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Abstract

Bladder cancer (BC) is one of the most prevalent and life-threatening cancers among the male population world-
wide. Sex determining region Y-box protein 5 (SOX5) plays important roles in a variety of human cancers. However,
little research has been conducted on the function and underlying mechanism of SOX5 in BC. In the present study,
we first reveal the increased expression of SOX5 in BC tissues and in vitro cells lines. Second, we discover that
inhibition of SOX5 inhibits cell growth and migration but promotes cell apoptosis. Meanwhile, ectopic SOX5
expression stimulates cell growth and migration in BC cells. Then, we show that suppressing SOX5 inhibits the
expression of DNA methyltransferase 1 (DNMT1), and that overexpressing DNMT1 alleviates the cell progress of BC
cells inhibited by SOX5. Furthermore, we demonstrate that DNMT1 inhibits p21 expression by affecting DNA
methylation of the p21 promoter. Collectively, we demonstrate that SOX5 exerts its functions in BC cells by mod-
ulating the SOX5/DNMT1/p21 pathway. Finally, we demonstrate that SOX5 knockdown inhibits xenograft tumor
growth in vivo. In conclusion, our study elucidates the oncogenic role of SOX5 and its underlying molecular
mechanism in BC, and reveals a novel pathway which has the potential to serve as a diagnostic biomarker and
therapeutic target for BC.
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Introduction

Bladder cancer (BC) is one of the most prevalent and life-threa-
tening cancers among the male population worldwide [1]. Cur-
rently, BC has the highest incidence of urinary system tumors and
has a significantly higher mortality rate in China [2]. Despite sig-
nificant advances in diagnosis and treatment, the recurrence rate of
BC patients remains around 75%, resulting in a low level of five-
year overall survival rate [3]. Furthermore, the biomarkers and
molecular mechanisms underlying the development and progres-
sion of BC need to be investigated further.

SOXS, a transcription factor in the Sex determining region Y-box
(SOX) family, is involved in a variety of cellular processes, including
cell growth, cell apoptosis, cell cycle, cellular senescence, aging,
and metabolism [4]. Furthermore, SOXS5 has been linked to phy-
siological and pathological processes in a variety of cancers, in-

cluding breast cancer, gastric cancer, lung cancer, ovarian cancer,
colorectal cancer, and hepatocellular carcinoma [5-7]. Previously,
we discovered that silencing of SOX5 inhibited cell progress in BC
[8]. However, the biological roles and the precise underlying reg-
ulatory mechanism of SOX5 in BC remain unknown.

In the process of DNA methylation, a methyl group from S-ade-
nosylmethionine is transferred to the C-5 position of cytosines re-
siding in CpG dinucleotides [9]. In mammals, three types of DNA
methyltransferases (DNMTs), ie., DNMTI1, DNMT3a, and
DNMT3b, catalyze DNA methylation [10]. The most abundant
DNMT is DNMT1 which maintains DNA methylation patterns in
newly synthesized DNA, whereas DNMT3a and DNMT3b methylate
fully unmethylated CpG sites [11,12]. DNA methylation has an
impact on a variety of cellular processes, including chromosome
stability, chromatin structure, genomic imprinting, transcription, X

© The Author(s) 2022. This is an open access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/).

987


https://doi.org/10.3724/abbs.2022075

988

SOX5/DNMT1/p21 pathway in BC

chromosome inactivation, embryonic development, cell growth and
death, and so on [12]. DNA methylation plays a significant role in
the physiological and pathological progression of human diseases
such as imprinting disorders, repeat-instability diseases, and can-
cers [13]. Many cancers have been shown to have oncogenic
DNMT1-mediated DNA methylation [14]. DNMT1 has been linked
to the physiological and pathological progression of BC [15,16].
Nevertheless, the upstream and downstream regulatory factors and
mechanisms of DNMT1 in BC require further investigation.

As a downstream target of the well-known tumor suppressor p53,
the cyclin-dependent inhibitor p21 inhibits cell growth and migra-
tion but promotes cell apoptosis and cell senescence [17]. Several
studies focused on the inhibition of p21 expression by DNMT1-
mediated DNA methylation [18,19]. Another study focused on the
role of p21 in the regulation of DNMT1 expression [20]. However,
the relationship between DNMT1 and p21 in BC has not been stu-
died.

Based on previous studies, we focused on investigating the
function and the underlying mechanism of SOX5 in BC. We de-
monstrated that increased SOXS5 expression in BC promotes DNMT1
expression, resulting in p21 inhibitory expression and, ultimately,
the development and progression of BC.

Materials and Methods

Clinical specimens

All tumor tissue samples and adjacent normal tissues (located >
5 cm from tumors) were collected under the protocols approved and
supervised by the Research Ethics Committee of the Xiangya Hos-

p21 (p21-siRNAs) and negative control siRNA (NC-siRNAs) were
synthesized by Genepharma (Shanghai, China), and the sequences
were shown in Table 2.

The sequences of SOX5, DNMTI1 and p21 were synthesized by
Generay (Shanghai, China) and inserted into the pCDNA3.1 vector.
The plasmids were transfected into the cells using Lipofectamine-
2000 (Invitrogen, Carlsbad, USA) according to the manufacturer’s
instructions. After 6 h of transfection, the medium containing the
transfection reagent was replaced with fresh medium. Forty-eight
hours after transfection, the cells were collected for further study.

