal goat serum for 25min, the microarray
and specimens were incubated with SOX18 rabbit monoclonal antibody
(dilution, 1:200; Abcam, Cambridge, MA, USA) at 4 °C overnight.
Immunodetection was performed using the Encision ABC Kit (Gene
Tech Biotechnology Co., Ltd., Shanghai, China). The microarray and
specimens were stained with hematoxylin, dehydrated and mounted.
SOX18 immunostaining score and category of SOX18 expression were
as previously described [16]. The overall SOX18 staining results were
categorized as follows: Low expression, final score< 4; and high

expression, final score ≥4.

2.3. Cell culture and reagent

Two malignant BCa cell lines, including T24 and 5637, and the
relatively low-grade malignant cell line RT4, were used in this study.
T24, 5637 and RT4 cell lines were obtained from the American Type
Culture Collection (Manassas, VA, USA). RT4 cells were cultured in
McCoy's 5A culture medium (Gibco; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA), and the remaining cell lines were cultured in
RPMI 1640 culture medium (HyClone; GE Healthcare, Chicago, IL,
USA) in a 5% CO2 humidified atmosphere. All culture medium was
supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher
Scientific, Inc.) and 1% penicillin/streptomycin (Gibco; Thermo Fisher
Scientific, Inc.). For the inhibition of c-Met, the cells were incubated
with a selected concentration of cabozantinib (3 μM) for 48 h prior to
subsequent experiments.

2.4. Cell transfection

Two small interfering RNAs, including siRNA1 and siRNA2, against
SOX18 and corresponding non-silencing control RNA (siNC) were
purchased from Shanghai GenePharma Co., Ltd., (Shanghai, China).
The sequences of the siRNAs and siNC are presented in Table 2. The
siRNAs and siNC were transiently transfected into T24 and 5637 cells
using Lipofectamine 3000 reagent (Invitrogen; Thermo Fisher Scien-
tific, Inc.), according to the manufacturer's protocols. The efficiency of
SOX18 silencing was verified by reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) and western blot analysis.

Lentiviruses were packaged by Shanghai Genechem Co., Ltd.,
(Shanghai, China). The silencing (LV-RNA1) and control sequences (LV-
NC) in the lentiviruses were the same as the siRNA1 and siNC se-
quences, respectively. Lentiviruses containing SOX18 gene sequence
and control sequence (NC) were also purchased from Shanghai
GeneChem Co., Ltd., (Shanghai, China). T24 or 5637 cell lines were
infected with the lentiviruses at a multiplicity of infection of 20 for
48 h. A total of 2mg/ml-concentration of puromycin (EMD Millipore,
Billerica, MA, USA) was subsequently used to screen for stably infected

Table 1
Relationship between SOX18 and clinical features of patients with bladder
cancer.

Characteristics Number Expression of SOX18 P-value

Low High

Pathological grade 0.009
I+ II 52(57.8%) 31(34.4%) 21(23.3%)
III 38(42.2%) 12(13.3%) 26(28.9%)

Clinical stage < 0.001
I+ II 41(45.6%) 30(33.3%) 11(12.2%)
III+ IV 49(54.4%) 13(14.4%) 36(40.0%)

Gender 0.467
Male 77(85.6%) 38(42.2%) 39(43.3%)
Female 13(14.4%) 5(5.6%) 8(8.9%)

Age (years) 0.833
≥70 45(50%) 22(24.4%) 23(25.6%)
<70 45(50%) 21(23.3%) 24(26.7%)

Size (cm) 0.718
≥4 38(42.2%) 19(21.1%) 19(21.1%)
<4 52(57.8%) 24(26.7%) 28(31.1%)

Lymph node metastasis 0.046
Yes 28(31.1%) 9(10.0%) 19(21.1%)
No 62(68.9%) 34(37.8%) 28(31.1%)

Muscle infiltration 0.007
Yes 53(58.9%) 19(21.1%) 34(37.8%)
No 37(41.1%) 24(26.7%) 13(14.4%)

Table 2
The sequence of gene primer and small interfering RNAs.

