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Abstract. Liver cancer is one of the most common cancer 
types globally. However, the acquisition of drug resistance 
limits the effectiveness of chemotherapy and commonly 
results in metastasis. Therefore, an effective therapeutic 
approach to target chemoresistance-associated cellular 
molecules is imperative. Claudin-1 (CLDN1) has previously 
been reported to be associated with the development of drug 
resistance. The present study investigated the effect of CLDN1 
on the sensitivity of 5-fluorouracil (5-FU)-resistant liver 
cancer cells. Firstly, a 5-FU-resistant HepG2 liver cancer cell 
line (Hep/5FU) was developed by continuous 5-FU treatment. 
MTT proliferation, Transwell and Matrigel assays indicated 
that Hep/5FU cells were significantly resistant to 5‑FU, and 
demonstrated increased migration and invasion abilities, 
compared with parental HepG2 cells. Furthermore, reverse 
transcription-quantitative polymerase chain reaction and 
western blot analysis indicated that mRNA and protein expres-
sion levels of CLDN1 were significantly increased in Hep/5FU 
cells, compared with HepG2 cells. CLDN1 was knocked 
down by transfection with small interference RNA. MTT and 
Annexin V‑fluorescein isothiocyanate/propidium iodide assays 
demonstrated that CLDN1 silencing significantly inhibits 
proliferation and enhances apoptosis induced by 5-FU treat-
ment in Hep/5FU cells, compared with non-silenced Hep/5FU 
cells. Additionally, CLDN1 silencing attenuated the migration 
and invasion capabilities of Hep/5FU cells. In addition, it was 
identified that CLDN1 silencing decreased drug resistance by 
inhibiting autophagy, which was associated with a decrease 
in the ratio of microtubule-associated protein 1A/1B-light 
chain 3 (LC3)-II/LC3-I and upregulation of P62. A cell prolif-
eration assay revealed that the addition of autophagy inhibitor 

3-methyladenine decreased drug resistance of Hep/5FU cells. 
By contrast, incubation with the autophagy agonist Rapamycin 
elevated drug resistance of CLDN1-silenced Hep/5FU cells. In 
summary, these data indicate that CLDN1 may be a potential 
target for resensitizing resistant liver cancer HepG2 cells to 
5-FU by regulating cell autophagy.

Introduction

Liver cancer is one of the most common malignant tumor types, 
exhibiting the highest rate of cancer-associated mortality glob-
ally in 2014 due to uncontrolled cell growth in the liver and 
high metastatic ability (1). Anticancer drugs are frequently 
applied to liver cancer treatment combined with surgical 
therapy and/or radiation therapy (2). However, the majority of 
patients are diagnosed at an advanced stage, when liver cancer 
is highly resistant to the existing therapeutics, which results in 
poor prognosis (3,4). 5-Fluorouracil (5-FU) is an anticancer 
drug that is used as one of the standard chemotherapies for 
liver cancer treatment (5). However, 5-FU therapy has been 
demonstrated to frequently be inefficient due to the acquisition 
of drug resistance and cytotoxicity at high concentrations (6). 
Therefore, investigating the mechanism underlying 5-FU 
resistance and investigating therapeutic strategies, to reverse 
drug resistance and resensitize cancer cells to 5-FU, is vital.

Tight junctions are a type of cell-to-cell adhesion in 
epithelial or endothelial cell sheets, forming continuous seals 
around cells and functioning as a physical barrier to prevent 
solutes and water from passing freely through the paracel-
lular space (7). Tight junctions maintain cell polarity by 
preventing the lateral diffusion of integral membrane proteins 
between the lateral/basal and apical surfaces, allowing the 
specialized functions of each surface to be preserved (8). 
It has also been reported that tight junctions are associated 
with cellular survival, proliferation, migration and differen-
tiation (9). Claudin-1 (CLDN1), a protein that is encoded by 
the CLDN1 gene in humans, belongs to the group of CLDNs 
and serves a crucial role in tight junctions (10,11). Abnormal 
expression of CLDN1 has been demonstrated to destroy the 
epithelial permeability barrier and disrupt cellular polarity, 
which results in decreased cell adhesion (12). Additionally, 
abnormal expression of CLDN1 has been revealed to be 
associated with mechanisms of tumor progression and devel-
opment, including proliferation, migration, invasion and 
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chemotherapy resistance (13-16). CLDN1 has been identified 
to be expressed in multiple tumor tissue types and is involved 
in tumor growth, metastasis and prognosis (15,16). However, 
the function of CLDN1 is distinct in different types of 
tumor (17). To the best of our knowledge, the role of CLDN1 
in the development of 5-FU resistance in liver cancer remains 
unclear (18,19). The present study developed a 5-FU-resistant 
liver cancer HepG2 cell line and investigated the effect of 
CLDN1 and the underlying mechanism in 5-FU resistance 
of HepG2 cells. Additionally, CLDN1 was investigated as a 
potential therapeutic target for enhancing the sensitivity of 
HepG2 cells to 5-FU.