Quantitative real-time polymerase chain reaction (qRT-
PCR)

Liquid nitrogen was used to grind the tissue samples. Trizol reagent
(Junxin Biotech, Suzhou, China) was used to isolate the total RNA
from tissues specimens or cells according to the manufacturer’s
instructions. PrimeScriptTM RT Master Mix (TaKaRa, Dalian, Chi-
na) was applied to perform the reverse transcription according to
the protocols. SYBR Green I qPCR Mix (Junxin Biotech) was used
for quantitative real-time PCR with the ABI 7500 real-time PCR
system (Applied Biosystems, Foster City, USA). The 2-22CT method
was introduced to calculate the relative expression levels of genes
which were normalized to that of g-actin. Primers used for real-time
PCR were designed using the US National Center for Biotechnology
Information (NCBI) (http://www.ncbi.nlm.nih.gov/) and synthe-
sized by Sangon Biotech. The sequences of these primers are shown
in Table 3.

pital, Central South University (Ethics Approval number: Table 2. The sequences of siRNAs used in the study
202103548). All the tissues were immediately snap-frozen in liquid
nitrogen. Informed consent agreements (written in the light of the Name Sequence (5'>3')
Ethical Guidelines) were obtained from all patients. Patients’ clin- SISOX5-1 sense GACCAUGAUGCUGUCACCAAGGCAA
ical information was listed in Table 1. antisense ~ UUGCCUUGGUGACAGCAUCAUGGUC
. sense GAGAAGUACCCUGACUAUAAGUACA
%?” ;U“W% C call ines (5673, 182, T24 and Bi3) and biadd SISOX5-2 antisense  UGUACUUAUAGUCAGGGUACUUCUC
man in , J82, nd EJ- n T

epiihelllialacells (SC\iHUC?ls) were purchased ?rom the AmaericanaTypee siSOX5-3 sen.se CAAGACAGCAGCAGCAGCTTCTACA3'
Culture Collection (ATCC; Manassas, USA) and routinely preserved antisense  TGTAGAAGCTGCTGCTGCTGTCTTG
in our laboratory. All the cells were maintained in Dulbecco’s SIDNMT1-1 sense GCCUCAUCGAGAAGAAUAUTT
modified Eagle’s medium (DMEM; Gibco, Carlsbad, USA) supple- antisense ~ AUAUUCUUCUCGAUGAGGCTT
mented with 10% fetal bovine serum (FBS; Gibco), 1 x penicillin/ ) sense GGGACUGUGUCUCUGUUAUTT
streptomycin (Gibco), and cultured at 37°C in a humidified cabinet siIDNMT1-2 antisense  AUAACAGAGACACAGUCCCTT
with 5% CO,. ioNMTLs S CAGTCCCGAGTATGCGCCCATATTT
Treatment with 5-aza-2'-deoxycytidine antisense AAATATGGGCGCATACTCGGGACTG
The 5-aza-2’-deoxycytidine (5-AzadC) was obtained from Sigma- sip21-1 sense GCGAUGGAACUUCGACUUUTT
Aldrich (St Louis, USA) and dissolved in dimethyl sulfoxide (DMSO; antisense  AAAGUCGAAGUUCCAUCGCTT
Sangon Biotech, Shanghai, China). 5-AzadC was added into the ) sense GAUGGAACUUCGACUUUGUTT
cells and incubated for 24 h at a concentration gradients of 0, 0.5, sip21-2 antisense ~ ACAAAGUCGAAGUUCCAUCTT
1.0 and 2.0 pM. o2l sense GACCAUGUGGACCUGUCACTT
Small interfering RNA (siRNA), plasmid construction and antisense  GUGACAGGUCCACAUGGUCTT
transfection SNC sense UUCUCCGAACGUGUCACGUTT
SiRNAs against SOX5 (SOX5-siRNAs), DNMT1 (DNMT1-siRNAs), antisense  ACGUGACACGUUCGGAGAATT
Table 1. Clinical information of BC patients
Characteristics Age Gender T stage N stage M stage Grade

<65 > 65 Male Female Ta-T1 T2-T4 N N+ M- M+ High Low
Number 24 8 31 1 14 18 27 5 32 0 25 7
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Table 3. Sequence of primers used for qRT-PCR
Gene Primer sequence (5'—3’)

Forward CGATCATAGGTGGCTGCTGT
h-50X5 Reverse SATAGCTGAAGCCTGGAGGGA
h-DNMT1 Forward AGGGCTACCTGGCTAAAGTC

Reverse CCTCTCCATCGGACTTGCTC

Forward GGCCACAGGCCAGCTTCCA
hpal Reverse TGTGCACAACACCTGTGTC

. Forward CATTCCAAATATGAGATGCGTTGT
bp-Actin Reverse TGTGGACTTGGGAGAGGACT

Forward AGGTTTGGACTCACTTGACAGG
S0X3 Reverse GTGAGGCTTGTTGGGAAAACTC
DNMTI Forward AGGGCTACCTGGCTAAAGTC

Reverse CCTCTCCATCGGACTTGCTC
21 Forward TGTCCGTCAGAACCCATGC

Reverse AAAGTCGAAGTTCCATCGCTC

. Forward ATGGATGACGATATCGCTGC
f-Actin Reverse CTTCTGACCCATACCCACCA

Western blot analysis

The clinical specimens were ground with liquid nitrogen. Then,
RIPA lysis buffer was introduced to extract the proteins from
clinical specimens and cells. The protein concentration was
quantified using a BCA detection kit (Junxin Biotech). Protein ex-
tract (30 ng) was separated by sodium dodecyl sulphate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and electrophoretically
transferred onto a nitrocellulose membrane (Millipore, Billerica,
USA). Membranes were blocked with 5% skim milk, incubated
with primary antibodies and horseradish peroxidase (HRP)-labeled
secondary antibody successively. The protein bands were visua-
lized using an ECL reagent (Junxin Biotech) on Gel Imagine System
(Bio-Rad, Hercules, USA). Antibodies used in this study are shown
as follows: anti-DNMT1 (Abcam, Cambridge, UK; ab87656), anti-
SOX5 (Millipore; 07e131) and anti-p21 (Abcam; ab109520). The
secondary antibody was purchased from Service Biotechnology
Co., Ltd (Wuhan, China). The dilution ratio of antibodies was
1:1000.

