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Abstract. Claudin‑4, a member of the claudin multigene family, 
participates in events associated with mesenchymal‑like activity 
of cancerous cells. Claudin‑4 expression is upregulated in cervical 
cancer tissue compared with that in adjoining non‑neoplastic 
tissue. However, the mechanisms that regulate Claudin‑4 expres‑
sion in cervical cancer are poorly understood. Moreover, whether 
Claudin‑4 contributes to the migration and invasion of cervical 
cancer cells remains unclear. By western blotting, reverse tran‑
scription‑qPCR, bioinformatics analysis, dual‑luciferase reporter 
assay, chromatin immunoprecipitation assay, wound healing 
assay and Transwell migration/invasion assay, the present study 
confirmed that Claudin‑4 was a downstream target of Twist1, a 
helix‑loop‑helix transcriptional factor, the activity of which has a 
positive correlation with Claudin‑4 expression. Mechanistically, 
Twist1 directly binds to Claudin‑4 promoter, resulting in the 
transactivation of expression. The depletion of the Twist1‑binding 
E‑Box1 domain on Claudin‑4 promoter via CRISPR‑Cas9 
knockout system downregulates Claudin‑4 expression and 
suppresses the ability of cervical cancer cells to migrate and 
invade by elevating E‑cadherin levels and lowering N‑cadherin 
levels. Following activation by transforming growth factor‑β, 
Twist1 induces Claudin‑4 expression, thus enhancing migration 
and invasion of cervical cancer cells. In summary, the present 
data suggested that Claudin‑4 was a direct downstream target of 
Twist1 and served a critical role in promoting Twist1‑mediated 
cervical cancer cell migration and invasion.

Introduction

Cervical cancer is a key health problem encountered in the 
female population globally, and it is the fourth most prevalent 

cancer type in female patients after breast, colorectal and lung 
cancer (1‑3). According to Globocan 2018, cervical cancer 
constitutes 10% of all gynecological malignancy and 5% of all 
tumors, with an annual estimate of 570,000 newly diagnosed 
cases and 311,000 associated fatalities (3). Cervical cancer 
treatment includes radiotherapy, chemotherapy and surgical 
procedures including pelvic lymphadenectomy and radical 
hysterectomy, which are the most commonly used treat‑
ment (4,5). Nonetheless, despite treatment, cervical cancer may 
recur and metastasize to other organs including the liver, lung, 
bones, and lymph node (6,7). Therefore, treatment failure in 
cervical cancer is typically attributed to invasion into nearby 
tissues and/or metastasis of the malignancy to other organs (8). 
The primary mode by which cervical cancer metastasizes to 
other organs is via the lymph nodes, which notably worsens 
patient prognosis (7,9). Compared with 5‑year survival rate of 
>90% in patients with early‑stage cervical cancer, the survival 
rate in those who have lymph node metastasis is <30% (10). 
Thus far, molecular alterations that promote invasion and 
metastasis in cervical cancer are not fully known despite 
evidence for their function in malignancy (11,12). To identify 
potential treatment targets and enhance patient prognosis, 
knowledge of the basic molecular pathways of cervical cancer 
cell migration and invasion is key. 

Epithelial‑mesenchymal transition (EMT) is a key process 
that confers invasive and metastatic activity to malignant 
cells (13,14). During EMT, epithelial cells undergo lose their 
polarity, become more invasive, disseminate to lymphatic 
vessels and eventually metastasize to other organs across 
the body  (13,15). Accumulating evidence suggests that 
specific transcription factors (TFs), known as EMT‑TFs, 
promote EMT, the process by which epithelial cells acquire 
mesenchymal properties and override senescence, thus 
enhancing the invasion and metastatic ability of human tumor 
cells  (16,17). Moreover, the contribution of TFs to EMT 
may vary depending on cell or tissue type and the upstream 
signaling pathway activated by EMT (18). Among the TFs that 
participate in EMT induction, Twist‑related protein 1 (Twist1) 
is a basic helix‑loop‑helix TF known as the master modulator 
of EMT initiation (19). The Twist1 gene is highly expressed 
in a wide variety of metastatic tumors and serves a notable 
role in embryogenesis (20). For example, elevated expression 
of Twist1 in colorectal cancer tissues is linked to lymph node 
metastasis and poor prognosis, and specifically with shorter 
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patient survival (21,22). Additionally, Twist1 promotes tumor 
invasion, metastasis and unfavorable prognosis in breast cancer 
by triggering EMT induction and downregulating E‑cadherin 
expression (20). Moreover, Twist1 has a key role in the onset 
and progression of different cancer types in humans through its 
effects on tumorigenesis, angiogenesis and stemness (23). Like 
other EMT‑TFs, Twist1 induces the onset of EMT by binding 
to E‑Box (5'‑CAGATG‑3') consensus sites in the promoter 
of downstream target genes and transcriptional regulation 
of downstream target genes such as ADP ribosylation factor 
and P‑glycoprotein and performs biological functions (23,24). 
There is increasing research on the involvement of Twist1 
in tumor progression and metastasis (20,23,25). In cervical 
carcinoma, Twist1 knockdown inhibits cell migration and 
invasion (26,27). To the best of our knowledge, however, the 
specific underlying molecular mechanism has not been thor‑
oughly studied and Twist1‑mediated transcriptional regulation 
of downstream target genes in cervical cancer during EMT has 
not yet been investigated. Knowledge of the events involved 
in cervical cancer recurrence and metastasis is necessary to 
gain insight into the interactions and develop targeted cancer 
treatment.

Claudins primarily act as transmembrane proteins and 
are essential constituents of tight junctions (TJs) that play a 
pivotal function in regulating paracellular permeability and 
maintaining epithelial cells in a polarized state  (28). This 
role, together with the fact that cell‑to‑cell adhesion interac‑
tions are disrupted or rearranged during metastasis, explains 
why claudin expression is frequently decreased in several 
cancer types, such as lung adenocarcinomas and colorectal 
cancer (29). Previous studies have identified the potential role 
of claudins in signal transduction and may play important 
roles in tumorigenesis, including tumor cell survival, prolif‑
eration, growth, EMT and metastasis (28,29). Nonetheless, 
increasing evidence suggests that specific claudins may facili‑
tate the metastatic phenotype (30,31). Tissue‑ and cell‑specific 
expression of the 27 members of the claudin family has 
been reported, which contributes to the regulation of various 
biological processes, such as EMT and cancer stem cell (CSC) 
renewal (28). Claudin‑4, a member of the claudin multigene 
family, is a critical player in TJs by interacting with other 
claudin‑4 proteins expressed at the surface of neighboring cells 
through extracellular loop interactions and a major research 
focus (32‑34). Claudin‑4 is highly expressed in cancerous cells 
when compared with normal epithelial cells (35). Additionally, 
Claudin‑4 gene deletion can frequently occur in subcellular 
locations other than TJ structures in normal epithelial cells, 
particularly along the basolateral membranes (33). Claudin‑4 
participates in activities linked to the mesenchymal‑like 
behavior of cancer cells beyond its conventional barrier forma‑
tion function in TJs. Moreover, Claudin‑4 is overexpressed in 
cervical cancer compared with adjacent non‑tumor tissue (36). 
To the best of our knowledge, however, the regulatory and 
functional role of Claudin‑4 in cervical cancer remain unex‑
plored. It is unknown whether Claudin‑4 contributes to the 
spread and invasion of cervical cancer cells. 