Materials and methods

Cell culture. The human liver cancer cell line HepG2 was 
purchased from the Cell Bank of Type Culture Collection the 
Chinese Academy of Sciences (Shanghai, China). Cells were 
cultured in Dulbecco's modified Eagle's medium (DMEM; 
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
supplemented with 10% fetal bovine serum (FBS; Lonza 
Group, Ltd., Basel, Switzerland), 5 mM L-glutamine, 5 mM 
non-essential amino acids, and 100 U/ml penicillin and 
streptomycin (Invitrogen; Thermo Fisher Scientific, Inc.), in a 
humidified 5% CO2 incubator at 37˚C.

Cultivation of a 5‑FU‑resistant cell line. 5-FU-resistant HepG2 
cells were developed by exposing HepG2 cells to increasing 
concentrations of 5-FU ranging from 10 to 50 mg/l in complete 
medium (Gibco; Thermo Fisher Scientific, Inc.), as described 
previously (20). Briefly, HepG2 cells (2x106 cells/plate) were 
seeded in 60 mm culture plates and allowed to grow. Following 
incubation for 24 h at 37˚C, 10 mg/l 5-FU was added for a 
further 48 h at 37˚C. Subsequently, the medium was removed 
and fresh drug-free medium (cat. no. C11995500BT; Gibco; 
Thermo Fisher Scientific, Inc.) was added. The cells were 
incubated at 37˚C. When 90% confluence was reached, cells 
were trypsinized, replated at a density of 2x106 cells/plate and 
re-exposed to 20 mg/l 5-FU as previously described. This 
process was repeated with increasing doses (40 and 80 mg/l) 
until clones developed resistance to 50 mg/l 5-FU. Following 
exposure to 5‑FU for ≥3 months, living cells were collected, 
termed drug-resistant cells (Hep/5FU) and used for subsequent 
experiments.

Proliferation assay. Cell proliferation was evaluated with an 
MTT assay, for which MTT was obtained from Sigma-Aldrich; 
Merck KGaA (Darmstadt, Germany). A total of 1x104 

Hep/5FU cells and HepG2 cells with 100 µl Dulbecco's 
Modified Eagle's medium (DMEM; Gibco; Thermo Fisher 
Scientific, Inc.) were plated in each well of a 96‑well plate and 
incubated for 24 h at 37˚C. The cells were then treated with 0, 
10, 25, 50, 100, 200 or 400 mg/l 5-FU, 5 mM 3-methyladenine 
(3-MA; Sigma-Aldrich; Merck KGaA) or 10 nM Rapamycin 
(Selleck Chemicals, Houston, TX, USA) for 48 h at 37˚C in 
a 5% CO2 incubator. Subsequently, cells were incubated with 
20 µl 5 mg/ml MTT for 4 h and lysed for 10 min at room 
temperature by addition of 200 µl dimethyl sulfoxide (OriGene 
Technologies, Inc., Rockville, MD, USA). Absorbance was 
measured at 490 nm using a Rainbow microplate reader (Tecan 

Group, Ltd., Mannedorf, Switzerland). Cell proliferation was 
expressed as a percentage of the untreated control cells.