Name Primer/interfering sequence

SOX18 F: 5′-TTCGACCAGTACCTCAACTGC-3′
R: 5′-GACATGGAACCAAACATACACG-3′

Cyclin B1 F: 5′-TGGTGTCACTGCCATGTTTATTG-3′
R: 5′-CCATCTGTCTGATTTTTGTCTTAG-3′

Cyclin D1 F: 5′-CGCCCCACCCCTCCAG-3′
R: 5′-CCGCCCAGACCCTCAGACT-3′

Cyclin E1 F: 5′-GCCTTGTATCATTTCTCGTC-3′
R: 5′-GCTGTCTCTGTGGGTCTG-3′

c-Myc F: 5′-TGCCCATTTGGGGACACTTC-3′
R: 5′-TACGGCTGCACCGAGTCGT-3′

MMP-2 F: 5′-CCAAAGTAAACAGCAAGAGAACC-3′
R: 5′-GCCACAATAAAGCAACAAAGCAAC-3′

MMP-3 F: 5′-GAGTGTGGATTCTGCCATTGAAA-3′
R: 5′-GCAAAGGAGATCATTATGTTCAGCC-3″

MMP-7 F: 5′-AAACTCCCGCGTCATAGAAAT-3′
R: 5′-TCCCTAGACTGCTACCATCCG-3′

MMP-9 F: 5′-AAACTCCCGCGTCATAGAAAT-3′
R: 5′-TCCCTAGACTGCTACCATCCG-3′

GAPDH F: 5′-CACCCACTCCTCCACCTTTG-3′
R: 5′-CCACCACCCTGTTGCTGTAG-3′

siRNA1 F: 5′-GGGUUACAUUUUUGAAGCATT-3′
R: 5′-UGCUUCAAAAAUGUAACCCTT-3′

siRNA2 F: 5′-CUCUCUCAUACGCGUGUAUTT-3′
R: 5′-AUACACGCGUAUGAGAGAGTT-3′

siNC F: 5′-UUCUCCGAACGUGUCACGUTT-3′
R: 5′-ACGUGACACGUUCGGAGAATT-3′
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cells. The infection efficiency was verified by RT-qPCR and western blot
analysis.

2.5. RNA isolation and RT-qPCR

Total RNA was extracted from the cells using an RNAsimple Total
RNA kit (Tiangen Biotech Co., Ltd., Beijing, China), according to the
manufacturer's protocols. Complementary DNA (cDNA) was synthe-
sized using a Fast Quant RT kit (Tiangen Biotech Co.), according to the
manufacturer's protocols, and stored at −20 °C. RT-qPCR was per-
formed using a KAPA SYBR FAST Universal q-PCR kit (Kapa Biosystems;
Roche Diagnostics, Indianapolis, IN, USA) on an iQ5 real-time detection
system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). GAPDH was
amplified as an internal control. The relative gene expression levels
were calculated using the 2−ΔΔCq method. The primers are listed in
Table 2.

2.6. Western blot analysis

Preparation of whole cell proteins and western blot analysis was
performed as described previously [17]. The membranes were in-
cubated with primary antibodies at 4 °C overnight. The primary anti-
bodies were as follows: SOX18 rabbit monoclonal antibody (1:1000
dilution; Abcam), Cyclin B1/D1/E1 rabbit monoclonal antibodies
(1:1000 dilution; Cell Signaling Technology, Inc., Danvers, MA, USA),
MMP-2/3/7/9 rabbit monoclonal antibodies (1:1000 dilution; Cell
Signaling Technology, Inc.), c-Myc rabbit monoclonal antibody (1:1000
dilution; Cell Signaling Technology, Inc.), Akt/p-Akt (Ser473) rabbit
monoclonal antibody (1:1000 dilution; Cell Signaling Technology,
Inc.), Met/p-Met (Tyr1349) rabbit monoclonal antibody (1:1000 dilu-
tion; Cell Signaling Technology, Inc.), GAPDH rabbit monoclonal an-
tibody (1:2000 dilution; Cell Signaling Technology, Inc.). Goat anti-
rabbit IgG-HRP antibody (1:2000 dilution; Cell Signaling Technology,
Inc.) was used as the secondary antibody, and GAPDH was used as a
loading control.

2.7. CCK-8 assays

Cells (2× 103) of a 100 μl volume were seeded into 96-well plates.
The absorbance rate of cells was measured at a wavelength of 450 nm at
different time points (0, 24, 48, 72 and 96 h). At each time point, 10 μl
of CCK-8 reagent was added to each well to stain the cells. Following
incubation for 2 h at 37 °C, the absorbance at 450 nm was measured to
assess cell proliferation. All experiments were performed in triplicate.

2.8. Tumor xenograft model in nude mice

All procedures for the animals operation were approved by the
Peking University Institutional Animal Care and Use Committee.
Twelve BALB/c nude mice (female, 4–6weeks old, weighing 18–25 g)
were divided into two groups. A total of 5×106 T24 cells infected with
LV-RNA1/LV-NC in 150 μl Col-Tgel (Bioruo, Beijing, China) randomly
implanted subcutaneously into nude mice on Day 0. The mice were fed
in a germ-free environment with regulated temperature and humidity.
The tumor volumes were measured every 5 days and calculated as the
length×width2× 0.5. Five weeks later, the mice were sacrificed by
breaking their cervical vertebra on Day 35, and the tumors were re-
moved, weighed and photographed.

