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Abstract. Glutathione transferase Mu 1 (GSTM1) induces 
cancer drug resistance by hydrolyzing cancer chemothera-
peutics or activating the anti‑apoptosis pathway. However, the 
chemoresistance‑inducing mechanism of GSTM1 in hepato-
cellular carcinoma (HCC) remains unknown. In the present 
study, the expression of GSTM1 was examined in three 
HCC cell lines. Oxaliplatin and sorafenib were selected as 
chemotherapeutic agents. Small interfering RNA was used to 
decrease GSTM1 expression. Cell death was measured using 
MTT and annexin V/propidium iodide assays. Activation of 
autophagy was evaluated by green fluorescent protein‑light 
chain 3 redistribution and analysis of autophagy‑related 
5 expression in MHCC97‑H and Huh‑7 cells. A stepwise 
increase in GSTM1 expression with increasing metastatic 
potential of HCC cell lines was revealed. Cell death induced 
by oxaliplatin and sorafenib was significantly increased 
following GSTM1‑knockdown in MHCC97‑H and Huh‑7 
cells. Activation of autophagy was significantly inhibited 
by silencing GSTM1 expression. The results of the present 
study suggest that GSTM1 may protect HCC cells against the 
effect of oxaliplatin treatment through activating autophagy. 
The present study provides a novel perspective on HCC 
drug‑resistance.

Introduction

Hepatocellular carcinoma (HCC) is the second leading 
cause of cancer‑associated mortality worldwide  (1). Of 
patients diagnosed with liver cancer, >70% are diagnosed 
too late for successful surgical treatment, and, of patients 
with HCC who undergo surgery, between 60 and 70% 
relapse within 5 years  (2,3). Therefore, there is an urgent 
requirement to improve antitumor drugs for advanced and 
recurrent HCC. Sorafenib, a multi‑kinase inhibitor that 
prevents tumor cell proliferation by targeting the RAF 
proto‑oncogene/mitogen‑activated protein kinase signaling 
pathway, also inhibits the vascular endothelial growth factor 
receptor and platelet‑derived growth factor receptor‑β, thereby 
inhibiting angiogenesis (�����������������������������������������4����������������������������������������). Sorafenib is the first line of treat-
ment against unresectable HCC (5,6). However, widespread 
sorafenib‑resistance exists in patients with advanced HCC, 
which significantly decreases the therapeutic efficacy of the 
drug  (7,8). The third‑generation platinum drug oxaliplatin 
has been widely used for the treatment of various types of 
cancer, including colon, gastric and metastatic liver cancer (9). 
Clinical trials of oxaliplatin in advanced HCC revealed 
moderate activity, but limited efficacy (10). The reason for 
this is partly intrinsic multidrug resistance and acquired drug 
resistance following chemotherapy (11). Therefore, elucidation 
of the mechanism of drug resistance is required to improve the 
prognosis of patients with HCC.

The glutathione transferases (GSTs) are a gene superfamily 
of phase II metabolic enzymes that detoxify free radicals 
derived from tobacco smoke, oxidative stress and carcinogens, 
including benzopyrene and other polycyclic aromatic hydro-
carbons (12). A previous study by our group demonstrated 
that the GST Mu 1 (GSTM1)‑null genotype may increase 
the risk of HCC (13). It is speculated that the expression of 
GSTM1 is associated with tumor suppression in HCC tumori-
genesis. However, the GSTs are considered to be directly 
involved in the metabolic pathways of drug resistance (14). 
It was also demonstrated that GSTs were able to function 
in vivo and in vitro as endogenous repressors of the opening 
of a permeability transition pore complex, which contributed 
to chemotherapy‑induced apoptosis  (15). Thus, GSTs may 
protect tumor cells from chemotherapy drugs via metabolic or 
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non‑metabolic pathways. In the present study, the underlying 
molecular mechanism of GSTM1‑mediated chemoresistance 
in HCC was investigated.

A previous study by our group demonstrated that 
autophagy defects during early stages of oncogenesis may 
contribute to the malignant differentiation and invasive pheno-
type of HCC (16). Furthermore, autophagy is able to protect 
HCC tumor cells against anti‑neoplastic agent‑induced apop-
tosis (17). In the present study, oxaliplatin and sorafenib were 
selected as chemotherapeutic agents, and the levels of GSTM1 
were analyzed in HCC cell lines with various metastatic 
potentials. It was hypothesized that there would be an asso-
ciation between GSTM1 expression and autophagy following 
oxaliplatin treatment.