The aim of the present study was to investigated the regu‑
latory mechanism of Claudin‑4 expression in cervical cancer 
and to clarify the roles of Twist1 and Claudin‑4 in cervical 
cancer cell migration and invasion. 

Materials and methods

Bioinformatics analysis. Kmplot software (tnmplot.
com/analysis/; updated April 22, 2023) was used to assess the 
correlation between expression of Twist1 and Claudin‑4. It 
incorporates the survival information and transcriptome data 
from Gene Expression Omnibus (Genechip from GEO: 3,691 
normal, 29,376 tumor and 453 metastasis) and The Cancer 
Genome Atlas databases (RNA‑seq from TCGA: 730 normal, 
9,886 tumor and 394 metastasis) (37).

For bioinformatics analysis of the Claudin‑4 promoter, 
3,000‑bp nucleotide sequences upstream of Claudin‑4 transla‑
tion initiation site were downloaded from the National Center 
for Biotechnology Information (ncbi.nlm.nih.gov/nuccore/NC_ 
000007.14?report=fasta&from=73830996&to=73832690) and 
imported into the analysis tools (JASPAR 2022: the 9th release 
of the open‑access database of transcription factor binding 
profiles, jaspar.genereg.net/) to analyze the potential 
Twist1‑binding sites in this region (38).

Cell lines and culture. The American Type Culture Collection 
supplied the SiHa and HeLa human cervical cancer cell lines. 
The cells were cultured in Dulbecco's modified Eagle's medium 
(DMEM; cat. no. C11995500BT; Gibco) supplemented with 
10% fetal bovine serum (FBS; cat. no. 10099141C; Gibco), 
100 g/ml streptomycin, 2 mmol/l L‑glutamine and 100 U/ml 
penicillin (all Thermo Fisher Scientific, Inc.) in accordance 
with the supplier's recommendations. The cells were 
maintained at 37˚C and 5% carbon dioxide in a humidified 
environment (90%).

Reagents and antibodies. TGF‑β, a pleiotropic cytokine, 
was obtained from Sigma‑Aldrich (cat.  no. T1654; Merck 
KGaA). Antibodies were as follows: Anti‑Claudin‑4 (1:1,000; 
cat. no. ab15104; Abcam), anti‑Snail2 (1:1,000; cat. no. 9585T; 
Cell Signaling Technology, Inc.), anti‑Twist1 (1:1,000; 
cat. no. 90445S; Cell Signaling Technology, Inc.) anti‑β‑actin 
(1:10,000; cat. no. ET1701‑80; Hangzhou HuaAn Biotechnology 
Co., Ltd.), anti‑Flag (1:1,000; cat. no. 14793S; Cell Signaling 
Technology, Inc.) anti‑E‑cadherin (1:1,000; cat. no. 14472S; 
Cell Signaling Technology, Inc.) and anti‑N‑cadherin (1:1,000; 
cat. no. 13116S; Cell Signaling Technology, Inc.).

Plasmid construction. Plasmid for Twist1 overexpression 
(pENTER‑CMV‑hTwist1‑Flag: CH871696) and empty vector 
control (pENTER‑CMV‑C‑Flag: pAD100004‑OE) was 
purchased from WZ Biosciences, Inc. pGL3 luciferase reporter 
vectors pGL3‑Basic, pGL3‑Enhancer, pGL3‑Promoter and 
pGL3‑Control were purchased from Promega Corporation. 
The Claudin‑4 promoter (‑206 to ‑2,200 bp) reporter (Claudin‑4 
Luc WT) was constructed by Laboratory of Obstetrics and 
Gynecology (Beilun People's Hospital, Ningbo, China). Briefly, 
cDNAs encoding Claudin‑4 promoter region were amplified 
by PCR from HeLa cells using following primer pair 5'‑AGT​
GCT​GGG​ATT​ATA​GGC​ATG​AGC‑3' (forward) and 5'‑TCT​
CTC GGG​GAC​AGG​TTG​AGC‑3' (reverse) and subcloned into 
pGL3‑Basic Vector. The PCR amplification was performed in 
a Bio‑Rad T100 Thermal Cycler using a PrimeSTAR Max 
DNA Polymerase kit (Takara Bio Inc., R045A) according to 
the manufacturer's instructions. A total of 30 PCR cycles were 
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run under the following conditions: Initial DNA denaturation 
for 5 min, followed by DNA denaturation at 95˚C for 30 sec, 
primer annealing at  55˚C for 30  sec, and DNA extension 
at 72˚C for 30 sec. After the final cycle, the reaction was 
terminated by keeping it at 72˚C for 5 min. The PCR‑amplified 
samples were analyzed by agarose gel electrophoresis by using 
a horizontal 0.8% (w/v) agarose gel in 1X TBE buffer and with 
0.001% (w/v) GelRed® Nucleic Acid Gel Stain (Biotium, 41001) 
incorporated for DNA staining. The Claudin‑4 Luc E‑Box1 
(‑1,500‑2,200del) and Claudin‑4 Luc E‑Box2 (‑206‑1,500del) 
promoter reporter were amplified by PCR from Claudin‑4 
Luc WT plasmid using following primer pairs: 5'‑CCC​AGT​
CTC​TGG​TCA​AAC​TGG‑3' (forward) and 5'‑TCT​CTC​GGG​
GAC​AGG​TTG​AGC‑3' (reverse) for Claudin‑4 Luc E‑Box1 
and 5'‑AGT​GCT​GGG​ATT​ATA​GGC​ATG​AGC‑3' (forward) 
and 5'‑CTG​GGGAGG​GAG​GGA​CCA​AAG‑3' (reverse) for 
Claudin‑4 Luc E‑Box2. Mutated Claudin‑4 promoter reporter 
(Claudin‑4 Luc ΔE‑Box1 and Claudin‑4 Luc ΔE‑Box2) were 
constructed by Vigene Biosciences Inc.