2.9. Transwell invasion assays

Cell migration and invasion were analyzed using Transwell invasion
assays without or with Matrigel. Briefly, 4× 104 cells in 200 μl of
serum-free medium were transferred into the upper chamber of a 24-
well Transwell or Matrigel chamber with 8-μm pores (Corning Inc.,
Corning, NY, USA). The lower chamber contained 600 μl of medium

supplemented with 10% fetal bovine serum as the chemoattractant.
Following incubation for 24 h, cells on the upper membrane surface
were removed with cotton swabs, and cells that migrated or invaded
through the filter were fixed with 4% paraformaldehyde for 25min and
stained with 1% hematoxylin for 25min. The number of migrated or
invaded cells was calculated in 5 random-selected fields, and each
condition was analyzed in triplicate.

2.10. Flow cytometry assay

Cells were harvested, washed with ice-cold PBS and pelleted. The
cell cycle was determined by flow cytometry (Beckman Coulter, Inc.,
Brea, CA, USA) following staining with propidium iodide
(MultiSciences (Lianke) Biotechnology Corporate Limited, Hang Zhou,
China), according to the manufacturer's protocol.

2.11. Statistical analysis

Statistical analyses were carried out using SPSS version 19.0 (IBM
Corp., Armonk, NY, USA) statistical software packages. The association
between SOX18 expression and patients characteristics was analyzed
using the χ2 test. Data were expressed as the mean ± standard error of
the mean, and comparisons between two groups were performed using
Student's t-test. Two-way analysis of variance was used to analyze the
dataset containing multiple groups. Overall survival curves were
plotted using the Kaplan-Meier method and compared using the log-
rank test. Multiple analyses were carried out using the COX regression
model. P < 0.05 was considered to indicate statistical significance.

3. Results

3.1. SOX18 is upregulated in human BCa

In order to detected SOX18 expression level in BCa, the expression
of SOX18 was first investigated in a panel of BCa cell lines. Western blot
analysis and RT-qPCR analyses revealed the upregulated expression of
SOX18 protein and mRNA levels in 2 malignant BCa cell lines compared
with the relatively low-grade cell line (Fig. 1A and B). In order to fur-
ther analyze SOX18 expression differences between BCa tissues and
normal tissues, immunohistochemistry in tissue microarray and sam-
ples was performed. Immunohistochemical analysis indicated that po-
sitive staining of SOX18 was for the majority of cases mainly in the cell
nuclei. In addition, SOX18 protein expression in human BCa tissues was
higher compared with those in normal tissues (Fig. 1C). The SOX18
staining score in 46 pairs of cancer and corresponding normal tissues,
included in the tissue microarray assay, were statistically analyzed, in
order to gain insight into SOX18 expression level differences. As in-
dicated in Fig. 1D, 37 (80%) spots exhibited a higher SOX18 staining
score compared with corresponding spots, while only 3 (7%) spots
exhibited a lower SOX18 staining score compared with corresponding
spots. No differences in SOX18 staining score were indicated in 6 (13%)
pairs of spots. In addition, statistical analysis indicated that the rate of
high SOX18 expression was 52.2% (47/90) in BCa tissues and 23.9%
(11/46) in normal tissues (Fig. 1E). These data suggested elevated
SOX18 expression levels in human BCa.

3.2. SOX18 expression is associated with the clinicopathological
characteristics of patients with BCa

Subsequently, it was further investigated whether SOX18 expression
was associated with the clinicopathological characteristics of patients
with BCa. As presented in Table 1, there were no significant differences
between SOX18 expression and age, sex and tumor size (P=0.833,
P= 0.467 and P=0.718, respectively). However, the rate of high
SOX18 expression was increased in cancer tissues with positive lymph
node metastasis, higher histological grade (III+ IV) and clinical stage
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(III+ IV), and muscle infiltration (P=0.046, P=0.009, P < 0.001
and P= 0.007, respectively), which indicated an association between
SOX18 expression and adverse clinical characteristics of patients with
BCa.