Migration and invasion assays. Cell migration was 
assessed with a Transwell assay using 6.5 mm chambers 
(Corning Incorporated, Corning, NY, USA) with 8-µm pore 
membranes (17). A total of 600 µl DMEM with 40 mg/l 5-FU 
was added to the lower chamber. A suspension of 5x104 cells 
(Hep/5FU and HepG2 cells) in 100 µl DMEM with 1% FBS 
was plated into the upper chamber followed by addition 
of 5-FU. Cells on the undersurface of the polycarbonate 
membranes were stained with crystal violet (Amresco, LCC, 
Solon, OH, USA) for 10 min at room temperature. Stained cells 
were observed using a light microscope (magnification, x100) 
and six fields were selected at random to measure the mean 
cell coverage using Image J software version 1.8.0 (National 
Institutes of Health, Bethesda, MD, USA). The migration of 
Hep/5FU cells was calculated relative to the migration of 
control HepG2 cells. Invasion was assayed using the same 
protocol as the migration assay, with the exception that 70 µl 
1 mg/ml Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) 
was added into the upper face of the membrane.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). Total RNA in Hep/5FU cells and HepG2 
cells was extracted using the Total RNA isolation kit (A&A 
Biotechnology, Gdynia, Poland). cDNA was obtained by RT 
using a RevertAidi cDNA synthesis kit (Fermentas; Thermo 
Fisher Scientific, Inc.) and was amplified using a TaqMan® 

Gene Expression assay (Applied Biosystems; Thermo Fisher 
Scientific, Inc.). The reverse transcription reaction param-
eters were 37˚C for 60 min, followed by 85˚C for 5 min. The 
PCR parameters were as follows: 95˚C for 10 min, followed 
by 40 cycles of 95˚C for 10 sec, 60˚C for 20 sec and 72˚C 
for 3 sec. The primer sequences used for RT-qPCR were as 
follows: CLDN1 forward, 5'-CAG AAG ATG AGG ATG GCT 
GTC ATT-3' and reverse, 5'-AAG GGG GGC ACA GCC TCT 
ATT A-3'; GAPDH forward, 5'-TCC CTG AGC TGA ACG GGA 
AG-3' and reverse, 5'-GGA GGA GTG GGT GTC GCT GT-3'. 
RT-qPCR was performed using an ABI PRISM 7700 Sequence 
Detector (PerkinElmer, Inc., Waltham, MA, USA). mRNA 
expression levels were calculated using the 2‑ΔΔCq method and 
were normalized to the expression level of GAPDH (21). The 
expression level of mRNA in cells was made relative to the 
expression level of mRNA in control cells.

Western blot analysis. Hep/5FU cells and HepG2 cells were 
seeded in a culture dish (2x106 cells/dish) with DMEM, 
cultured overnight and then incubated at room temperature 
with 50 mg/l 5-FU for 48 h. Cells were harvested and washed 
twice with cold PBS, and then lysed in cell lysis buffer 
(catalog no. P0013; Beyotime Institute of Biotechnology, 
Haimen, China) containing a protease inhibitor cocktail (Roche 
Diagnostics, Basel, Switzerland) at 4˚C for 15 min. Following 
centrifugation at 12,000 x g for 10 min at room temperature, the 
supernatant was collected and quantified using a bicinchoninic 
acid quantification kit (Beyotime Institute of Biotechnology). 
The proteins (50 µg/lane) were separated by 12% SDS-PAGE 
(Beijing Solarbio Science & Technology Co., Ltd., Beijing, 
China) and transferred to polyvinylidene fluoride membranes 
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(EMD Millipore, Billerica, MA, USA). The membranes were 
blocked with 5% non-fat dried milk in TBS and Tween-20 for 
1 h at room temperature. The membranes were then incubated 
overnight at 4˚C with the following specific primary anti-
bodies: Anti-CLDN1 (1:1,000; catalog no. ab15098; Abcam, 
Cambridge, UK), anti-LC3 I/II (1:1,000; catalog no. 4108S; 
Cell Signaling Technology, Inc., Danvers, MA, USA), anti-P62 
(1:1,000; catalog no. 8025S; Cell Signaling Technology) and 
rabbit polyclonal anti-GAPDH (1:2,000; catalog no. sc-25778; 
Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Following 
the primary incubation, membranes were incubated for 2 h 
at room temperature with either of the following horseradish 
peroxidase-conjugated secondary antibodies: Goat anti-mouse 
(1:2,000; catalog no. sc-2005; Santa Cruz Biotechnology, 
Inc.) and goat anti-rabbit IgG (1:2,000; catalog no. sc-2004; 
Santa Cruz Biotechnology, Inc.). Protein bands were visual-
ized using ECL-detecting reagent (GE Healthcare, Chicago, 
IL, USA) and quantified by densitometry using Quantity One 
software (version 4.6.6; Bio-Rad Laboratories, Inc., Hercules, 
CA, USA). Protein amounts were expressed relative to the 
internal reference GAPDH.