Transfection. For transfection of small interfering (si)RNA, 
Lipofectamine 3000 was used (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions 
to transfect cells cultivated in 60‑mm plates with either 20 nM 
scrambled control siRNA (siCtrl; Shanghai GenePharma, 
Shanghai, China) or 20 nM siRNA oligonucleotide targeting 
Twist1 or Claudin‑4 (GenePharma) in a humidified 5% 
CO2 incubator at 37˚C. Thereafter, the cells were collected 
for subsequent experiments at 48 h post‑transfection. The 
sequences of siRNA oligonucleotides were as follows: siCtrl, 
5'‑ATT​GTA​TGC​GAT​CGC​AGA C‑3'; siTwist1#1, 5'‑GGT​CA 
T​CGA​CT​TCC​TCT​A‑3'; siTwist1#2, 5'‑TTG​AGG​GTC​TGA​
ATC​TT​GCTC​AGC T‑3' and siClaudin‑4, 5'‑TGC​GTG​GTG​
CAG​AGC​ACC​GGC​CA‑3'. 

For transient overexpression, Lipofectamine 3000 
(Invitrogen; Thermo Fisher Scientific, Inc.) was applied 
according to the manufacturer's instructions to transfect cells 
in 60‑mm dishes containing plasmids or negative control. 
Thereafter, the cells were collected for subsequent experi‑
ments at 48 h post‑transfection.

Western blotting. In the presence of phosphatase and protease 
antagonists, whole‑cell extracts were obtained and prepared 
by lysing the cells in NP‑40 lysis solution (cat. no. P0013F; 
Beyotime Institute of Biotech. Inc.). The cell lysate was 
collected, and total protein was quantified using the bicin‑
choninic acid protein assay kit. Subsequently, the protein 
(20‑40 µg/lane) was loaded onto 8%‑12% SDS‑PAGE gel 
for electrophoretic separation and transferred to nitrocel‑
lulose membrane (cat. no. FFN03; Beyotime Biotech. Inc.). 
After separation, membranes were blocked in TBST buffer 
(TBS with 0.1% Tween‑20) with 5% non‑fat skim milk (cat. 
no. 1706404; Bio‑Rad Laboratories, Inc.) for 45 min at room 
temperature and washed three times with TBST buffer. 
Following this, membranes were performed using antibodies, 
as previously described (39).Briefly, membranes were incu‑
bated overnight with primary antibodies at  4˚C and with 
horseradish peroxidase‑labeled secondary antibodies (1:5,000; 
cat. nos. sc‑2357 and sc‑516102; Santa Cruz Biotechnology, 
Inc.) at room temperature for 1 h. Bands were visualized using 

commercially ECL reagents (cat. no. 32106; Thermo Fisher 
Scientific, Inc.). ImageLab software (version 4.1; Bio‑Rad) was 
used for densitometry.

Reverse transcription‑quantitative (RT‑q)PCR. RT‑qPCR 
was performed as previously described (40). Briefly, TRIzol 
(Invitrogen; Thermo Fisher Scientific, Inc.) was used for 
extracting total RNA from cell cultures, after which the 
total RNA was subjected to RT into complementary DNA 
using PrimeScript™ RT reagent kit (cat. no. RR037A; Takara 
Biotechnology, Co., Ltd.) according to the manufacturer's 
protocols. RT‑qPCR assay was performed using the SYBR® 
Premix Ex Taq™ kit (Tli RNaseH Plus; Takara Biotechnology 
Co., Ltd.) according to the manufacturer's instructions, on an 
Applied Biosystems StepOne‑Plus™ Real‑Time PCR instru‑
ment. Amplification conditions were set as follows: 95˚C 
for 30 sec, followed by 95˚C for 10 sec, and 58˚C 30 sec for 
40 cycles. The 2‑ΔCq method was used to quantify expres‑
sion, normalized according to the internal reference gene 
(GAPDH) (41). The primers used for the assay were as follows: 
Human Claudin‑4 forward, 5'‑TGT​CAC​CTC​GC​AGAC​CAT​
CTG‑3' and reverse, 5'‑CTG​CAG​GTC​CTG​CGG​CAG​TGC‑3'; 
Snail2 forward, 5'‑CAG​CGA​ACT​GGA​CAC​ACA​TAC‑3' and 
reverse, 5'‑GAG​CAG​CGG​TAG​TCC​ACA​CAG‑3'; Twist1 
forward, 5'‑GTC​CGC​AGT​CTT​ACG​AGG​AG‑3' and reverse, 
5'‑TGG​AGG​ACC​TGG​TAG​AGG​AA‑3' and GAPDH forward, 
5'‑AGG​GCA​TCC​TGG​GCT​ACA​C‑3' and reverse, 5'‑GCC​
AAA​TTC​GTT​GTC​ATA​CCA​G‑3'.

Dual‑luciferase reporter assay. As per the manufacturer's 
instructions, Lipofectamine 3000 (Invitrogen; Thermo Fisher 
Scientific, Inc.) was used to co‑transfect cells cultured in 
24‑well plates with siRNA, expression plasmids pGL3 or 
pGL3 containing the Claudin‑4 promoter and a plasmid 
that expressed Renilla luciferase. After 24 h, the cells were 
collected, lysed and imported into a dual‑luciferase reporter 
assay system (cat. no. E1910; Promega Corporation) to deter‑
mine the luciferase activity. The results were normalized 
by comparing the relative firefly luciferase activity with the 
Renilla luciferase activity.

Chromatin immunoprecipitation (ChIP). ChIP assay was 
performed with the Simple ChIP Enzymatic Chromatin IP kit 
(cat. no. 9003; Cell Signaling Technology, Inc.), according to 
the manufacturer's instructions. After purifying the DNA and 
performing reverse cross‑linking, immunoprecipitated DNA 
was then subjected to PCR amplification using the primers as 
follows: Claudin‑4 E‑Box1 forward, 5'‑CAC​GTA​ACT​TTA​
TCC​GGC​CAA​TGC‑3' and reverse, 5'‑CTG​GCA​GTT​TCA​
CGA​CTG​TTG‑3'; Claudin‑4 E‑Box2 forward, 5'‑CAC​ATT​
TCT​TGA​GCA​TCT​GTG A‑3' and reverse, 5'‑CAC​ATC​CGT​
CTT​CCC​TGC​TAG​CCT‑3' and GAPDH forward, 5'‑TGG​
CAA​AGT​GGA​GAT​TGT​TGC‑3' and reverse, 5'‑AAG​ATG​
GTG​ATG​GGC​TTC​CCG‑3'.