In addition, the overall survival of patients with high SOX18 ex-
pression was significantly poorer compared with those with low SOX18
expression as indicated by the Kaplan-Meier survival analysis, and
mortality incidence in the high SOX18 expression group was increased

Fig. 1. SOX18 was overexpressed in BCa. SOX18 (A) protein and (B) mRNA expression levels in malignant cell lines, including T24 and 5637, and relatively low-
grade cell line RT4. GAPDH was used as a loading control. (C) Immunohistochemical staining of SOX18 protein expression in BCa and normal tissues (magnification,
x100 and x400). (D) Distribution of SOX18 staining score in 46 pairs of BCa and corresponding normal tissues. (E) Quantification and percentage of low and high
SOX18 expression in BCa and normal tissues. T, cancer; N, normal. ⁎⁎⁎, ⁎⁎ and ⁎ represented P < 0.0001, P < 0.001 and P < 0.05, respectively.
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Fig. 2. Patients with high SOX18 expression displayed poor overall survival rate compared with those with low SOX18 expression. (A) Kaplan-Meier curves and
survival distribution of patients in the high and low SOX18 expression groups. (B) Kaplan-Meier curves and survival distribution of patients in the different
pathological grade groups. (C) Kaplan-Meier curves and survival distribution of patients in the different clinical stage groups. (D) Kaplan-Meier curves and survival
distribution of patients with and without lymph node metastasis.

Y. Huaqi, et al. Life Sciences 232 (2019) 116614

5



compared with the low SOX18 expression group during the 7-year
follow-up period (Fig. 2A). Furthermore, the overall survival and
mortality incidence in different clinicopathological groups were ana-
lyzed to validate the survival rate of patients participating in the sur-
vival analysis. Higher histological grade (III+ IV), higher clinical
stages (III+ IV) and positive lymph node metastasis were associated
with the poor overall survival rate and the higher mortality incidence in
patients with BCa (Fig. 2B, C and D).

According to the aforementioned analysis, it was speculated that
high SOX18 expression, high histological grades, high clinical stages
and positive lymph node metastasis were risk factors for the prognosis
of patients with BCa, which were further confirmed by univariate
analysis. However, the multivariate analysis revealed that only lymph
node metastasis could serve as an independent risk factor for prognosis
of patients with BCa (Table 3), despite the fact that the data of the
present study demonstrated the participation of SOX18 in the devel-
opment of BCa.

3.3. SOX18 promotes BCa cell proliferation and migration in vitro, and
tumor growth in vivo

To examine the role of SOX18 in BCa cells, functional cellular ex-
periments were performed using siRNA-mediated silenced SOX18 and
lentivirus-mediated overexpressed SOX18 in T24 and 5637 cells. The
efficiency of SOX18 silencing or overexpression was determined by
western blot analysis and RT-qPCR (Fig. 3A). As shown in Fig. 3B, CCK-
8 assays indicated that cell proliferation was significantly suppressed in
SOX18-silenced cells, indicating the proliferation-promoting role of
SOX18 in BCa cells. This was further confirmed by overexpressed
SOX18 cells with improved proliferative capacity. In addition, knocking
down SOX18 reduced the tumor volume and weigh in nude mice
(Fig. 3C). Taken together, these data suggested that SOX18 is crucial for
maintaining BCa cell proliferation and tumor growth.

The influence of SOX18 on cellular migration was subsequently
investigated using Transwell invasion assays without Matrigel. The
number of migrated cells on the bottom of the cell culture insert in the
SOX18-silenced groups was decreased compared with that in the cor-
responding control groups (Fig. 3D), while upregulation of SOX18 de-
monstrated a reverse effect (Fig. 3E). The data of the present study
demonstrated the important role of SOX18 in accelerating the migra-
tion ability of BCa cells, indicating that SOX18 might be responsible for
the progression of cancer metastasis.

3.4. SOX18 induces the G1 to S phase transition via upregulation of c-Myc
and Cyclin D1

To examine the proliferation-promoting role of SOX18, flow cyto-
metry assays were performed to analyze the cell cycle distribution,
which was suggested to be associated with cell proliferation. The results
indicated that SOX18-silenced cells exhibited an increase in the G0/G1

phase population, in addition to a decrease in the S phase population
compared with the control (Fig. 4A). In contrast, upregulation of SOX18

expression slightly decreased the percentage of cells in G0/G1 phase and
increased the percentage of cells in the S phase (Fig. 4B). However, no
differences were indicated in the population of cells in G2/M phase
among groups (Fig. 4A and B). These results indicated that SOX18 could
facilitate BCa cell cycle transition from G1 to S phase, resulting in rapid
cell proliferation.