RNA interference of CLDN1. Small interference (si)RNAs 
against CLDN1 (siCLDN1) and the negative control (siNC) 
were designed and chemically synthesized by Shanghai 
GenePharma Co., Ltd. (Shanghai, China). Cell transfections 
were conducted using Lipofectamine® 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.), according to the manu-
facturer's protocol. Briefly, 1.5 l 25 pmol/l siCLDN1 or 
siNC and 1 µl Lipofectamine® 2000 were added into vials 
containing 50 µl Opti Memi medium (Thermo Fisher 
Scientific, Inc.) at room temperature. After 5 min, the 
liquids in the vials were mixed before standing for 20 min 
at room temperature, and then the mixture was added to 
the cells and incubated for 6 h. Fresh DMEM supplemented 
with 10% FBS was provided and cells were grown for 48 h 
prior to subsequent experiments.

Furthermore, Hep/5FU cells transfected with negative 
control siRNA or siRNA against CLDN1 were treated with 
50 mg/l 5-FU for 48 h. Non-silenced Hep/5FU cells were 
treated with or without 5 mM 3-MA, an autophagy inhibitor, 
for 48 h. CLDN1-silenced Hep/5FU cells were treated with 
or without 10 nM Rapamycin, an autophagy agonist, for 48 h.

Apoptosis assay. Hep/5FU cells and HepG2 cells were 
grown to 80% confluence at room temperature and treated 
with 50 mg/l 5-FU for 48 h at room temperature. Cells were 
collected, washed three times using TBS + 0.1% Tween-20 
for 5 min and resuspended in PBS at room temperature. 
Apoptosis was analyzed using Annexin V‑fluorescein isothio-
cyanate (FITC)/propidium iodide (PI) assay (eBioscience, 
USA), according to the manufacturer's protocol. Briefly, the 
cells were washed three times with PBS + 0.1% Tween-20 and 
subsequently incubated for 15 min at room temperature in 
the dark with 100 µl 1X Annexin binding buffer containing 
5 µl Annexin V-FITC and 2 µl PI. This detected the amount 
of phosphatidylserine on the outer surface of the plasma 
membrane, a biochemical alteration unique to membranes 
of apoptotic cells, and the amount of PI, a dye that enters 
dead cells or cells in the late stages of apoptosis and binds 

to DNA but does not bind to the plasma membrane of viable 
cells. Fluorescence was detected using a flow cytometer and 
data were analyzed using CellQuest software version 5.1 (BD 
Biosciences). Cells with phosphatidylserine on their surface 
were considered to be apoptotic, including early apoptotic 
cells and late apoptotic cells.

Transmission electron microscopy (TEM). Cells were tryp-
sinized and fixed in 0.1 M cacodylate buffer (pH 7.4) and 
2.5% glutaraldehyde for 2 h at room temperature and were 
washed twice using precooled PBS. Subsequently, cells were 
post‑fixed in 0.1 M cacodylate buffer (pH 7.4) and 1% osmium 
tetroxide. The fixed cells were rinsed with PBS, dehydrated 
with various doses of ethanol and embedded in epoxy resin. 
The ultrastructures of autophagic cells were observed and 
images were obtained using an electron microscope (magni-
fication, x10,000 or x20,000; JEM‑1200; JEOL, Ltd., Tokyo, 
Japan) at 80 kV.