CRISPR/Cas9‑based E‑Box1 and E‑Box2 knockout. Plasmid 
pSpCas9(BB)‑2 A‑Puro (PX459; Addgene, Inc.; cat. no. 48139) 
was subcloned with a single‑guide RNA (sgRNA) targeting 
the E‑Box1 region of the Claudin‑4 promoter. For transfection, 
Lipofectamine 3000 (Invitrogen; Thermo Fisher Scientific, 
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Inc.) was applied according to the manufacturer's instructions 
to transfect cells in 60‑mm dishes containing 3ug sgRNA 
plasmid or negative control plasmid in a humidified 5% CO2 

incubator at 37˚C. HeLa and SiHa cells were transfected with the 
construct for 48 h and then maintained in DMEM with 2 ug/ml 
puromycin at 37˚C for 3 days for selection. By observation 
under a Nikon inverted light microscope at 100X, single clones 
were selected after plating cells at 300 cells/plate in 60‑mm 
plates. Sequencing was performed to verify E‑Box1 sequence 
loss. sgRNA with the following sequence: E‑Box1‑sgRNA, 
5'‑GAT​GTA​TCA​AGC​CAG​ATG​CT‑3'.

Wound healing assay. HeLa and SiHa cells were seeded at a 
density of 1.5x106 cells/plate in 60‑mm plates and, when they 
reached 80‑90% confluence, were used for wound healing 
assay. After 24 h, the confluent cell monolayers were scraped 
using a pipette tip to produce a wound. Debris was removed by 
rinsing the sample using phosphate‑buffered saline. The cells 
that adhered to the culture plate were cultured in a serum‑free 
DMEM (SFM; cat. no. C11995500BT; Gibco; Thermo Fisher 
Scientific, Inc.) in the presence or absence of 5 ng/ml TGF‑β 
in a humidified 5% CO2 incubator at 37˚C. Cell migration was 
photographed using a Nikon inverted microscope at 100X 
at 0, 24 or 48 h after scratching. Image‑Pro Plus 6.0 (Media 
Cybernetics) was used for assessing the relative width of the 
wound. Wound healing area was calculated as follows: (Final 
width/Initial width). Data are expressed as the mean of three 
separate assays.

Transwell migration and invasion assay. To evaluate 
migration, cells were maintained in SFM at  37˚C for 
18‑24 h and seeded at a density of 1.5x105 (HeLa) and 3x105 
(SiHa) cells/well in the upper 8.0‑µm filter membrane with 
SFM in a 24‑well plate containing DMEM supplemented 
with 10% FBS (cat. no. 10099141C; Gibco; Thermo Fisher 
Scientific, Inc.) below the filter membrane. To evaluate 
invasion, a thin layer of gel was formed using the Matrigel 
added into the upper cavity insert at  4˚C and incubated 
for an additional 1 h in a humidified 5% CO2 incubator 
at 37˚C. Subsequently, cells were added. After incubating 
for 12‑24 h in a humidified 5% CO2 incubator at 37˚C, the 
samples were fixed and stained with 0.1% crystal violet for 
30 min at room temperature. Finally, cells on the membrane 
surface were removed with a cotton swab. Attached cells 
were photographed and ≥3 randomly selected fields of 
view per chamber were examined under a Nikon inverted 
light microscope at 100X to determine the total number of 
migrating or invading cells.

Statistical analysis. A total of three independent experi‑
mental repeats was performed. Data are presented as the 
mean  ±  standard error of the mean. GraphPad Prism 6 
(GraphPad Software, Inc.) was used to perform statistical 
analysis using paired two‑tailed Student's t test. One‑way 
ANOVA followed by Tukey's post hoc test was used to 
compare >2 groups. P<0.05 was considered to indicate a 
statistically significant difference. Spearman's correlation 
analysis was used to analyze the mRNA expression of Twist1 
and CLDN‑4 1 in human cervical cancer tissue derived from 
Kmplot database.

Results

Twist1 positively regulates Claudin‑4 expression. Twist1, an 
EMT‑inducing TF, activates or inhibits promoters to regulate 
transcription of genes involved in EMT, thereby upregulating 
the expression of genes associated with the mesenchymal 
cell‑like phenotype, such as vimentin, and downregulating 
expression of genes associated with the epithelial phenotype, 
such as E‑cadherin  (18,40). To determine whether Twist1 
regulates Claudin‑4 expression, two siRNA oligonucle‑
otides (siTwist1#1 or siTwist1#2) were used to knock down 
Twist1 expression and assess its effect on Claudin‑4 levels, 
after which western blot examination of protein levels of 
Claudin‑4, Snail2, and Twist1 was performed. Among all 
cervical cancer cell lines with wild‑type (WT) Twist1, Twist1 
silencing in cells led to a notable decrease in protein levels of 
Claudin‑4 and Snail2, which was used as a positive control 
(Fig. 1A and B). When Twist1 was silenced, both Claudin‑4 
and Snail2 had a similar reduction in their mRNA and protein 
levels (Fig. 1C and D). Twist1 overexpression or silencing 
was established in SiHa and HeLa cells. The results showed 
that Twist1 overexpression upregulated Claudin‑4 protein 
expression and reversed the reduction in Claudin‑4 expression 
caused by Twist1 knockdown (Fig. 1E and F). Consistently, 
Twist1 overexpression in HeLa and SiHa cells was associated 
with enhancement of Claudin‑4 and Snail2 mRNA levels 
(Fig. 1G and H). Furthermore, mRNA expression of Twist1 
and Claudin‑4 in cervical tumor tissue was assessed (tnmplot.
com/analysis/); Spearman's correlation analysis showed no 
significant correlation between Twist1 mRNA and Claudin‑4 
expression (Fig. S1). Altogether, these results suggested that 
Twist1 may cause transcriptional overexpression of Claudin‑4.