Cell viability assay

Cell Counting Kit-8 (CCKS8; Jinxin Biotech) was used to determine
cell viability according to the manufacturer’s instructions. For CCK8
analysis, the cells were planted into 96-well plates (4 x 10% cells/
well). After different treatments, the cells in each well were added
with 10 pL of CCK8 regent. After incubation at 37°C for 2 h, ab-
sorbance was detected at OD450 nm using a micro-plate reader
(Thermo Scientific, Waltham, USA).

Cell proliferation assay

The 5-ethynyl-2’-deoxyuridine (EdU) kit (Junxin Biotech) was
used to determine cell proliferation according to the manu-
facturer’s instructions. Before the EdU analysis, the cells were
changed with fresh medium containing 200 pL of EQU regent, and
grew at 37°C for 2 h. After being washed with 1 x PBS buffer, the
cells were fixed with 4% paraformaldehyde (PFA). Then, the cells
were permeabilized with PBS containing 0.3% Triton X-100. Ul-
timately, the cells were stained with Apollo and Hoechst succes-

sively. The stained cells were observed under a fluorescence
microscope (ZKX53; Olympus, Tokyo, Japan). Red signals were
EdU-stained cells, representing proliferating cells and meanwhile,
and the blue signal was the nucleus, representing the overall cell
number.

Cell migration assay

The Transwell chamber (Corning, Corning, New York, USA) was
used to measure the migration ability of cells according to the
manufacturer’s instructions. Briefly, the cells were suspended in
medium supplemented with 1% FBS before being seeded into the
upper chamber (10,000 cells/well), and then the insert was added to
the 24-well plate which was filled with 600 nL. medium supple-
mented with 10% FBS. Twenty-four hours later, the cells in the
chamber were removed with cotton swabs, and the migrated cells in
the outer membrane of the chamber were stained with 0.1% purple
crystal at room temperature for 30 min. After the air-drying, the
migrated cells were observed under a microscope (ZKX53) and the
number of migrated cells was counted.

Cell apoptosis assay

Apoptosis in NRCMs was determined by a TdT-mediated dUTP
Nick-End Labeling (TUNEL) kit (Roche, Basel, Switzerland)
based on the operation instructions. After being washed with
1 x PBS buffer, the cells were fixed with 4% paraformaldehyde
(PFA) and permeabilized with PBS containing 0.3 % Triton X-100.
Then, the cells were incubated with 50 uL TUNEL detection re-
gents at 37°C for 1 h in the dark, and stained with Hoechst so-
lution for 15 min at 37°C in the dark. The stained cells were
observed under a fluorescence microscope (ZKX53). Green sig-
nals were TUNEL-stained cells, representing apoptotic cells, and
meanwhile, the blue signal was the nucleus, representing the
overall cell number.

Methylation-specific PCR (MSP) analysis

The Genomic DNA was extracted using the Genomic DNA Mini
Preparation kit with Spin Column (Beyotime, Shanghai, China)
according to the manufacturer’s protocol. Genomic DNA was
modified by EZ DNA methylation-GOLD kit (ZYMO Research,
Irvine, USA) according to the manufacturer’s instructions. The
primers for the MSP are listed in Supplementary File 1.

Chromatin Immunoprecipitation (ChlP) assay

ChIP analysis was carried out according to the previously described
method [21]. The antibodies used in ChIP analysis were listed be-
low: anti-DNMT1 (Abcam; ab87656), and anti-SOX5 (Millipore;
07e131). The DNA of ChIP samples was isolated with the Genomic
DNA Mini Preparation kit with Spin Column (Beyotime) according
to the manufacturer’s protocol, and the enrichment of DNMT1
promoter was measured using quantitative real-time PCR. The
primers for DNMT1 promoter were: DNMTI1-promoter F: 5'-
CCCCCACACACTGGGTATAG-3' and DNMTI1-promoter R: 5'-
AGGGTTTGTGAGAGCCCTTG-3'".

Generation of xenografts

Five week-old female athymic nude mice were obtained from the
Model Animal Research Institute of Nanjing University (Nanjing,
China). The right flanks of mice were injected subcutaneously with
T24 cells (1 x 107 cells in 0.2 mL sterile PBS). The volume of xeno-
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grafts was measured every week using calipers and calculated as
follows: tumor volume = (length x width?)/2. The mice were eu-
thanized one month after injection, and the xenografts were col-
lected for further analyses. All animal experimental procedures
were approved by the Committee on the Ethics of Animal Experi-
ments of the Xiangya Hospital, Central South University.

Statistical analysis
Experiments were performed in triplicate and data were analyzed
using GraphPad Prism 5.0 (GraphPad Software Inc., La Jolla, USA)
and expressed as the mean +SD. Student’s t-test was applied to
assess the statistical differences. P<0.05 represents a statistically
significant difference.

Results
SOX5 is up-regulated in BC tissues and in vitro cell lines
To investigate the role of SOXS in BC, human BC tissues as well as
paired adjacent norm tissues were collected, and qPCR and western
blot analysis were used to measure the SOX5 expression in these
tissues. The results showed that SOX5 expression in BC was higher
than that in normal tissues, both at the RNA and protein levels
(Figure 1A,B).

Then SOXS expressions in human BC cell lines 5673, J82, T24, EJ-
M3, and SVHUC-1 bladder epithelial cells were determined. Results
showed that SOX5 expression was elevated in BC cell lines, as it was

(4]
o

. P=0.0010

S .

9 40-

ﬁm o

8 X 30-

55 :

< = 20+ o...o

2% . .

% 10- _:,% nf

.o“.o ﬁ

0-

Cancer tissues Ajacent normal
(N=32) tissues (N=23)

(9]

4.0

W
o

mRNA expression
of SOX5
- N
.O o

0.