Materials and methods

Reagents. Oxaliplatin was purchased from Sigma‑Aldrich; 
Merck KGaA (Darmstadt Germany). Sorafenib was synthe-
sized at Bayer (Newbury, UK). Oxaliplatin and sorafenib were 
dissolved in Dulbecco's modified Eagle's medium (DMEM) 
containing 0.1% dimethylsulfoxide (Invitrogen; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA).

Cell lines. The HCC cell lines HCCLM3 and MHCC97‑H 
(established in Liver Cancer Institute of Zhongshan Hospital, 
Fudan University, Shanghai China) have different lung 
metastatic potentials and the same genetic background. The 
HCC cell line Huh‑7 has low metastatic potential, and was 
purchased from the Institute of Biochemistry and Cell Biology 
(The Chinese Academy of Sciences, Shanghai, China). All 
cells were maintained in high‑glucose DMEM supplemented 
with 10% heat‑inactivated fetal bovine serum, 100 units/ml 
penicillin and 100 mg/ml streptomycin. All cells were cultured 
at 37˚C in a humidified incubator containing 5% CO2.

MTT assay. The cell viability was assessed using an MTT cell 
proliferation assay kit (Trevigen Inc., Gaithersburg, MD, USA), 
according to the manufacturer's protocol. In total, 5x103 cells 
were plated in 96‑well plates, incubated for 24 h at 37˚C. After 
24 h incubation and attachment, the cells were treated with 
10 µmol/l oxaliplatin or 20 µmol/l sorafenib for an additional 
12, 24, 36, and 48 h, respectively. Then, 20 µl of MTT solution 
(5 mg/ml) was added to each well for and incubated for 4 h 
at 37˚C. The supernatant in each well was then gently aspi-
rated, and 150 µl dimethyl sulfoxide was added to each well to 
dissolve the crystals, and the plate was shaken on a horizontal 
shaker for 10 min. The optical density (OD) at 570 nm were 
measured using a microplate reader, and the inhibition ratio 
was calculated using the following equation: Inhibition ratio 
(%)=(1‑OD value of the experimental group/OD value of the 
control group) x100.

Annexin V/propidium iodide (PI) assay. The number of 
apoptotic cells was determined using annexin V/PI staining 
(Annexin V, Alexa Fluor 555 conjugate; Thermo Fisher 
Scientific, Inc.), according to the manufacturer's protocol (18). 
Cells were analyzed using a flow cytometer, and data were 
analyzed using CellQuest software version 3.3 (BD Bioscience, 
Franklin Lakes, NJ, USA).

Western blot analysis. Protein extraction from the HCCLM3, 
MHCC97‑H and Huh‑7 cells was performed using a radio-
immunoprecipitation assay buffer (Beyotime Institute of 
Biotechnology, Haimen, China) containing 1% protease inhib-
itor. Total protein was measured using a bicinchoninic acid 
assay kit (Pierce; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocol. A total of, 200  µg/well 
protein was loaded in 5% acrylamide and separated by 10% 
SDS‑PAGE and transferred onto polyvinylidene difluoride 
membranes. The membranes were washed in TBS 3 times 
and blocked in TBS with 0.05% Tween‑20 (ST825, Beyotime 
Institute of Biotechnology) containing 5% non‑fat dried milk 
for 1 h at room temperature, and the membrane was then incu-
bated with primary antibodies against the following: GSTM1 
(dilution, 1:1,000; cat. no. ab113432; Abcam, Cambridge, UK), 
autophagy related 5 (ATG5) (dilution, 1:1,000; cat. no. 12994; 
CST Biological Reagents Co., Ltd., Shanghai, China) and 
GAPDH (dilution, 1:10,000; cat. no.  AP0063; Bioworld 
Technology, Inc., St. Louis Park, MN, USA) at 4˚C overnight. 
The membranes were then incubated with a horseradish perox-
idase‑conjugated goat anti‑rabbit secondary antibody (dilution, 
1:10,000; cat. no. A16110; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) for 2 h at room temperature. The protein 
bands were visualized using enhanced chemiluminescence 
western blotting substrate (Pierce; Thermo Fisher Scientific, 
Inc.,), and captured by ChemiDoc™ XRS+ system (Bio‑Rad 
Laboratories, Hercules, CA, USA) and the densitometry of 
the protein bands were determined by ImageLab version 3.0 
(Bio‑Rad Laboratories).