To elucidate the potential mechanisms behind SOX18-mediated cell
cycle progression, mechanistically studies using western blot analysis
and RT-qPCR analysis were performed. As c-Myc and Cyclin complex
are the main molecules associated with cell cycle, the present study
investigated whether these molecules changed in accordance with
SOX18 expression. As indicated in Fig. 4C, the knockdown and over-
expression of SOX18 reduced and induced the expression of c-Myc and
Cyclin D1, respectively, at a protein level involving G1 to S phase
transition [18,19], while neither changes of Cyclin B1 nor cyclin E1
were measured. The effect of SOX18 on c-Myc and Cyclins was further
verified by RT-qPCR on an mRNA level (Fig. 4D). According to the
aforementioned results, it was demonstrated that SOX18 facilitates BCa
cell proliferation by accelerating cell cycle progression via upregulation
of c-Myc and Cyclin D1.

3.5. SOX18 enhances the invasiveness of BCa cells via upregulating MMP-7
expression

Statistical analyses of IHC staining score revealed the association of
high SOX18 expression with advanced clinical stage and positive lymph
node metastasis. This suggests that SOX18 may be implicated with BCa
cell invasiveness, which is strongly associated with invasion depth,
lymph node and distant metastases. Therefore, the effect of SOX18 on
invasion was investigated using Matrigel-coated Transwell invasion
assays. Genetic ablation of SOX18 in T24 and 5637 cells by siRNAs
significantly reduced the numbers of invasive cells on the bottom of the
cell culture insert compared with that by siNC (Fig. 5A). SOX18 upre-
gulation enhanced the invasiveness of BCa cells (Fig. 5B), which in
combination with the aforementioned results indicates the precise role
of SOX18 in increasing the invasive ability of BCa cells. Therefore,
knockdown of SOX18 expression is a promising target for inhibiting
progression of BCa metastasis.

Taking into consideration that the main constituent of Matrigel is a
mixture of gelatinous protein similar to the extracellular matrix, which
has the ability to prevent cell invasion [20], the present study in-
vestigated whether the upregulation of SOX18 enhanced the invasive
ability of BCa cells via the degradation of Matrigel. Previous studies
demonstrated that MMPs are members of a family that is known to
promote cell invasion, through degradation of the extracellular matrix
[21], therefore making them the optimal candidates for investigation.
As indicated in Fig. 5C and D, both protein and mRNA expression levels
of MMP-7 were decreased and increased following silencing and upre-
gulation of SOX18, respectively. Our results indicated that SOX18 may
enhance the invasiveness of BCa cells by promoting the transcription
and translation of MMP-7 gene. The effect of SOX18 on other members
of MMPs, including MMP-2, MMP-3 and MMP-9, was also assessed,

Table 3
Univariable and multivariable analysis of BCa survival using Cox's proportional hazards model.

Clinical features Univariate analysis Multivariate analysis

HR 95% CI P-value HR 95% CI P-value

Age (≥70/< 70 years) 1.016 0.601–1.872 0.839 Not included
Gender (male/female) 1.3 0.607–2.786 0.5 Not included
Tumor size (≥3/< 3 cm) 0.686 0.389–1.211 0.194 Not included
Grade (III/I+ II) 2.657 1.493–4.728 0.001 1.566 0.75–2.754 0.151
Stage (III+ IV/I+ II) 3.994 2.092–7.624 0.000 1.887 0.849–2.887 0.135
SOX18 (high/low) 2.548 1.4–4.637 0.002 1.437 0.75–2.754 0.274
Lymph node metastasis (yes/no) 4.199 2.355–7.487 0.000 2.267 1.129–4.551 0.021
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Fig. 3. SOX18 promoted the proliferation and migration of BCa cells. (A) SOX18 protein and mRNA expression levels in SOX18-silenced and SOX18-overexpressed
cells. (B) CCK-8 assays indicated the absorbance of SOX18-silenced and SOX18-induced cells at an optical density of 450 nm decreased and increased, respectively.
(C) Compared with LV-NC groups, the tumor size and weight were both decreased in LV-RNA1 groups. (D) Number of migrated T24 and 5637 cells was decreased in
SOX18 knockdown groups. (E) Number of migrated T24 and 5637 cells was increased in SOX18 overexpression groups. ⁎⁎⁎, ⁎⁎ and ⁎ represented P < 0.0001,
P < 0.001 and P < 0.05, respectively.
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however, no changes were detected (Fig. 5C and D). Therefore, our data
demonstrated that SOX18 may increase the invasive ability of BCa cells
via promoting MMP-7 expression, and not MMP-2/3/9 expression.