N A D
RO R R
X FY

2

in BC tissues, when compared to bladder epithelial cells (Figure 1C,
D). These findings suggest that SOX5 may play a role in the pro-
gression of BC.

SOX5 positively regulates the cell process of BC cells

To investigate the role of SOXS in cancer progression, we first
created a SOX5 overexpression plasmid (pcDNA-SOX5) based on
the pcDNA-3.1 vector, then synthesized siRNAs against SOX5
(SOX5-siRNAs), and transfected them into T24 and J82 cells. First,
we used qPCR and western blot analysis to detect SOX5 mRNA and
protein expression levels respectively and discovered that pcDNA-
SOXS5 significantly increased SOX5 expression, while SOX5-siRNAs
significantly inhibited its expression in both cell lines (Figure 2A-
C). In the subsequent experiments, only the results of siSOX5-1
were shown. The cell viability, proliferation, migration, and
apoptosis of BC cells were investigated by the CCK8, EdU, Trans-
well, and TUNEL assays, respectively. SOX5 overexpression in-
creased cell viability, proliferation, and migration in both T24 and
J82 cells. Meanwhile, SOX5 knockdown had the opposite effect on
the cellular processes of BC cells (Figure 2D-F and Supplementary
Figure S1A,B). siSOXS induced apoptosis in BC cells, but no dif-
ferences in apoptosis were found between the pcDNA-NC and
pcDNA-SOX5 groups (Figure 2G and Supplementary Figure S1C).
All these results revealed that the knockdown of SOX5 can inhibit
the cell viability, proliferation and migration, and it can also pro-

B
Normal tissues Tumor tissues
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1.0 0.3 0.8 1.0 1.10.9 3.2 27 34 1.7 1.7 1.7
SOX5 == T N e

B-ACHIN e e e = — - —————

Figure 1. SOX5 is up-regulated in BC tissues and in vitro cell lines (A,B) The expression of SOX5 was measured in clinical BC (n=32) and adjacent
normal tissues (n=23) by qPCR and western blot analysis. (C,D) The expression of SOX5 was detected in different cell lines by gPCR and western
blot analysis. The cells consisted of BC cell lines 5673, EJ-M3, J82, T24, and immortalized human bladder epithelial SVHUC-1 cells. p-Actin was

used as the loading control. Experiments were repeated three times.
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Figure 2. SOX5 positively regulates the cellular processes of BC cells (A,B) The expression of SOX5 was measured by qPCR analysis in T24 and
J82 cells. (C) The expression of SOX5 was measured by western blot analysis in T24 and J82 cells. (D) The cell viability was measured by CCK8
assay. (E) The cell proliferation was determined by EdU assay. (F) The cell migration was detected by Transwell assay. (G) The cell apoptosis was
measured using the TUNEL assay. Cells were transfected with pcDNA-SOX5, pcDNA-NC, SOX5-siRNAs (siSOX5) and control siRNAs (siNC),
respectively. B-Actin was used as the loading control. ¥**P<0.01. Experiments were repeated three times.

mote apoptosis of BC cells.

SOX5 promotes DNMT1 expression in BC cells
Because DNMT1 has been linked to BC [22], we wanted to know if
SOX5 could influence DNMT1 expression in BC cells. We first
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transfected BC cells with pcDNA-SOX5, pcDNA-NC, SOX5-siRNAs,
and NC-siRNAs. We detected DNMT1 expression after 48 h, and the
results showed an increased DNMT1 expression in cells transfected
with pcDNA-SOX5, compared to cells transfected with pcDH-NC
(Figure 3A,B,E), and an inversely decreased DNMT1 expression in
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cells transfected with SOX5-siRNAs, compared to cells transfected with
NC-siRNAs (Figure 3C-E). ChIP analysis revealed that SOXS could
bind to the DNMT1 promoter, indicating that SOX5 regulates DNMT1
expression at the transcriptional level (Figure 3F,G). These findings
demonstrate that SOXS increases DNMT1 expression in BC cells.

Ectopic expression of DNMT1 rescues the cellular
processes caused by SOX5 knockdown in BC cells
We overexpressed DNMT1 (pcDNA-DNMTT1) in wild-type cells or in
SOX5-knockdown T24 and J82 cells to demonstrate if it mediates

SOX5’s role in BC cells. qPCR and western blot analysis revealed
that pcDNA-DNMTT1 significantly increased DNMT1 expression in
wild-type cells (Figure 4A-C). CCK8, EQU, Transwell, and TUNEL
analysis revealed that DNMT1 overexpression reversed cellular
processes in BC cells caused by SOX5 knockdown (Figure 4D-G and
Supplementary Figure S1D-F), implying that SOX5’s role in BC cells
is mediated by DNMT1.

DNMT?1 inhibits p21 expression in BC cells
It was reported that DNMT1-mediated DNA methylation regulated
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Figure 3. SOX5 promotes DNMT1 expression in BC cells (A,B) The expression of SOX5 was measured by gPCR analysis in T24 and J82 cells
transfected with pcDNA-SOX5 and pcDNA-NC, respectively. (C,D) The expression of SOX5 was measured by qPCR analysis in T24 and J82 cells
transfected with siSOX5 and siNC, respectively. (E) The expression of SOX5 was measuered by western blot analysis in T24 and J82 cells. (F,G) The
enrichment of the DNMT1 promoter was determined by ChIP analysis in T24 and J82 cells. For (E-G), cells were transfected with pcDNA-SOX5,
pcDNA-NC, siSOX5 and siNC, respectively. B-Actin was used as the loading control. **P<0.01. Experiments were repeated three times.
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p21 expression in cancer cells [23]. To investigate the regulatory
relationships between DNMT1 and p21 in BC cells, we treated the
cells for 24 h with 5-AzadC at various concentrations (0, 0.5, 1.0,
and 2.0 pM). qPCR and western blot analysis revealed that 5-AzadC