RNA interference. High‑performance purity grade small 
interfering RNA (siRNA; >90% pure) against GSTM1 
(GSTM1‑siRNA) was obtained from OriGene Technologies, 
Inc. (cat. no. SR301988; Rockville, MD, USA). A non‑silencing 
oligonucleotide sequence was used as a negative control (nega-
tive control siRNA, cat. no. SR30004; OriGene Technologies, 
Inc.). MHCC97‑H and Huh‑7 cells were seeded at a density 
of 5x104 cells/well in 6‑well plates and cultured in DMEM 
containing 10% FBS. At 1 day after seeding, cells were 
transfected with 100 pmol GSTM1‑siRNA or negative siRNA 
using Lipofectamine™ 2000 (Thermo Fisher Scientific, Inc.), 
according to the manufacturer's protocol. Cells were lysed 
72 h after transfection, and protein was analyzed by western 
blotting.

Autophagy analysis. For the quantitative analysis of 
autophagy, 2x105 of MHCC97‑H or Huh‑7 cells were seeded 
in 6‑well plates at 37˚C and transfected with 4 µg GFP‑LC3 
plasmid (concentration, 1  µg/µl; Beyotime Institute of 
Biotechnology, Haimen, China) at 25˚C using Lipofectamine 
2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according 
to the manufacturer's protocol for 24 h and then the cells were 
exposed to 10 µmol/l oxaliplatin for 12 h at 37˚C. Autophagy 
was assessed by green fluorescent protein (GFP)‑light chain 3 
(LC3) redistribution analysis. Redistribution of GFP‑LC3 was 
assessed by determining the number of GFP‑LC3‑positive dots 
per transfected cell in three independent experiments using an 
inverted fluorescence microscope (magnification, x200; Nikon 
Corporation, Tokyo, Japan). In total, eight randomly selected 
fields, each containing ~200 cells, were analyzed per well.
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Statistical analysis. All data are presented as the 
mean ± standard deviation. An unpaired two‑tailed Student's 
t‑test was used to compare the difference between two groups, 
and one‑way analysis of variance was used to compare ≥3 
groups, followed by the Dunnett's post‑hoc test. P<0.05 was 
considered to indicate a statistically significant difference.

Results

GSTM1 expression in HCC cell lines. Western blotting 
revealed a 26‑kDa band, corresponding to membrane‑bound 
GSTM1 protein in human HCC cell lines. Semi‑quantitative 
analysis demonstrated that the GSTM1 protein expression 
level increased with the increasing metastatic potential of 
HCCLM3, MHCC97‑H and Huh‑7 cells (P<0.01) (Fig. 1).

Inhibition of GSTM1 promotes apoptosis following treatment 
with oxaliplatin. To investigate further the function of GSTM1 
in chemotherapy‑induced cell death, the expression of GSTM1 
was inhibited using GSTM1‑siRNA transfection of highly 
invasive MHCC97‑H cells and low‑invasive Huh‑7 cells. 
Western blotting revealed that the protein expression level of 
GSTM1 was markedly inhibited following transfection, indi-
cating that GSTM1 expression was successfully silenced by 
RNA interference (Fig. 2).

There was no difference in viability prior to oxaliplatin or 
sorafenib treatment. However, inhibition of GSTM1 expres-
sion in Huh‑7 cells abolished the protective effect of GSTM1 
and decreased cell viability by 6.7 and 11%, respectively, 
following treatment with oxaliplatin for 24 and 48 h, compared 
with control cells. Similarly, silencing GSTM1 expression in 
MHCC97‑H cells markedly decreased cell viability following 
treatment with oxaliplatin for 24 and 48 h by 3.3 and 8.2%, 
respectively, compared with control cells (Fig. 3A). Induction 
of apoptosis by oxaliplatin was further evaluated by annexin V 
staining. As presented in Fig. 3B, silencing of GSTM1 signifi-
cantly increased the proportion of annexin V‑positive 
MHCC97‑H and Huh‑7 cells following exposure to oxali-
platin. In addition, Huh‑7 and MHCC97‑H cells transfected 
with GSTM1‑siRNA also demonstrated increased sensitivity 
to sorafenib (Fig. 3C).