Twist1 upregulates Claudin‑4 transcription via E‑Boxes in the 
Claudin‑4 promoter. It was next determined whether Twist1 
functions as a TF by directly activating the transcription of 
Claudin‑4 to elucidate the processes involved in the upregu‑
lation of Claudin‑4 transcription by Twist1. First, 3,000‑bp 
nucleotide sequences from the upstream of Claudin‑4 transla‑
tion initiation site as the promoter region of Claudin‑4 were 
downloaded and then analysis tools (jaspar.genereg.net/) 
were used to analyze the potential Twist1‑binding sites in the 
region. There were two probable Twist1 consensus‑binding 
E‑Box domains at ‑722 to ‑727 (E‑Box1) and ‑2,123 to ‑2,128 
(E‑Box 2) upstream of the Claudin‑4 start codon (Fig. 2A). 
Additionally, dual‑luciferase reporter assay revealed that 
compared with pGL3 control, there was a fourfold increase 
in luciferase reporter activity mediated by the Claudin‑4 
promoter (Claudin‑4 Luc), which contained both potential 
Twist1 consensus‑binding E‑Box domains in HeLa and SiHa 
cells, whereas after Twist1 was knocked down, Claudin‑4 
Luc activity was significantly attenuated (Fig. 2B and C), 
demonstrating that the transcriptional activation of Claudin‑4 
was dependent on Twist1. To investigate how Twist1 regulates 
Claudin‑4 transcription and the location of Twist1‑binding 
domains in the Claudin‑4 promoter, deletion mutants of the 
Claudin‑4 promoter were established (‑1,500‑2,200del and 
‑206‑1,500del), followed by dual‑luciferase reporter assay 
analysis (Fig. 2A). Promoter activity of the ‑206‑1,500del 
mutant without E‑Box1 (Claudin‑4 Luc E‑Box2) was 
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significantly decreased compared with that of the WT 
promoter (Claudin‑4 Luc WT), whereas the ‑1,500‑2,200del 
mutant (Claudin‑4 Luc E‑Boxl) promoter activity was compa‑
rable to that of Claudin‑4 Luc WT (Fig. 2D and E). Twist1 
overexpression enhanced the promoter activity of Claudin‑4 

Luc WT and Claudin‑4 Luc E‑Boxl to a comparable degree 
but with no effect on the promoter activity of Claudin‑4 Luc 
E‑Box2 (Fig. 2F), suggesting that the ‑206‑1,500‑bp region 
and E‑Box1 within the Claudin‑4 promoter is necessary for 
the transcriptional activation of Claudin‑4 by Twist1.

Figure 1. Twist1 positively regulates Claudin‑4 expression. Transfection of HeLa and SiHa cells with 20 nM siRNA targeting Twist1 or scrambled control 
siRNA was performed. Briefly, 48 h after transfection, HeLa (A) and SiHa (B) cells were subjected to western blotting. Transfection of HeLa and SiHa cells 
with 20 nM siRNA targeting Twist1 or scrambled control siRNA was performed. 48 h after transfection, HeLa (C) and SiHa (D) cells were subjected to 
RT‑qPCR analysis. *P<0.05, **P<0.01 vs. siCtrl. Transfection of 20 nM siRNA targeting Twist1 or scrambled control siRNA into (E) HeLa and (F) SiHa cells. 
Co‑transfection with carrier or an overexpression plasmid for Twist1 was performed 24 h after transfection. Cells were collected 48 h after transfection and 
examined by western blotting using specific antibodies. After treatment, (G) HeLa and (H) SiHa cells were collected 48 h after transfection and analyzed by 
RT‑qPCR. *P<0.05, **P<0.01 vs. vector. RT‑q, reverse transcription‑quantitative PCR; siRNA, small interfering RNA; Ctrl, control. 



ZHU  and  JIANG:  Twist1 TRANSCRIPTIONAL ACTIVATION OF CLAUDIN-46

Figure 2. Twist1 upregulates Claudin‑4 transcription via E‑Boxes in the Claudin‑4 promoter. (A) Potential Twist1 consensus binding E‑Boxes sites in the 
Claudin‑4 promoter region. E‑Box1 and E‑Box2 sites upstream of the start codon of Claudin‑4 are shown. The constructed deletion mutants of the Claudin‑4 
promoter (‑1,500‑2,200del and ‑206‑1,500del) and Claudin‑4 full‑length promoter reporter constructs are presented. Transfection of (B) HeLa and (C) SiHa 
cells with 20 nM siRNA targeting Twist1 or scrambled control siRNA was performed. Plasmids expressing pGL3 or pGL3 carrying the Claudin‑4 promoter 
(Claudin‑4‑Luc) with two potential Twist1 binding E‑Box domains and Renilla luciferase were co‑transfected. Luciferase activity was measured after 24 h 
using the dual‑luciferase reporter assay system and normalized to Renilla luciferase activity. **P<0.01, ***P<0.001 vs siCtrl. (D) HeLa and (E) SiHa cells 
containing co‑expression of plasmids that express Renilla luciferase and pGL3 or pGL3 bearing the Claudin‑4 promoter with two potential Twist1‑binding 
E‑Box sites (WT), with the ablation of E‑Box2 (Claudin‑4 Luc E‑Box1) or with the ablation of E‑Box1 (Claudin‑4 Luc E‑Box2), followed by dual‑luciferase 
reporter assay. ***P<0.001 vs. Claudin‑4 Luc WT. (F) Control or an overexpression plasmid of Twist1 was transfected into HeLa cells. Co‑transfection with 
Claudin‑4 Luc WT, Claudin‑4 Luc E‑Box1, or Claudin‑4 Luc E‑Box2 plasmids was performed 24 h after transfection. Luciferase activity was measured 
after another 24 h. Fresh HeLa cells were harvested and lysed for chromatin immunoprecipitation assay with normal IgG or anti‑Twist1 antibody. *P<0.05 vs. 
vector. (G) Promoter fragments were amplified by PCR utilizing primers specific for putative E‑Box on the Claudin‑4 promoter region or GAPDH (negative 
control). (H) Reverse transcription‑quantitative PCR was performed to quantify the relative enrichment of Twist1 at potential Twist1‑binding E‑Box domains. 
***P<0.001 vs. IgG. siRNA, small interfering RNA; siCtrl, scrambled control siRNA; WT, wild‑type; del, deletion; ns, not significant.
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ChIP assay revealed that the Twist1 protein was preferen‑
tially recruited to the Claudin‑4 E‑Box1 region of the Claudin‑4 
promoter but not to the Claudin‑4 E‑Box2 region (Fig. 2G). 
RT‑qPCR analysis confirmed that the Twist1‑binding E‑Box1 
region on the Claudin‑4 promoter was enriched sevenfold 
compared with the control group (Fig. 2H). Overall, in addition 
to direct binding action, Twist1 transactivated the Claudin‑4 
promoter, confirming that Twist1 binds to Claudin‑4 as one of 
its downstream targets. Moreover, Claudin‑4 promoter activity 
and Twist1‑mediated Claudin‑4 transcription were both 
dependent on the E‑Box1 region, which was located primarily 
near the transcription initiation site.