Statistical analysis. Data were obtained from a minimum of 
three experiments. Statistical analysis was performed using 
SPSS software (version 13.0; SPSS, Inc., Chicago, IL, USA). 
Data are presented as the mean ± standard error of the mean. 
One-way analysis of variance was used to assess differences 
between groups. Duncan's multiple range test was employed 
for pairwise comparison, followed by Bonferroni correction. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Development of 5‑FU‑resistant HepG2 cells. To examine 
the mechanism underlying 5-FU resistance in liver cancer, a 
5-FU resistant Hep/5FU cell model was first developed. Cell 
growth was assessed using an MTT assay and growth curves 
of Hep/5FU and HepG2 cells are depicted in Fig. 1A. The 
data demonstrated that Hep/5FU cells grew faster, compared 
with HepG2 cells, at the same time interval. Additionally, 
the maximal half inhibitory concentration (IC50) values of 
5-FU were determined by exposing Hep/5FU and HepG2 
cells to different concentrations of 5-FU for 48 h. IC50 values 
of 5-FU in Hep/5FU and HepG2 cells were calculated to be 
260 and 41 mg/l, respectively (Fig. 1B). Additionally, migra-
tion and invasion capabilities of Hep/5FU cells were identified 
to be significantly increased, compared with HepG2 cells 
(Fig. 1C and D). These data indicate that a 5-FU-resistant 
HepG2 cell line was successfully constructed, which demon-
strated an increased migration and invasion ability, compared 
with HepG2 cells.

CLDN1 silencing resensitizes resistant HepG2 cells to 5‑FU. 
To detect the role of CLDN1 in the generation of 5-FU resis-
tance in HepG2 cells, the expression level of CLDN1 was 
examined. RT-qPCR demonstrated that the mRNA expression 
level of CLDN1 was significantly increased in 5‑FU‑resistant 
HepG2 cells, compared with HepG2 cells (Fig. 2A). 
Additionally, western blot analysis demonstrated that the 
protein expression level of CLDN1 was significantly increased 
in 5-FU-resistant HepG2 cells, compared with HepG2 cells 
(Fig. 2B). Furthermore, the expression of CLDN1 was silenced 
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Figure 2. Role of CLDN1 in proliferation and apoptosis of Hep/5FU cells. (A) Cells were collected and total RNA was extracted for reverse transcription-quan-
titative polymerase chain reaction to evaluate the mRNA expression level of CLDN1 in Hep/5FU and HepG2 cells. **P<0.01 vs. HepG2 cells. (B) Cells were 
collected and lysed, and western blot analysis with an anti-CLDN1 antibody was used to examine the protein level of CLDN1. GAPDH expression level was 
detected as a reference. The protein bands were quantified by densitometry and the expression levels were expressed as a ratio relative to the expression level 
in HepG2 cells. Data are presented as the mean ± SEM of three independent experiments. **P<0.01 vs. HepG2 cells. (C) Hep/5FU cells were transfected with 
siCLDN1 or negative control for 48 h. Subsequently, western blot analysis was used to detect CLDN1 protein expression using an anti-CLDN1 antibody. 
GAPDH expression level was detected as a reference. The protein bands were quantified by densitometry and the expression levels were expressed as a ratio 
relative to the expression level in HepG2 cells. Data are presented as the mean ± SEM of three independent experiments. **P<0.01 vs. control cells. Hep/5FU 
cells were transfected with negative control or siCLDN1 and cultured in the presence or absence of 50 mg/l 5-FU for 48 h. (D) Cell proliferation was 
analyzed with an MTT assay and (E) cell apoptosis was evaluated by Annexin V‑fluorescein isothiocyanate/propidium iodide assay. Data are presented as the 
mean ± SEM of three independent experiments. **P<0.01. NS, no significance; CLDN1, claudin‑1; Hep/5FU, 5‑fluorouracil‑resistant HepG2; SEM, standard 
error of the mean; siCLDN1, small interfering RNA targeting claudin-1.