significantly increased p21 expression in both cell lines (Figure 5A-
C). Then, in BC cells, we knocked down and overexpressed
DNMT]1. As expected, pcDNA-DNMT1 decreased p21 expression in
both cells, whereas DNMT1-siRNAs significantly increased its ex-
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Figure 4. Ectopic expression of DNMT1 rescues the cell processes caused by SOX5 knockdown in BC cells (A-C) The expression of DNMT1 was
measured by qPCR and western blot analysis in T24 and J82 cells transfected with pcDNA-DNMT1 and pcDNA-NC, respectivel. (D,E) The cell
viability was measured by the CCK8 assay. (F,G) The cell proliferation, migration and apoptosis were measured by EdU assay, Transwell assay and
TUNEL assay, respectively. The cells were divided into three groups: pcDNA-DNMT1 + siSOX5, siSOX5 and siNC. p-Actin was used as the loading
control. **P<0.01. Experiments were repeated three times.

Transwell

Wu et al. Acta Biochim Biophys Sin 2022



994

SOX5/DNMT1/p21 pathway in BC

pression (Figure SD-H). Methylation-specific PCR analysis revealed
that pcDNA-DNMT1 increased the DNA methylation stage of the
p21 promoter, whereas DNMT1-siRNAs inhibited the DNA methy-
lation stage of the p21 promoter (Figure 5I). These findings de-
monstrate that DNMT1 inhibits p21 expression in BC cells.

SOX5/DNMT1/p21 pathway regulates cell processes of
BC cells
We used three groups of cells, i.e., pcDH-DNMT1 +siSOXS, pcDH-

NC + siSOX5, and pcDH-NC + siNC, to investigate the upstream and
downstream regulatory relationship between DNMT1 and p21 in
the function of SOX5 in BC. qPCR and western blot analysis re-
vealed that pcDNA-DNMT]1 reversed the up-regulation of p21 ex-
pression caused by SOX5-siRNAs in both cells (Figure 6A,B),
indicating that SOXS silencing increased p21 expression by down-
regulating DNMT1 expression.

To investigate the role of the SOX5/DNMT1/p21 pathway in the
cellular processes of BC cells, we first constructed a p21 over-
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Figure 5. DNMT1 inhibits p21 expression in BC cells (A,B) The expression of p21 was measured by qPCR analysis in T24 and J82 cells treated with
5-AzadC at different concentrations (0, 0.5, 1.0, 2.0 uM) for 24 h. (C) The expression of p21 was measured by western blot analysis in T24 and J82
cells treated with 5-AzadC (0, 2.0 uM) for 24 h. (D-H) The expression of p21 was measured by qPCR and western blot analysis in T24 and J82 cells
transfected with pcDH-DNMT1, pcDH-NC, siDNMT1 and siNC, respectively. (I) The DNA methylation stage of the p21 promoter was measured by
MSP analysis in T24 and J82 cells transfected with pcDH-DNMT1 and pcDH-NC, respectively. B-Actin was used as the loading control. **P<0.01.

Experiments were repeated three times.
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expression vector (pcDH-p21) based on the pcDNA-3.1 vector and
transfected it into T24 and J82 cells qPCR and western blot analysis
revealed that pcDH-p21 significantly increased p21 expression in
both cell lines (Figure 6C-E). Then, we performed experiments on
four different groups of cells, i.e., pcDH-p21 + pcDH-DNMT1 + si-

SOX5-siRNAs, pcDH-DNMT1 +siSOX5, pcDH-NC +siSOX5, and
pcDH-NC +siNC. CCKS8, EdU, Transwell, and TUNEL analysis re-
vealed that any disruption of the SOX5/DNMT1/p21 pathway im-
pacted cellular processes of BC cells (Figure 6F-1 and Supplementary
Figure S1G-I). These results demonstrate that SOX5 regulates cel-
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Figure 6. SOX5/DNMT1/p21 pathway regulates cell processes of BC cells (A,B) The expression of p21 was measured by qPCR analysis in T24 and
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lular processes in BC cells via the SOX5/DNMT1/p21 pathway.

Knockdown of SOX5 suppresses the growth of xenograft
tumors in vivo

Given the importance of SOX5 in BC cells, we investigated
whether SOXS affects the growth of xenograft tumors in vivo.
T24 cells with stable knockdown of SOX5 were intraperitoneally
injected into mice. The results showed that knockdown of SOX5
inhibited the growth of xenograft tumors in vivo (Figure 7A-C).
Furthermore, the expressions of SOX5 and DNMT1 were re-
duced, while p21 expression was increased in xenograft tumors
treated with siSOX5 (Figure 7D). These findings confirm that
suppressing SOX5 inhibits the growth of xenograft tumors in
vivo.
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Discussion

BCis a common urological tumor and one of the most common male
malignant tumors. Despite advances in diagnosis, treatment and
experience, the 5-year survival rate for BC remains very low [24]. A
better understanding of tumor characteristics aids in the develop-
ment of new diagnostic and therapeutic approaches. The hallmarks
of tumors are summarized by Douglas Hanahan and Robert A.
Weinberg, which include self-sufficiency in growth signals, in-
sensitivity to antigrowth signals, resistance to cell death, limitless
replicative potential, sustained angiogenesis, tissue invasion and
metastasis, avoiding immune destruction, tumor promotion in-
flammation, deregulating cellular energetics, genome instability,
and mutation [25,26]. As a result, the essence of tumor prevention
and treatment is to inhibit these ten tumor characteristics. Nal-
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Figure 7. Knockdown of SOX5 suppresses the growth of xenograft tumors in vivo (A) Representative images of the xenograft tumors in BALB/c
nude mice. (B) The growth curves of xenograft tumors at different time points. (C) The relative weights of tumors were determined at different time
points. (D) Western blot analysis of Sox5, DNMT1 and p21 expressions in xenograft tumors and tissues of BALB/c nude mice. The T24 cells with
stable SOX5 knockdown were used to induce the formation of the xenograft tumors in BALB/c nude mice. B-Actin was used as the loading control.