E‑Box1, but not E‑Box2, is necessary for Claudin‑4 promoter 
activity. To confirm that the E‑Box1 domain in the Claudin‑4 
promoter was the Twist1‑binding site, potential Twist1‑binding 
domains were deleted while constructing two luciferase 
reporters (Claudin‑4 ΔE‑Box1 and ΔE‑Box2; Fig.  3A). 
Following E‑Box1 deletion, the activity of the luciferase 
reporter was significantly decreased (Fig. 3B). Twist1 over‑
expression induced promoter activity of Claudin‑4 Luc WT 
and Claudin‑4 ΔE‑Box2 to a similar degree but there was no 
evident effect on Claudin‑4 ΔE‑Box1 (Fig. 3B), indicating that 

the Claudin‑4 promoter relied on the potential Twist1‑binding 
E‑Box1 domain, but not the E‑Box2 domain. 

Furthermore, to ascertain whether Claudin‑4 expression 
was regulated by the putative Twist1‑binding E‑Box1 domain 
under physiological conditions. CRISPR‑Cas9 knockout 
was performed to remove E‑Box1 from the chromosome 7 
Claudin‑4 promoter without altering the transcriptional start 
codon (Fig. 3C). Notably, following E‑Box1 knockout, both 
Claudin‑4 mRNA and protein expression levels were signifi‑
cantly reduced in HeLa and SiHa cells (sgClaudin‑4 E‑Box1; 
Fig.  3D‑F). Collectively, these findings provide proof of 
concept that Twist 1 specifically bound to the E‑Box1 domain 
of the Claudin‑4 promoter and stimulated its transcription.

TGF‑β induces Claudin‑4 expression by upregulating Twist1. 
TGF‑β is a pleiotropic cytokine that impedes cell proliferation, 
stimulates cell migration, invasion and differentiation and 
causes Twist1 overexpression  (42). Next, it was examined 
whether TGF‑β promoted Claudin‑4 expression at the gene and 
protein expression levels. TGF‑β treatment of HeLa and SiHa 
cells dose‑dependently increased Twist1, Snail2 and Claudin‑4 
protein levels (Fig. 4A), indicating that TGF‑β can stimulate 
the expression of Twist1 and thus increase expression of Snail2 

Figure 3. E‑Box1, but not E‑Box2, is necessary for Claudin‑4 promoter activity. (A) E‑Box1 and E‑Box2 mutations in Claudin‑4 promoter‑luciferase constructs. 
(B) Twist1‑overexpressing or a control plasmid was transfected in HeLa cells. The cells were transfected with Claudin‑4 Luc plasmids 24 h after transfection, 
and then luciferase activity was measured 24 h later. ***P<0.001 vs. Claudin‑4 Luc WT; #P<0.05, ##P<0.01 vs. vector. (C) In situ deletion of the E‑Box1 site in 
the Claudin‑4 promoter region. (D) Transfection of the construct carrying the specific single‑guide RNA into HeLa and SiHa cells was followed by puromycin 
selection. Western blotting on cells that had been cultured from single clones with E‑Box1 deletion. Reverse transcription‑quantitative PCR on (E) HeLa and 
(F) SiHa cells that had been cultured from single clones with E‑Box1 deletion. *P<0.05, **P<0.01 vs. sgCtrl. WT, wild‑type; ns, not significant; sg, single‑guide.
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and Claudin‑4 (Fig. 4B). Twist1 and Claudin‑4 expression was 
transcriptionally stimulated by TGF‑β (Fig. 4E). Additionally, 
Twist1 knockdown prevented TGF‑β from inducing Claudin‑4 
expression at the gene and protein expression levels in SiHa 
and HeLa cells (Fig. 4G‑I), suggesting that TGF‑β promoted 
Claudin‑4 expression by upregulating Twist1 expression. 

To clarify the regulation mechanisms of TGF‑β on 
Claudin‑4, sgClaudin‑4 E‑Box1 HeLa and SiHa cells were 
treated with a gradient concentration of TGF‑β. TGF‑β 
treatment caused dose‑dependent upregulation of Twist1 and 
Snail2 expression but had no effect on Claudin‑4 protein levels 
(Fig. 4C and D). Similar effects were observed at the tran‑
scriptional level (Fig. 4F). Collectively, these data confirmed 
that TGF‑β mediated Claudin‑4 expression through the 
TGF‑β/Twist1/E‑Box1 axis.

Claudin‑4 knockdown inhibits TGF‑β‑induced cell migration 
and invasion. TGF‑β causes cancer cells to migrate and 
invade their surroundings (43,44). Whether Claudin‑4 contrib‑
utes to migration and invasion abilities of cervical cancer 
cells is not yet known. After treating HeLa cells with TGF‑β 
and transfecting them with Twist1 and Claudin‑4 siRNA, 
wound healing assay was performed to ascertain whether 
Claudin‑4 was involved in the TGF‑β‑triggered migration 
and invasion of cervical cancer cells. At 24 and 48 h after 

wound establishment, the wound area in the control group was 
considerably enlarged compared with that in the TGF‑β group, 
demonstrating that TGF‑β stimulated HeLa cell migration 
(Fig. 5A and B). Consistently, as demonstrated by Transwell 
migration experiment, TGF‑β significantly boosted HeLa cell 
migration (Fig. 5C and D). However, the knockdown of Twist1 
or Claudin‑4 reduced cell migration and diminished the ability 
of TGF‑β to promote cell migration (Fig. 5A‑D). Similarly, 
TGF‑β improved cell invasion, as evidenced by the results 
of the Transwell invasion assay (Fig. 5E and F). Moreover, 
TGF‑β promoted cell invasion, whereas silencing of Twist1 
or Claudin‑4 reversed this effect (Fig. 5E and F). Western 
blotting was performed to evaluate the efficiency of knocking 
down Twist1 and Claudin‑4 (Fig. 5G). In summary, Claudin‑4, 
similar to Twist1, mediated TGF‑β‑stimulated migration and 
invasion of cervical cancer cells.

Claudin‑4 knockdown suppresses cell migration and invasion 
caused by Twist1. As the aforementioned data showed that the 
oncogenic transcriptional regulator Twist1 targets Claudin‑4, 
it was analyzed whether Claudin‑4 functioned downstream 
of Twist1 to facilitate cancer cell migration and invasion. 
Transwell migration/invasion experiment showed that 
upregulated expression of Twist1 in HeLa cells facilitated the 
migration and invasion of cervical cancer cells (Fig. 6A‑D). 