Figure 1. Characterization of Hep/5FU and HepG2 cells. (A) Cells were maintained in 96-well plates and cell proliferation was assessed with an MTT assay 
at the indicated time intervals. Growth curves of the two cell lines were generated. (B) Cells were incubated in 100 µl DMEM for 24 h and treated with 0, 10, 
25, 50, 100, 200 or 400 mg/l 5-FU for 48 h. Cell proliferation was evaluated with an MTT assay. Maximal half inhibitory concentration values of 5-FU for 
the two cell lines were calculated. (C) Hep/5FU and HepG2 cells were seeded into the upper chamber for migration assays. (D) For invasion assays the upper 
face of the membrane of chamber was covered with 70 µl Matrigel (1 mg/ml) prior to Hep/5FU and HepG2 cells being added. Following incubation, cell 
migration and invasion were evaluated. Migration and invasion were calculated relative to that of HepG2 cells. *P<0.05 vs. HepG2 cells. Data are presented as 
the mean ± standard error of the mean of three independent experiments. Hep/5FU, 5‑fluorouracil‑resistant HepG2.
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by transfection siRNA and western blot analysis revealed a 
significant decrease of CLDN1 expression in CLDN1‑silenced 
Hep/5FU cells, compared with non-silenced control cells 
(Fig. 2C). Additionally, Hep/5FU cells were transfected with 
negative control or siRNA against CLDN1 and cultured in the 
presence or absence of 50 mg/l 5-FU for 48 h. Cell prolifera-
tion was analyzed with an MTT assay. A slight decrease was 
observed in the proliferation of CLDN1-silenced Hep/5FU 
cells, compared with non-silenced Hep/5FU control cells, under 
identical experimental conditions without 5-FU treatment. 
Additionally, cell proliferation of CLDN1-silenced Hep/5FU 
cells was significantly decreased following 5‑FU treatment, 
compared with 5-FU-treated non-silenced Hep/5FU control 
cells, and the growth of non-silenced Hep/5FU control cells 
was not significantly affected by 5‑FU treatment, compared 
with untreated control cells (Fig. 2D).

Subsequently, Hep/5FU cells were transfected with nega-
tive control or siRNAs against CLDN1 and cultured in the 
presence or absence of 50 mg/l 5-FU for 48 h. Cell apoptosis 
was evaluated with an Annexin V-FITC/PI assay. These 
data indicate that CLDN1 silencing significantly increased 
apoptosis following treatment with 5-FU in Hep/5FU cells, 
compared with non-silenced Hep/5FU cells (Fig. 2E). 
However, 5‑FU treatment did not significantly induce apop-
tosis in non-silenced Hep/5FU cells, compared with untreated 
control cells (Fig. 2E). These results indicate that CLDN1 is 
associated with the resistance of HepG2 cells to 5-FU and 
CLDN1 silencing may increase the sensitivity of resistant 
Hep/5FU cells to 5-FU by enhancing the apoptosis triggered 
by 5-FU treatment.

CLDN1 silencing decreases migration and invasion of 
Hep/5FU cells. To further investigate the effect of CLDN1 on 
5-FU resistance of Hep/5FU cells, the expression of CLDN1 
was downregulated using siRNA, and cells were cultured in 
the presence or absence of 50 mg/l 5-FU for 48 h. Cell migra-
tion and invasion were then evaluated. Transwell and Matrigel 
assays demonstrated the migration and invasion abilities, 
respectively. Following treatment with 5-FU, the migration 
and invasion abilities of CLDN1-silenced Hep/5FU cells were 
significantly decreased, compared with CLDN1 non‑silenced 
Hep/5FU cells (Fig. 3). These data indicate that regulation of 
cell motility by CLDN1 may be involved in the development 
of drug resistance in Hep/5FU cells.

CLDN1 silencing reduces drug resistance of Hep/5FU cells 
by inhibiting autophagy. To investigate whether CLDN1 
silencing enhances drug sensitivity of Hep/5FU cells by 
affecting autophagy, the ultrastructures of cells were observed 
and imaged using TEM. The results demonstrate that an 
increased number of autophagosomes were observed in 
drug-resistant Hep/5FU cells, compared with HepG2 cells 
(Fig. 4A). By contrast, CLDN1 silencing reversed the phenom-
enon and inhibited cell autophagy of Hep/5FU cells, compared 
with non-silenced Hep/5FU cells (Fig. 4B). Additionally, 
it was revealed that the ratio of LC3B II/I was significantly 
increased in Hep/5FU cells, compared with HepG2 cells, 
while CLDN1 silencing significantly decreased the ratio of 
LC3B II/I in Hep/5FU cells, compared with non-silenced 
Hep/5FU cells (Fig. 4C). Additionally, a significantly reduced 

expression of P62 was observed in Hep/5FU cells, compared 
with HepG2 cells, while CLDN1 silencing significantly 
increased the expression of P62 in Hep/5FU cells, compared 
with non-silenced Hep/5FU cells (Fig. 4C).