There were five mice in each group.
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trexone can activate the PI3K/AKT signaling pathway in BC [27].
LINC00355 was discovered to promote BC cell proliferation, inva-
sion, and resistance to cisplatin [28,29]. All of these previous stu-
dies have revealed potential targets for promoting BC development.
In our study, we discovered that the SOX5/DNMT1/p21 pathway
plays an important role in the cellular processes of BC, such as cell
viability, proliferation and migration, indicating the potential ap-
plication of this pathway in the diagnosis and treatment of BC.

In vertebrates, the SOX family contains more than 20 genes di-
vided into eight groups [5]. The SOX family, as an important group
of transcription factors, plays important roles in cell growth and
apoptosis, cell cycle, metastasis, epithelial to mesenchymal tran-
sition (EMT), metabolism, and tumorigenesis’ physiological and
pathological progression [5]. SOXS5 has been linked to breast can-
cer, gastric cancer, colorectal cancer, lung cancer, and osteo-
sarcoma [30-34]. SOXS also regulates a variety of targets in
cancers, including EZH2, twist 1, P2RY8, MITF, and others
[6,7,35,36].

However, there has not been a lot of research done in BC on the
function of SOX5 and its underlying molecular mechanism. SOX5
was found to be up-regulated in BC in our study. Further research
revealed that SOX5 knockdown inhibited cell growth and migration
in BC cells, whereas SOXS5 overexpression promoted these cellular
processes. Furthermore, silencing of SOX5 inhibited tumor growth
in vivo. These findings provide preliminary support for SOX5’s
oncogenic role in BC.

DNA methylation is a common mode of gene expression reg-
ulation. As the primary DNA methylation transferase, DNMT1
plays a critical role in tumorigenesis. The oncogenic role of DNMT1
in a variety of cancers, including BC, has received considerable
attention [37]. Nonetheless, no research has been conducted to
demonstrate the regulatory relationships between SOXS and
DNMTT1 in BC. Therefore, we investigated whether SOX5 plays a
role in BC by regulating DNMT1. Our findings showed that SOX5
promoted DNMT1 expression, and that ectopic expression of
DNMT1 reduced the role of inhibited SOXS5 in the cellular functions
of BC cells.

DNMT]1 inhibits tumor suppressor genes in several cancers by
hyper-methylating gene promoters [38]. Sanaei et al. [39] dis-
covered that DNMT1 repression increased p21 expression in the
colon cancer SW480 cell line. Statins, according to Dongoran et al.
[40], had an anti-proliferative effect in OSCC cells by inhibiting
DNMT1-regulated p21 expression. As a result, we are curious to
know if DNMT1 regulates p21 in BC. Our findings first confirmed
DNMT1’s inhibitory regulation of p21 in BC cells. More excitingly,
overexpression of DNMT1 reversed the elevation of p21 caused by
silenced SOX5, implying that SOXS silencing down-regulates
DNMT1 expression, leading to the elevation of p21 expression in BC
cells.

In conclusion, we elucidated the role and molecular mechanism
of SOX5 in BC. Our findings showed that SOXS expression was
increased in BC tissues and in vitro cell lines, confirming SOX5’s
oncogenic role in BC. Our study revealed that increased SOX5 ex-
pression promoted DNMT]1 expression and inhibited p21 expression
via DNA methylation, indicating a potential role for the SOX5/
DNMT1/p21 pathway in the diagnosis and treatment of BC.
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Supplementary data is available at Acta Biochimica et Biophysica

Sinica online.

Funding

This work was supported by the grants from the Youth Science
Foundation of Xiangya Hospital, Central South University (No.
2019Q09), the Natural Science Foundation of Changsha (No.
kq2014274), the Natural Science Foundation of Hunan Province
(Nos. 2020JJ5916, 2022JJ40826, and 2021JJ31082) and the Na-
tional Natural Science Foundation of China (No. 82103298).

Conflict of Interest
The authors declare that they have no conflict of interest.

References

1. Antoni S, Ferlay J, Soerjomataram I, Znaor A, Jemal A, Bray F. Bladder
cancer incidence and mortality: a global overview and recent trends. Eur
Urology 2017, 71: 96-108

2. Taniue K, Kurimoto A, Sugimasa H, Nasu E, Takeda Y, Iwasaki K, Na-
gashima T, et al. Long noncoding RNA UPAT promotes colon tumor-
igenesis by inhibiting degradation of UHRF1. Proc Natl Acad Sci USA 2016,
113: 1273-1278

3. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2015. CA-Cancer J Clin
2015, 65: 5-29

4. She ZY, Yang WX. SOX family transcription factors involved in diverse
cellular events during development. Eur J Cell Biol 2015, 94: 547-563

5. Grimm D, Bauer J, Wise P, Kriiger M, Simonsen U, Wehland M, Infanger
M, et al. The role of SOX family members in solid tumours and metastasis.
Semin Cancer Biol 2020, 67: 122-153

6. Pei XH, Lv XQ, Li HX. Sox5 induces epithelial to mesenchymal transition
by transactivation of Twistl. Biochem Biophys Res Commun 2014, 446:
322-327

7. Sun C, Ban Y, Wang K, Sun Y, Zhao Z. SOXS promotes breast cancer
proliferation and invasion by transactivation of EZH2. Oncol Lett 2019, 17:
2754