Figure 4. TGF‑β induces Claudin‑4 expression by upregulating Twist1. Treatment of (A) HeLa and (B) SiHa cells with TGF‑β for 48 h, and whole‑cell extracts 
were harvested for western blotting using specific antibodies. (C) HeLa and (D) SiHa cells with E‑Box1 of Claudin‑4 deletion using the CRISPR‑Cas9 
system were treated with TGF‑β for 48 h, and whole‑cell extracts were harvested for western blotting using specific antibodies. (E) Wild‑type HeLa and 
(F) E‑Box1‑deleted HeLa cells were exposed to TGF‑β for 48 h before RT‑qPCR analysis of Twist1 and Claudin‑4. **P<0.01, ***P<0.001 vs. control. A total of 
20 nM siRNA against Twist1 or scrambled control siRNA was transfected into HeLa and SiHa cells. Cells were treated with TGF‑β. (G) HeLa and (H) SiHa 
cells were subsequently harvested for immunoblotting with specific antibodies. (I) Following treatment, HeLa cells were subsequently harvested for RT‑qPCR 
analysis of Twist1 and Claudin‑4. **P<0.01, ***P<0.001 vs. siCtrl or siCtrl + TGF‑ β. RT‑q, reverse transcription‑quantitative; siRNA, small interfering RNA; 
Ctrl, control; ns, not significant.
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Figure 5. Claudin‑4 knockdown inhibits TGF‑β‑induced cell migration and invasion. (A) Wound healing experiments were performed after transfecting 
HeLa cells with 20 nM siRNA and TGF‑β treatment. (B) Cell migratory ability was measured as relative healing wound area compared with that at 0 h. 
(C) Transfection of HeLa cells with 20 nM siRNA followed by treatment with or without TGF‑β before the Transwell migration assay. Images captured 
at 12‑24 h demonstrate cells that migrated. (D) Cells that could migrate were counted in three randomly selected fields of view/chamber insert. (E) Transfection 
of HeLa cells with 20 nM siRNA followed by treatment with or without TGF‑β before the Transwell invasion assay. Images captured at 12‑24 h demonstrate 
cells that invaded. (F) Cells that could invade were counted in three randomly selected fields of view/chamber insert. ##P<0.01, ###P<0.001 vs. TGF‑β untreated. 
*P<0.05, **P<0.01, ***P<0.001 vs. siCtrl. (G) Western blotting assay was performed to evaluate efficiency of knocking down Twist1 and Claudin‑4. siRNA, small 
interfering RNA; siCtrl, scrambled control siRNA; ns, not significant.
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However, Claudin‑4 silencing halted cell migration and coun‑
teracted Twist1 pro‑invasive effects (Fig. 6A‑D). Additionally, 
the western blot assay verified the efficacy of Twist1 overex‑
pression and Claudin‑4 knockdown (Fig. 6E). Collectively, 
these results suggested that Claudin‑4 served as a downstream 
effector of Twist1 to increase cell migration and invasion.

Deletion of E‑box 1 on the Claudin‑4 promoter inhibits 
cervical cancer cell migration and invasion. Given that E‑Box1 
was critical for Twist1‑induced Claudin‑4 transcription and 

Claudin‑4 promoted cell migration and invasion downstream 
of Twist1. Migration and invasion abilities of Claudin‑4 WT 
and sgClaudin‑4 E‑Box1 HeLa and SiHa cells were assessed 
to determine the role and potential mechanism of Claudin‑4 
in cervical cancer cells. Downregulation of Claudin‑4 by 
sgClaudin‑4 E‑Box1 significantly suppressed cervical cancer 
cell migration, as demonstrated by decreased number of 
migrating cells in the Transwell migration assay (Fig. 7A‑C) and 
slower wound healing (Fig. 7G‑J). Consistently, sgClaudin‑4 
E‑Box1 significantly decreased SiHa and HeLa cell invasion in 

Figure 6. Claudin‑4 knockdown suppresses cell migration and invasion caused by Twist1. (A) Specific siRNA (20 nM) was transfected into HeLa cells. 
Co‑transfection with vector or a Twist1‑overexpressed plasmid was performed on cells 24 h after transfection, and 12‑24 h later, cells were assessed by 
Transwell migration assay. (B) Cells that could migrate were counted in three randomly selected fields of view/chamber insert. (C) After treatment, HeLa 
cells were assessed by Transwell invasion assay. (D) Cells that could invade were counted in three randomly selected fields of view/chamber insert. *P<0.05, 
**P<0.01, ***P<0.001 vs. siCtrl + vector or siClaudin‑4 + vector. (E) Cell lysates were collected, and efficiency of Claudin‑4 knockdown or Twist1 overexpres‑
sion was assessed by western blot analysis. siRNA, small interfering RNA; siCtrl, scrambled control siRNA.
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Transwell invasion assay (Fig. 7D‑F). Furthermore, deletion of 
E‑Box1 led to upregulated expression of the epithelial marker 
E‑cadherin and downregulated expression of the mesenchymal 

marker N‑cadherin in HeLa and SiHa cells (Fig. 7K), indi‑
cating that E‑Box1 deletion suppressed EMT induction, one 
of the hallmarks of tumor progression that is associated with 

Figure 7. Deletion of E‑box 1 on Claudin‑4 promoter inhibits cervical cancer cell migration and invasion. (A) HeLa and SiHa cells were transfected with 
sgRNA and subjected to the Transwell migration assays. Representative images of migratory cells at 12‑24 h are presented. The number of migratory (B) HeLa 
and (C) SiHa cells were counted in three random fields/chamber. (D) HeLa and SiHa cells were transfected with sgRNA and then seeded into a 24‑well plate 
in a serum‑free medium with Matrigel and cultured for 12‑24 h, followed by staining. Representative images of invasive cells at 12‑24 h. The number of 
invaded (E) HeLa and (F) SiHa cells were counted in three random fields/chamber insert. (G) HeLa cells were transfected with sgRNA and then assessed 
using the wound healing assay. (H) The cell migration was determined as the relative healing wound area compared with that observed at 0 h. (I) SiHa cells 
were transfected with sgRNA and assessed using the wound healing assay. (J) Cell migration was determined as the relative healing wound area compared 
with that observed at 0 h. *P<0.05, **P<0.01, ***P<0.001 vs. sg Ctrl). (K) Cell lysates were collected and assessed using western blotting. Ctrl, control; sgRNA, 
single‑guide RNA.
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cellular migration and invasion (45). Collectively, these results 
suggested that deletion of E‑Box1 on the Claudin‑4 promoter 
inhibited the ability of cervical cancer cells to migrate and 
invade via suppressing EMT by promoting E‑cadherin expres‑
sion and lowering N‑cadherin levels.