Subsequently, cell proliferation was detected with an MTT 
assay. The results demonstrate that the addition of autophagy 
inhibitor 3-MA significantly decreased drug resistance of 
Hep/5FU cells, compared with control cells, while incubation 
with autophagy agonist Rapamycin significantly increased 
drug resistance of CLDN1-silenced Hep/5FU cells, compared 
with cells not treated with Rapamycin (Fig. 4D). These data 
indicate that CLDN1 silencing resensitizes resistant HepG2 
cells to 5-FU, possibly by regulating cell autophagy.

Discussion

5-FU is one of the most common anticancer drugs and is used 
as one of the standard chemotherapies for liver cancer (22). 
However, cancer cells usually develop resistance to 5-FU, 
which is the main cause of treatment failure (7). Overcoming 
drug resistance may be significant to improve prognosis and 
survival rates of liver cancer. 5-FU has been demonstrated to 
irreversibly inhibit thymidylate synthase and act as an anti-
metabolite, resulting in defection of DNA and RNA synthesis, 
and thus inducing apoptosis and inhibiting cell growth (23). 
Therefore, it is important to investigate the mechanism of 
5-FU resistance. The present study developed Hep/5FU cells 
and demonstrated that Hep/5FU cells exhibited enhanced 
migration, invasion and cell autophagy. Additionally, the 

Figure 3. Effect of CLDN1 silencing on the motility of Hep/5FU cells. 
Hep/5FU cells were transfected with negative control or siCLDN1 and 
cultured in the presence or absence of 50 mg/l 5-FU for 48 h. (A) Migration 
and (B) invasion were evaluated. Data are presented as the mean ± SEM 
of three independent experiments. **P<0.01. NS, no significance; CLDN1, 
claudin‑1; Hep/5FU, 5‑fluorouracil‑resistant HepG2; siCLDN1, small inter-
fering RNA targeting claudin-1.
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expression of CLDN1 in Hep/5‑FU cells was identified to be 
significantly increased, compared with 5‑FU sensitive HepG2 
cells, and was associated with tumor cell biological functions. 
In addition, it was revealed that downregulation of CLDN1 
expression in Hep/5FU cells inhibited cell autophagy and 
resensitized drug-resistant Hep/5FU cells to 5-FU.

Tight junctions serve important roles in epithelial cells 
by maintaining cell polarity and the epithelial barrier (8,9). 
Abnormal expression and distribution of tight junctions is 
associated with characteristics of tumor progression and 
development, including growth, migration and invasion (10). 
CLDN1, a key protein in tight junctions, is associated with 
tumor metastasis and recurrence (14-16,18). It has been 
reported that CLDN1 is associated with the prognosis of colon 
cancer and enhances the invasion and migration of tumor 
cells (24). Additionally, it has been demonstrated that regula-
tion of osteosarcoma cell motility by CLDN1 is associated 
with the intracellular localization of CLDN1 protein (25). 

It has been identified that the high expression of CLDN1 
indicates a poor prognosis of patients with non-small-cell 
lung carcinoma and downregulation of CLDN1 expression 
hinders cellular migration in breast cancer (26). Furthermore, 
upregulation of CLDN1 was determined to stimulate cell 
proliferation and motility in liver cancer (27). It has been 
reported that CLDN1 expression is elevated in nasopha-
ryngeal carcinoma cells following treatment with 5-FU and 
upregulation of CLDN1 expression confers resistance to 
5-FU (23). However, to the best of our knowledge, the role 
of CLDN1 in drug resistance of liver cancer to 5-FU remains 
unclear.