3.6. Pharmacological inhibition of c-Met reduces malignant phenotype of
BCa cells mediated by SOX18 through the c-Met/Akt signaling axis

To further examine the underlying mechanisms for increased

capabilities of biological behaviors through SOX18 overexpression in
BCa cells, the expression levels of various molecules associated with
tumorigenesis and metastasis were subsequently evaluated. Following
SOX18 silencing or upregulation, the phosphorylation levels of c-Met
(p-Met Tyr1349) and Akt (p-Akt Ser473) were decreased and increased,
respectively (Fig. 6A). As a receptor tyrosine kinase, c-Met was reported
to be activated and enhanced the proliferation, motility and invasion of
BCa cells via activating a number of downstream signals, including

Fig. 4. SOX18 induced the G1 to S phase transition via regulation of c-Myc and Cyclin D1. (A) Knockdown of SOX18 decreased the percentage of cells in G1 phase and
increased the percentage of cells in S phase, indicating an inhibition of cell cycle in G1 and S phase transition. (B) Cell cycle transition from G1 to S phase induced by
SOX18 was further analyzed in SOX18-overexpressed cells. (C) Western blot analysis of c-Myc, Cyclin D1, Cyclin B1 and Cyclin E1 proteins in SOX18-silenced and
SOX18-induced cells. (D) The mRNA expression levels of c-Myc, Cyclin D1, Cyclin B1 and Cyclin E1. BCa. ⁎⁎⁎, ⁎⁎ and ⁎ represented P < 0.0001, P < 0.001 and
P < 0.05, respectively.
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phosphorylation of Akt [22,23]. Therefore, it was inferred that SOX18
partly induced malignant phenotype of BCa cells by activating c-Met/
Akt through phosphorylation. To verify our hypothesis, cabozantinib, a
multiple inhibitor of c-Met, which have been applied to cancer therapy
and exhibit a positive clinical effect on tumor growth and bone me-
tastasis was used [24,25], in order to suppress the activation of c-Met in
SOX18-upregulated T24 and 5637 cells. The changes of malignant
phenotype were subsequently analyzed. It has been previously reported
that cell proliferation will be inhibited when the concentration of ca-
bozantinib reaches a specific value. Therefore, one of the concerns of
the present study was the effect of cabozantinib on the migration and
invasion of BCa cells rather than cell proliferation. In order to avoid the
impact caused by cell proliferation on cell migration and invasion, the
maximum concentration (3 μM) of cabozantinib was selected, which

could have no effect on cell proliferation. Following incubation with
cabozantinib, the migration ability of SOX18-overexpressed cells was
decreased (Fig. 6D). In addition, the inhibitory effect of cabozantinib on
the invasion of SOX18-overexpressed cells was also identified (Fig. 6C).
Therefore, our results demonstrated that SOX18 could promote BCa cell
migration and invasion via the regulation of the c-Met/Akt signaling
pathway.

4. Discussion

Recently, the role of transcriptional deregulation of SOX18 in
human diseases, including cancers was identified by an increasing
number of studies. Studies demonstrated that SOX18 was significantly
associated with clinicopathological features of patients with cancers

Fig. 5. SOX18 enhanced the invasiveness of BCa cells via promoting MMP-7 expression. (A) Number of invaded T24 and 5637 cells was decreased in SOX18
knockdown groups. (B) Number of invaded T24 and 5637 cells was increased in SOX18 overexpression groups. (C) The protein expression level of MMP-7, MMP-2,
MMP-3 and MMP-9 in SOX18-silenced and SOX18-induced cells. (D) Analysis of MMP-7, MMP-2, MMP-3 and MMP-9 mRNA expression levels in SOX18-silenced and
SOX18 induced cells. ⁎⁎⁎, ⁎⁎ and ⁎ represented P < 0.0001, P < 0.001 and P < 0.05, respectively.
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and the malignant behaviors of cancer cells, however little was known
about SOX18 in BCa. The present study reports a high expression of
SOX18 in BCa. Our data indicated that the rate of high SOX18 protein
expression in BCa tissues was 52.2%, while that in normal tissues was
23.9%, which suggested high SOX18 expression in BCa. Association
analyses revealed an association between high SOX18 expression and
poor clinical characteristics of BCa, including lymph node metastasis,
histological grade, clinical stages, and muscle infiltration, suggesting
that SOX18 promoted BCa progression. Furthermore, Kaplan-Meier

survival analysis revealed poor prognoses in patients with high SOX18
expression, which indicated that SOX18 may serve as a predictor of
survival for patients with BCa. Despite the fact that multivariate ana-
lysis denied the possibility of SOX18 as an independent prognostic
factor for BCa, overexpression of SOX18 remained a vital factor in its
development and progression. However, only 90 cases were analyzed in
our study, and further study should include a larger sample size and
extend follow-up time to produce solid conclusions.