Discussion

Metastasis is a process wherein cancerous cells move from the 
original site to various parts of the body (46). A cancer cell 
must pass through several stages before it metastasizes. EMT 
is an essential stage in cancer progression (13). In this stage, 
epithelial cells become more detached and motile due to the 
downregulation of cell‑to‑cell adhesion structures, alteration in 
polarity, and reorganization of their cytoskeleton (13). Sealing 
off spaces between polarized epithelium or endothelium with 
large intercellular adhesion complexes called TJs is essential 
to maintain tissue barrier integrity (30). TJs in cancerous cells 
become ‘loosened’ or disassembled throughout the metastatic 
phase, which facilitates migration and dissemination. Claudins 
serve a key role in TJs, wherein they create heteromeric and 
homomeric connections between adjoining cells and are key 
regulators of cancer development and metastasis (47). Claudin 
serves as a tumor suppressor and is often downregulated in 
cancers. Accumulating evidence suggests that claudin‑1 down‑
regulation in gastric cancer cells improves tumorigenicity 
in vivo and the metastatic, migratory and invasive potential 
of lung cancer cells is inhibited by claudin‑1 overexpres‑
sion (48,49). Claudin‑6 expression is decreased in invasive 
ductal carcinoma of the breast and this decline is negatively 
associated with lymph node metastases (50). A correlation 
exists between downregulated claudin‑7 expression and higher 
tumor grade as well as locoregional and distant metastasis, 
particularly locoregional tumor recurrence (51). 

Certain claudin proteins exhibit upregulated expression in 
cancers and serve as a cancer‑promoting factor, which may 
potentially promote the metastatic phenotype. For example, 
melanoma cells have greater cell migration and invasion 
abilities due to claudin‑1 expression, which activates matrix 
metalloproteinase (MMP)‑2 (52). Claudin‑3 overexpression in 
ovarian epithelial cells enhances invasion via MMP stimula‑
tion and upregulation of claudin‑3 expression is associated with 
ovarian cancer progression (53,54). Claudin‑6 overexpression 
in gastric cancer cell lines increases ability to invade, migrate 
and proliferate (55). In esophageal squamous cell carcinoma, 
claudin‑7 overexpression promotes both cell proliferation 
and metastatic activity (56). Decreased claudin expression in 
various cancers together with upregulated claudin in normal 
tissues predicts poor survival. However, unfavorable prognosis 
may also be predicted by the ectopic expression of claudin in 
a tissue that, under normal circumstances, does not express 
this claudin (28,57). Thus, claudins function in a cell‑ or a 
tissue‑specific manner to either promote or suppress cancer 
formation.

Similar to other claudin proteins, Claudin‑4 may either 
inhibit or promote tumor growth. Notably, Claudin‑4 exerts a 
tumor‑suppressing effect in diverse malignancies. Pancreatic 
cancer cells that express Claudin‑4 have decreased invasive 
and metastatic ability (58). Kwon et al  (48) confirmed that 
Claudin‑4 overexpression suppresses gastric cancer cell 

migration and invasion without slowing cellular prolifera‑
tion. Moreover, decreased Claudin‑4 expression is associated 
with poor prognosis in individuals with pancreatic, colon, 
esophageal and breast cancer (30). Conversely, Claudin‑4 over‑
expression occurs in esophageal, gastric, biliary and ovarian 
cancer (34,54). Moreover, tumor invasion and MMP‑2 activity 
and expression are correlated with Claudin‑4 expression in 
ovarian and gastric cancer (53,59). Claudin‑4 overexpression 
occurs in cervical cancer tissue compared with that in the 
adjacent non‑tumor tissue (36). To the best of our knowledge, 
however, functional implications of Claudin‑4 in cervical 
cancer are unknown. It is unknown whether Claudin‑4 
contributes to spread and invasion of cervical cancer cells. The 
present study demonstrated that Claudin‑4 promoted cervical 
cancer cell migration and invasion by decreasing E‑cadherin 
and increasing N‑cadherin levels, which clarifies its role in 
these processes.

Numerous mechanisms have been implicated in claudin 
expression regulation. Claudin expression may be regulated 
transcriptionally by TFs. Snail is a transcription suppressor 
that serves a key role in EMT. In mouse epithelium, Snail 
suppresses the gene expression of claudin‑1, ‑3, ‑4, and ‑7 and 
E‑cadherin by binding specifically to promoter regions of 
these genes (60). Epigenetic mechanisms serve a key role in 
transcriptional regulation of claudin expression. For example, 
DNA hypermethylation is associated with claudin‑7 expression 
suppression in breast cancer cells (61). Conversely, DNA hypo‑
methylation is associated with Claudin‑4 overexpression in 
ovarian cancer (62). In gastric cancer, Claudin‑4 overexpression 
is linked to DNA hypomethylation and depletion of suppressive 
histone methylations such as H4K20me3 (63). Additionally, 
the regulation of claudin expression by microRNAs (miRs) is 
a second epigenetic process that has been uncovered (64,65). 
For example, miR‑155 inhibits claudin‑1 protein and mRNA 
expression in ovarian cancer precursor cells (64). To the best of 
our knowledge, the present study identified a novel mechanism 
for regulating Claudin‑4. Specifically, there was a positive 
correlation between Twist1 activity and Claudin‑4 expression as 
Claudin‑4 is a downstream target of this helix‑loop‑helix tran‑
scriptional regulator. Mechanistically, Twist1 transactivated 
production of Claudin‑4 by binding specifically to the gene 
promoter. CRISPR‑Cas9 was used to delete Twist1‑binding 
E‑Box1 domain from the Claudin‑4 promoter, which resulted 
in low expression of Claudin‑4 and suppression of cervical 
cancer cell migration and invasion by increasing E‑cadherin 
and decreasing N‑cadherin expression. Furthermore, Twist1, 
following activation by TGF‑β, induced Claudin‑4 expression, 
leading to cervical cancer cell migration and invasion. While 
mRNA expression of Twist1 and Claudin‑4 in cervical tumor 
tissue showed no significant correlation by Spearman's corre‑
lation analysis. The reason for this negative result may be due 
to the small number of cervical cancer samples in the database 
which leads to the bias of the results, or the GC preference of 
RNA‑sequencing data may affect the final results.  

Because Claudin‑4 serves a key function in the metastasis 
of cervical cancer, antibody‑based treatments targeting this 
protein hold promise. Antibodies that can identify human 
Claudin‑4 at its extracellular loops have been successfully 
produced and anti‑Claudin‑4 antibody has demonstrated anti‑
cancer efficacy in both cell culture and animal models (66,67). 
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Additionally, a dual‑targeting anti‑Claudin‑4 monoclonal anti‑
body with anticancer activity has been developed and validated 
both in vivo and in vitro (68). To the best of our knowledge, the 
processes that drive Claudin‑4‑facilitated tumor progression 
and metastasis are not known. Claudin‑4‑targeted therapies 
for cervical cancer treatment require further exploration.
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