8. Liu P, Li X, Guo X, Chen J, Li C, Chen M, Liu L, et al. Circular RNA
DOCK1 promotes bladder carcinoma progression via modulating cir-
c¢DOCK1/hsa-miR-132-3p/Sox5 signalling pathway. Cell Prolif 2019, 52:
el2614

9. Jones PA. Functions of DNA methylation: islands, start sites, gene bodies
and beyond. Nat Rev Genet 2012, 13: 484-492

10. Okano M, Bell DW, Haber DA, Li E. DNA methyltransferases Dnmt3a and
Dnmt3b are essential for de novo methylation and mammalian develop-
ment. Cell 1999, 99: 247-257

11. Crider KS, Yang TP, Berry RJ, Bailey LB. Folate and DNA methylation: a
review of molecular mechanisms and the evidence for folate’s role. Adv
Nutr 2012, 3: 21-38

12. Moore LD, Le T, Fan G. DNA methylation and its basic function. Neu-
ropsychopharmacology 2013, 38: 23-38

13. Robertson KD. DNA methylation and human disease. Nat Rev Genet 2005,
6: 597-610

14. Gurung PM, Barnett AR, Wilson JS, Hudson J, Ward DG, Messing EM,
Bryan RT. Prognostic DNA methylation biomarkers in high-risk non-
muscle-invasive bladder cancer: a systematic review to identify loci for
prospective validation. Eur Urology Focus 2020, 6: 683-697

15. Dhawan D, Ramos-Vara JA, Hahn NM, Waddell J, Olbricht GR, Zheng R,
Stewart JC, et al. DNMT1: an emerging target in the treatment of invasive
urinary bladder cancer. Urologic Oncol-Semin Original Investigations
2013, 31: 1761-1769

16. Zhang H, Qi D, Li J, Peng T, Yang L, Yuan J, Zhang Y, et al. A novel

Wu et al. Acta Biochim Biophys Sin 2022


https://doi.org/10.1016/j.eururo.2016.06.010
https://doi.org/10.1016/j.eururo.2016.06.010
https://doi.org/10.1073/pnas.1500992113
https://doi.org/10.3322/caac.21254
https://doi.org/10.1016/j.ejcb.2015.08.002
https://doi.org/10.1016/j.semcancer.2019.03.004
https://doi.org/10.1016/j.bbrc.2014.02.109
https://doi.org/10.3892/ol.2019.9914
https://doi.org/10.1111/cpr.12614
https://doi.org/10.1038/nrg3230
https://doi.org/10.1016/S0092-8674(00)81656-6
https://doi.org/10.3945/an.111.000992
https://doi.org/10.3945/an.111.000992
https://doi.org/10.1038/npp.2012.112
https://doi.org/10.1038/npp.2012.112
https://doi.org/10.1038/nrg1655
https://doi.org/10.1016/j.euf.2019.02.012
https://doi.org/10.1016/j.urolonc.2012.03.015

998

SOX5/DNMT1/p21 pathway in BC

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

regulatory circuit of miR-152 and DNMT1 in human bladder cancer. Oncol
Rep 2018, 40: 1803

Abbas T, Dutta A. p21 in cancer: intricate networks and multiple activ-
ities. Nat Rev Cancer 2009, 9: 400-414

Amatori S, Papalini F, Lazzarini R, Donati B, Bagaloni I, Rippo MR, Pro-
copio A, et al. Decitabine, differently from DNMT1 silencing, exerts its
antiproliferative activity through p21 upregulation in malignant pleural
mesothelioma (MPM) cells. Lung Cancer 2009, 66: 184-190

Young JI, Smith JR. DNA methyltransferase I (DNMT1) inhibition induces
a p21 dependent cell cycle arrest. Sci World J 2001, 1: 131

Tan HH, Porter AG. p21WAF1 negatively regulates DNMT1 expression in
mammalian cells. Biochem Biophys Res Commun 2009, 382: 171-176

Li X, Lu H, Fan G, He M, Sun Y, Xu K, Shi F. A novel interplay between
HOTAIR and DNA methylation in osteosarcoma cells indicates a new
therapeutic strategy. J Cancer Res Clin Oncol 2017, 143: 2189-2200

Liu P, Wu L, Chand H, Li C, Hu X, Li Y. Silencing of miR-152 contributes
to DNMT1-mediated CpG methylation of the PTEN promoter in bladder
cancer. Life Sci 2020, 261: 118311

Wong KK. DNMTT1 as a therapeutic target in pancreatic cancer: mechan-
isms and clinical implications. Cell Oncol 2020, 43: 779-792

Pasin E, Josephson DY, Mitra AP, Cote RJ, Stein JP. Superficial bladder
cancer: an update on etiology, molecular development, classification, and
natural history. Rev Urol 2008, 10: 31-43

Hanahan D, Weinberg RA. The hallmarks of cancer. Cell 2000, 100: 57-70
Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell
2011, 144: 646-674

Wang X, Zhang R, Wu T, Shi Y, Zhou X, Tang D, Yu W, et al. Successive
treatment with naltrexone induces epithelial-mesenchymal transition and
facilitates the malignant biological behaviors of bladder cancer cells. Acta
Biochim Biophys Sin 2021, 53: 238-248

Zhang Y, Luo G, You S, Zhang L, Liang C, Chen X. Exosomal LINC00355
derived from cancer-associated fibroblasts promotes bladder cancer cell
proliferation and invasion by regulating miR-15a-5p/HMGA2 axis. Acta
Biochim Biophys Sin 2021, 53: 673-682

Luo G, Zhang Y, Wu Z, Zhang L, Liang C, Chen X. Exosomal LINC00355
derived from cancer-associated fibroblasts promotes bladder cancer cell

Wu et al. Acta Biochim Biophys Sin 2022

30.

31.

32.

33.