To examine the role of SOX18 on cell proliferation, cellular

Fig. 6. Pharmacological inhibition of c-Met reduced migration and invasion of BCa cell lines, by SOX18 through phosphorylation of c-Met and Akt. (A) Knockdown
and overexpression of SOX18 reduced and induced protein levels of p-Met (Tyr1349) and p-Akt (Ser473), respectively, while no expression changes of total c-Met and
Akt were identified. (B) Inhibition of c-Met phosphorylation using c-Met inhibitor cabozantinib reduced cell migration induced by SOX18. (C) c-Met inhibitor reduced
cell invasion induced by SOX18. The concentration of cabozantinib used was 3 μM. Ctrl, negative control + cabozantinib. ⁎⁎⁎, ⁎⁎ and ⁎ represented P < 0.0001,
P < 0.001 and P < 0.05, respectively.
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functional assays were performed using SOX18-silenced and SOX18-
overexpressed T24 and 5637 cells. Silencing and overexpression of
SOX18 resulted in an obvious decrease and increase in the proliferation
rate of cells, indicating that SOX18 could accelerate cell proliferation of
BCa, which was consistent with findings of previous reports [14,26].
Uncontrolled cell proliferation serves an important role in tumorigen-
esis and tumor progression. Previously, it has been reported that
aberrant cell cycle was associated with the proliferation of BCa cells and
its occurrence [27]. In the present study, cell cycle transition from G1 to
S phase was accelerated in SOX18-transduced cells and blocked in
SOX18-silenced cells, indicating that SOX18 could enhance BCa pro-
liferation by regulating cell cycle progression. Cell cycle is a compli-
cated and elaborate process controlled by various regulatory proteins,
including c-Myc and Cyclins [28,29]. C-myc has been reported to be
overexpressed in multiple cancers and served as a key regulator in the
cell cycle [30]. Studies have demonstrated that overexpressed c-Myc
may activate the transcription of Cyclin D1 by targeting the promoter of
Cyclin D1, which is a vital molecule that forms a complex with Cyclin-
dependent kinase 4 (CDK4), and subsequently serves as a regulator of
the G1/S restriction checkpoint [31]. Therefore, Cyclin D1 is also a key
regulator of the cell cycle and facilitates cell proliferation by promoting
cell cycle transition from G1 to S phase [32]. Cyclin D1 was reported to
be upregulated and involved in cell proliferation in various cancers,
including human BCa [33–37]. Therefore, abnormality of c-Myc and
Cyclin D1 could alter cell cycle progression. Following the silencing or
overexpression of SOX18 in BCa cells, the mRNA and protein expression
levels of c-Myc and Cyclin D1 were decreased or increased subse-
quently, while no Cyclin B1 and Cyclin E1 changes associated with the
different phases in cell cycle were observed [38,39]. This mechanistic
analysis accurately explained the SOX18-mediated alterations in the
cell cycle distribution using flow cytometry. Therefore, our results in-
dicated that SOX18 promotes BCa cell proliferation by facilitating the
cell cycle transition from G1 to S phase by upregulating the expression
of Cyclin D1, however not of Cyclin B1 or Cyclin E1. Cancer has been
previously defined as a cell cycle disease, however inhibitors cell cycle-
associated molecules, including Cyclin D1 and c-Myc display little sig-
nificance in a clinical setting [40]. Furthermore, transcriptional factor
SOX18 may be a potential substitute target for cell cycle. Therefore, the
underlying mechanism of c-Myc and cyclin D1 regulation by SOX18
requires further investigation.

In the development and progression of BCa, muscle infiltration
depth and lymph node metastasis of BCa indicated a poor prognosis.
This provided further insight to the metastatic mechanisms of BCa and
may be useful for inhibiting infiltration and lymph node metastasis.
MMPs are members of a family that is known to promote cell invasion
through degradation of the extracellular matrix [41–43]. Inhibition of
the expression of MMPs may impact the invasive ability of cancer cells.
Previous studies have reported that MMPs were overexpressed in
human BCa and could enhance BCa invasion and metastasis [44–46]. In
the present study, the knockdown or overexpression of SOX18 resulted
in a reduced or increased invasion ability of T24 and 5637 cells, re-
spectively, indicating that SOX18 facilitates the invasion of BCa cells. In
addition, the expression of MMP-7 was reduced at an mRNA and pro-
tein expression level following SOX18 silencing, and increased fol-
lowing SOX18 overexpression. This result suggests that SOX18 over-
expression may lead to increased invasiveness in bladder cells by MMP-
7, whose overexpression has been reported in tumors, in addition to
facilitating the invasiveness of cancer cells [47]. The expression of other
MMPs was also detected; however no changes in expression levels were
indicated. Despite the fact that there is, to the best of our knowledge, a
lack of direct evidence, our findings demonstrated that SOX18 upre-
gulated the expression of MMP-7, however not of MMP-2/9, to manage
the invasion and metastasis of BCa cells. In terms of the mechanisms by
which SOX18 regulates MMP-7, a previous study demonstrated that
SOX18 bound to the promoter, and activated the transcription of MMP-
7 in endothelial cells [48]. However, it is unclear whether SOX18