Inhibition of GSTM1 protects against autophagy following 
oxaliplatin treatment. GFP‑LC3 expression shifted from 
a diffuse cytoplasmic pattern to a punctate membranous 
pattern following exposure of MHCC97‑H and Huh‑7 cells 
to oxaliplatin for 12 h, indicating the formation of autophagic 
vacuoles. Oxaliplatin‑treated cells exhibited a significantly 
increased number of GFP‑LC3‑positive fluorescent autophagy 
vesicles per cell compared with untreated cells (Huh‑7, 
P<0.05; MHCC97‑H, P<0.01). GSTM1‑siRNA transfection 
significantly decreased the number of fluorescent autophagy 
vesicles in oxaliplatin‑treated cells, compared with nega-
tive control cells. No significant difference was identified 
between GSTM1‑siRNA‑transfected cells and negative 
control cells when not exposed to oxaliplatin (Fig. 4A and B). 
Western blotting revealed that the expression of ATG5 was 
markedly decreased in GSTM1‑siRNA‑transfected cells 
compared with negative control cells following oxaliplatin 
treatment (Fig. 5).

Figure 1. Expression of GSTM1 in HCC cell lines. The protein expression 
level of GSTM1 in HCCLM3, MHCC97‑H and Huh‑7 cells was examined by 
western blotting. Semi‑quantitative analysis demonstrated that the GSTM1 
protein expression level increased with the increasing metastatic potential 
of HCCLM3, MHCC97‑H and Huh‑7 cells. **P<0.01. GSTM1, glutathione 
transferase Mu 1; HCC, hepatocellular carcinoma.

Figure 2. Silencing of GSTM1 expression in Huh‑7 and MHCC97‑H cells. 
Western blot analysis of the expression of GSTM1 in MHCC97‑H and Huh‑7 
cells following GSTM1‑siRNA transfection and it revealed that the protein 
expression level of GSTM1 was markedly inhibited following transfection, 
indicating that GSTM1 expression was successfully silenced by RNA inter-
ference. **P<0.01. GSTM, glutathione transferase Mu 1; negative siRNA, 
negative control small interfering RNA; GSTM1‑siRNA, GSTM1‑targeted 
small interfering RNA.
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Discussion

Resistance to anticancer agents is a major obstacle in the 
improvement of cancer therapy. It is widely accepted that 
GSTs participate in drug resistance processes by catalyzing 
the conjugation of glutathione (GSH) to drugs, including cispl-
atin, oxaliplatin, cyclophosphamide and doxorubicin (19,20). 
GS‑drug conjugates are hydrophilic and easily fluxed out of 
the cell through transporter proteins, which often contribute 
to the mechanism of drug resistance (21). The results of the 
present study indicate that the expression of GSTM1 was low 
in HCC cells with low metastatic potential, compared with in 

HCC cells with high metastatic potential. It has been demon-
strated previously that HCC cell lines with high metastatic 
potential are less sensitive to chemotherapy (22). Therefore, it 
is speculated that GSTM1 expression is associated with cancer 
drug resistance in HCC cells.

MHCC97‑H cells exhibit high metastatic potential (23,24), 
and it has been demonstrated that MHCC97‑H cells exhibit 
increased resistance to chemotherapeutics compared with 
HCC cell lines with low metastatic potential  (23‑25). 
Similarly, previous studies have demonstrated that Huh‑7 
cells exhibit low metastatic potential and relatively weak 
chemoresistance (26,27). In the present study, it was revealed 

Figure 3. GSTM1‑mediated apoptosis following treatment with oxaliplatin or sorafenib. (A) Huh‑7 and MHCC97‑H cells were treated with 10 µmol/l oxaliplatin 
for the indicated durations, and cell viability was determined using an MTT assay. Inhibition of GSTM1 expression in Huh‑7 and MHCC97‑H cells abolished 
the protective effect of GSTM1 to oxaliplatin. (B) Huh‑7 and MHCC97‑H cells were treated with 10 µmol/l oxaliplatin following silencing of GSTM1. The 
percentage of dead cells was determined by annexin V staining. Silencing of GSTM1 significantly increased the proportion of annexin V‑positive MHCC97‑H 
and Huh‑7 cells following exposure to oxaliplatin. (C) Huh‑7 and MHCC97‑H cells were treated with 20 µmol/l sorafenib for the indicated durations, and cell 
viability was determined using an MTT assay. Huh‑7 and MHCC97‑H cells transfected with GSTM1‑siRNA demonstrated increased sensitivity to sorafenib. 
The data are presented as the mean ± standard deviation of three independent experiments. *P<0.05, **P<0.01. GSTM, glutathione transferase Mu 1; negative, 
negative control small interfering RNA; GSTM1‑siRNA, GSTM1‑targeted small interfering RNA.
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that knockdown of GSTM1 in MHCC97‑H and Huh‑7 cells 
increased resistance to oxaliplatin and sorafenib. Furthermore, 