In the present study, resistant Hep/5FU cells were 
constructed, which exhibited resistance to 50 mg/l 5-FU and 
demonstrated increased levels of cell proliferation, migration 
and invasion. Additionally, the expression level of CLDN1 
was significantly increased in Hep/5FU cells, compared with 
HepG2 cells, which indicates that CLDN1 may be positively 

Figure 4. Association between autophagy and drug resistance of Hep/5FU cells. (A) HepG2 and Hep/5FU cells were cultured to 80% confluence and autophagy 
was detected. The ultrastructures of cells undergoing autophagy were observed and imaged using TEM. Magnification, x10,000. Black arrows indicate 
autophagosomes. (B) Autophagy of Hep/5FU cells transfected with siNC or siCLDN1 was observed using TEM. Magnification, x20,000. Black arrows 
indicate autophagosomes. (C) Protein expression levels of LC3 I/II and P62 in HepG2 and Hep/5FU cells, as well as Hep/5FU cells transfected with siNC or 
siCLDN1 were assessed by western blot analysis using the corresponding antibodies. Protein bands were quantified by densitometry and the expression levels 
were expressed as a ratio relative to the expression level in HepG2 or siNC-transfected cells. **P<0.01 vs. HepG2 cells or siNC-transfected cells. (D) Hep/5FU 
cells were treated with or without siCLDN1, 5 mM 3-MA or 10 nM Rapa combined with 50 mg/l 5-FU for 48 h, and cell proliferation was detected with an 
MTT assay. **P<0.01. CLDN1, claudin‑1; Hep/5FU, 5‑fluorouracil‑resistant HepG2; siCLDN1, small interfering RNA targeting claudin‑1; TEM, transmission 
electron microscopy; LC3, microtubule-associated protein 1A/1B-light chain 3; 3-MA, 3-methyladenine; Rapa, Rapamycin; NC, negative control.
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associated with drug resistance of HepG2 cells to 5-FU. The 
inhibitory effect of 5-FU on cell proliferation, migration and 
invasion increased following silencing of CLDN1 by transfec-
tion with siRNA. 5-FU induced cell apoptosis and therefore 
reduced drug resistance. These data indicate that CLDN1 
expression increases drug resistance in Hep/5FU cells by 
attenuating the inhibition of 5-FU on proliferation and cell 
motility. It has previously been identified that the expression 
and anti-apoptotic activity of CLDN1 can be regulated by 
E-cadherin, which has been associated with the development 
of 5-FU resistance in nasopharyngeal carcinoma cells (28). 
Whether E-cadherin is involved in the modulation of CLDN1 
and 5-FU resistance in HepG2 cells requires further investi-
gated in future studies.

Autophagy is a homeostatic process that is respon-
sible for degrading intracellular organelles and damaged 
proteins via the delivering of cytoplasmic cargo to the 
lysosome, which achieves cell metabolism and renews 
organelles (29). Autophagy serves an important role in 
the progression and development of liver cancer (30). 
However, the role of autophagy in drug resistance of liver 
cancer is not clear. In the present study, increased levels 
of autophagy were observed in Hep/5FU cells, compared 
with HepG2. Silencing of CLDN1 inhibited autophagy in 
Hep/5FU cells and was associated with a downregulation 
of the ratio of the LC3 II/I protein and the upregulation 
of P62. The inhibition of autophagy in Hep/5FU cells 
by 3-MA resulted in a decrease in drug resistance of 
the cells, while activation of autophagy by Rapamycin 
restored drug resistance of CLDN1-silenced Hep/5FU cells 
to 5-FU. It has been reported that unc-51 like autophagy 
activating kinase 1 (ULK1) serves a critical role in regu-
lating autophagy of tumor cells and activates autophagy 
by phosphorylation, which can be mediated by adenosine 
monophosphate-activated protein kinase (AMPK) (30,31). 
Autophagy-related protein 13 (ATG13), a target of the 
target of rapamycin kinase signaling pathway, modulates 
autophagy via phosphorylation of ULK1 and ATG13 and 
the regulation of the ATG13/ULK1 complex (32,33). The 
ATG13/ULK1 complex regulates the kinase activity of cell 
proliferation (34). The present study indicated that CLDN1 
modulates the resistance of HepG2 cells to 5-FU by cell 
autophagy. However, to the best of our knowledge, whether 
AMPK/ULK1/ATG13 signaling is involved in the modula-
tion of autophagy by CLDN1 remains unknown. Therefore, 
the underlying mechanism of CLDN1 regulating autophagy 
and affecting drug resistance of HepG2 cells to 5-FU 
requires further investigation.
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