regulates MMP-7 via similar mechanisms in BCa cells, and further
studies are required to determine the mechanisms by which SOX18
regulates MMP-7 in these cells.

Disease progression in BCa is a multi-step progress and is associated
with various factors. Akt is a vital regulator in multiple cellular func-
tions, and phosphorylation of Akt (p-Akt) contributed to cell pro-
liferation, migration and invasion [3]. Phosphorylation of Akt could be
stimulated by a series of upstream signaling molecules, including acti-
vated EGFR and c-Met, and subsequently activated downstream signal
transduction in cellular process [49]. It has been reported that phos-
phorylation of Akt accompanied with p-Met that is induced by long-
term exposure to angiogenesis inhibitors in renal cell carcinoma (RCC)
cells, may contribute to the resistance of targeted therapy in RCC [50].
In the present study, we observed that the phosphorylation of Akt at Ser
473 (p-Akt Ser473) and c-Met at tyr1349 (p-Met Tyr1349) was de-
creased and increased following SOX18 silencing and overexpression.
Considering the fact that Akt could be activated by phosphorylation of
c-Met, we hypothesized that SOX18 increased the phosphorylation of
Akt by promoting the activation of c-Met. In addition, our data in-
dicated that inhibition of c-Met activation by cabozantinib may reduce
the migrated and invasive abilities enhanced by SOX18. This in turn
suggests that overexpression of SOX18 may promote the migration and
invasion ability of BCa cells through c-Met/Akt signaling transduction.
c-Met was reported to be overexpressed in various types of cancer and is
responsible for the malignant phenotype of cancer cells, including BCa.
As a multiple inhibitor targeting c-Met and other receptor tyrosine ki-
nases, cabozantinib has been applied to cancer therapy and has ex-
hibited positive clinical effects. It has been reported that cabozantinib
was approved by the FDA for use in patients with advanced RCC sub-
sequent to anti-angiogenic therapy [51]. The overall survival, pro-
gression-free survival and objective response rate of patients treated
with cabozantinib was improved compared with that in patients treated
with everolimus [52]. On the basis of c-Met overexpression in BCa,
cabozantinib was a promising treatment modality for BCa. Data in the
present study demonstrated that cabozantinib could decrease the mi-
gration and invasion of BCa cells enhanced by SOX18 overexpression,
which indicated the pharmacological inhibition of cabozantinib on
SOX18-induced malignant phenotype, which further confirmed the
potential of cabozantinib in BCa treatment. In addition, our data sug-
gested that SOX18 may promote cellular migration and invasion,
through c-Met/Akt signaling transduction, indicating a synergistic ef-
fect when targeting SOX18 and cabozantinib in BCa treatment. There-
fore, understanding the association of SOX18 and c-Met in BCa is cru-
cial. However, the precise mechanisms by which SOX18 increased
activation of c-Met require further investigation. In addition, tran-
scriptional factor SOX18 became the optimal target for investigation,
due to the fact that the application on c-Met and other tyrosine kinase
inhibitors to various types of cancers resulted in the incidental re-
sistance to the aforementioned.

5. Conclusion

The present study indicated the overexpression of SOX18 in BCa,
and the role of SOX18 as an indicator of poor clinical features and
prognosis for patients with BCa. Functional and mechanistic assays
demonstrated that SOX18 promotes cell proliferation via accelerating
cell cycle, by regulating c-Myc and Cyclin D1. In addition MMP-7, p-
Met (Tyr1349) and p-Akt (Ser473) were identified to be involved in the
migration and invasion of BCa cells, enhanced by SOX18.
Comprehensive and thorough understanding of the accurate role and
underlying mechanism of transcriptional factor SOX18 in BCa is re-
quired, in order to contribute to the development of novel therapeutic
strategies for cancer, in addition to assisting in the transition from re-
search to its application in a clinical setting.
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