34.

35.

36.

40.

resistance to cisplatin by regulating miR-34b-5p/ABCBI1 axis. Acta Bio-
chim Biophys Sin 2021, 53: 558-566

Chen M, Zou S, He C, Zhou J, Li S, Shen M, Cheng R, et al
Transactivation of SOX5 by brachyury promotes breast cancer bone me-
tastasis. Carcinogenesis 2020, 41: 551-560

Zheng JJ, Que QY, Xu HT, Luo S, Sun Z, Ni JS, Que HF, et al. Hypoxia
activates SOX5/Wnt/f-catenin signaling by suppressing miR-338-3p in
gastric cancer. Technol Cancer Res Treat 2020, 19: 153303382090582
Pan Z, Wu C, Li Y, Li H, An Y, Wang G, Dai J, et al. LncRNA DANCR
silence inhibits SOX5-medicated progression and autophagy in osteosarco-
ma via regulating miR-216a-5p. Biomed Pharmaco Ther 2020, 122: 109707
Feng Y, Xu Y, Gao Y, Chen Y, Wang X, Chen Z. A novel IncRNA SOX20T
promotes the malignancy of human colorectal cancer by interacting with
miR-194-5p/SOX5 axis. Cell Death Dis 2021, 12: 499

Chen R, Zhang C, Cheng Y, Wang S, Lin H, Zhang H. LncRNA UCC
promotes epithelial-mesenchymal transition via the miR-143-3p/SOX5
axis in non-small-cell lung cancer. Lab Invest 2021, 101: 1153-1165
Storlazzi CT, Albano F, Lo Cunsolo C, Doglioni C, Guastadisegni MC,
Impera L, Lonoce A, et al. Upregulation of the SOX5 by promoter swap-
ping with the P2RY8 gene in primary splenic follicular lymphoma. Leu-
kemia 2007, 21: 2221-2225

Kordass T, Weber CE, Oswald M, Ast V, Bernhardt M, Novak D, Utikal J,
et al. SOXS is involved in balanced MITF regulation in human melanoma
cells. BMC Med Genomics 2016, 9: 10

. Kulis M, Esteller M. DNA methylation and cancer. Adv Genet 2010, 70:

27-56

. Pan Y, Liu G, Zhou F, Su B, Li Y. DNA methylation profiles in cancer

diagnosis and therapeutics. Clin Exp Med 2018, 18: 1-14

. Sanaei M, Kavoosi F. Effect of 5-aza-2'-deoxycytidine in comparison to

valproic acid and trichostatin a on histone deacetylase 1, dna methyl-
transferase 1, and cip/kip family (p21, p27, and p57) genes expression,
cell growth inhibition, and apoptosis induction in colon cancer sw480 cell
line. Adv Biomed Res 2019, 8: 52

Dongoran RA, Wang KH, Lin TJ, Yuan TC, Liu CH. Anti-proliferative
effect of statins is mediated by DNMT1 inhibition and p21 expression in
OSCC cells. Cancers 2020, 12: 2084


https://doi.org/10.3892/or.2018.6553
https://doi.org/10.3892/or.2018.6553
https://doi.org/10.1038/nrc2657
https://doi.org/10.1016/j.lungcan.2009.01.015
https://doi.org/10.1100/tsw.2001.232
https://doi.org/10.1016/j.bbrc.2009.03.001
https://doi.org/10.1007/s00432-017-2478-3
https://doi.org/10.1016/j.lfs.2020.118311
https://doi.org/10.1007/s13402-020-00526-4
https://pubmed.ncbi.nlm.nih.gov/18470273/
https://doi.org/10.1016/S0092-8674(00)81683-9
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1093/abbs/gmaa169
https://doi.org/10.1093/abbs/gmaa169
https://doi.org/10.1093/abbs/gmab041
https://doi.org/10.1093/abbs/gmab041
https://doi.org/10.1093/abbs/gmab023
https://doi.org/10.1093/abbs/gmab023
https://doi.org/10.1093/carcin/bgz142
https://doi.org/10.1177/1533033820905825
https://doi.org/10.1016/j.biopha.2019.109707
https://doi.org/10.1038/s41419-021-03756-y
https://doi.org/10.1038/s41374-021-00586-6
https://doi.org/10.1038/sj.leu.2404784
https://doi.org/10.1038/sj.leu.2404784
https://doi.org/10.1186/s12920-016-0170-0
https://doi.org/10.1016/B978-0-12-380866-0.60002-2
https://doi.org/10.1007/s10238-017-0467-0
https://doi.org/10.4103/abr.abr_91_19
https://doi.org/10.3390/cancers12082084

	SOX5 promotes cell growth and migration through modulating DNMT1/p21 pathway in bladder cancer 
	Introduction
	Materials and Methods
	Clinical specimens
	Cell culture
	Treatment with 5-aza-2’-deoxycytidine
	Small interfering RNA (siRNA), plasmid construction and transfection
	Quantitative real-time polymerase chain reaction (qRT-PCR)
	Western blot analysis
	Cell viability assay
	Cell proliferation assay
	Cell migration assay
	Cell apoptosis assay
	Methylation-specific PCR (MSP) analysis
	Chromatin Immunoprecipitation (ChIP) assay
	Generation of xenografts
	Statistical analysis

	Results
	SOX5 is up-regulated in BC tissues and  in vitro cell lines
	SOX5 positively regulates the cell process of BC cells 
	SOX5 promotes DNMT1 expression in BC cells 
	Ectopic expression of DNMT1 rescues the cellular processes caused by SOX5 knockdown in BC cells  
	DNMT1 inhibits p21 expression in BC cells
	SOX5/DNMT1/p21 pathway regulates cell processes of BC cells
	Knockdown of SOX5 suppresses the growth of xenograft tumors  in vivo 

	Discussion