our previous studies revealed that oxaliplatin and sorafenib 
could induce autophagy of HCC cells which contributed to 

Figure 4. Silencing of GSTM1 expression protects against autophagy following oxaliplatin treatment. (A) Huh‑7 and (B) MHCC97‑H stably expressing the 
GFP‑LC3 fusion protein were established. Following transfection with negative siRNA or GSTM1‑siRNA, cells were exposed to 10 µmol/l oxaliplatin for 
12 h and imaged using fluorescent microscopy. Magnification, x200. The number of GFP‑LC3‑positive dots per transfected cell were determined in three 
independent experiments. In total, eight random fields representing 200 cells were examined. The data are presented as the mean ± standard deviation of 
three independent experiments. GSTM1‑siRNA transfection significantly decreased the number of fluorescent autophagy vesicles in oxaliplatin‑treated cells, 
compared with negative control cells. No significant difference was identified between GSTM1‑siRNA‑transfected cells and negative control cells when not 
exposed to oxaliplatin. *P<0.05, **P<0.01. GSTM, glutathione transferase Mu 1; GFP, green fluorescent protein; LC3, light chain 3; negative siRNA, negative 
control small interfering RNA; GSTM1‑siRNA, GSTM1‑targeted small interfering RNA; NS, no significant difference.

Figure 5. Western blot analysis of ATG5 protein expression in oxaliplatin‑treated HCC cells. The protein expression level of ATG5 in Huh‑7 and MHCC97‑H 
was markedly decreased in GSTM1‑siRNA‑transfected cells compared with negative control cells following oxaliplatin treatment for 12 h. ATG5, 
autophagy‑related 5; HCC, hepatocellular carcinoma; negative siRNA, negative control small interfering RNA; GSTM1‑siRNA, GSTM1‑targeted small 
interfering RNA.
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chemo‑resistance (28,29), and it is reasonable to presume that 
this effect was associated with GSTM1‑derived anti‑apoptotic 
activity; however, it may not be associated with the general 
property of glutathione conjugation by GST.

Autophagy serves as a dynamic recycling system, which 
provides resources for cell homeostasis and repair (30). It has 
been demonstrated that autophagy is able to protect cancer cells 
against hypoxia, metabolic stress, detachment‑induced anoikis 
and apoptosis or necrosis induced by antitumor therapy or other 
cell death stimuli (17,31‑34). ATG5 forms a conjugate with 
autophagy‑related 12 to function in autophagosome formation, 
and is considered to be a marker of autophagy (29,35). To 
directly determine the level of autophagy in MHCC97‑H and 
Huh‑7 cells following treatment with oxaliplatin, GFP‑LC3 
redistribution and the expression of ATG5 were analyzed. 
The increased number of fluorescent autophagy vesicles per 
cell in oxaliplatin‑treated cells compared with in untreated 
cells indicated that oxaliplatin was able to induce autophagy 
in HCC cells. Silencing of GSTM1 expression using siRNA 
allowed the investigation of the association between GSTM1 
and autophagy in HCC cells. The results revealed that 
oxaliplatin‑induced autophagy could be downregulated by 
silencing GSTM1. It can be hypothesized that GSTM1 may 
affect autophagic activity in HCC cells. To the best of our 
knowledge, the present study is the first to investigate the 
GSTM1‑mediated chemoresistance via autophagy in HCC. 
However, the molecular mechanism underlying the effect 
of GSTM1 on autophagy regulation remains unknown, and 
future research should focus on its elucidation.

A previous study revealed that activation of autophagy 
in HCC could contribute to the tolerance of oxaliplatin via 
regulation of the level of reactive oxygen species (ROS) (28). It 
has been demonstrated that GSTs serve an important function 
in cellular protection against oxidative stress in the respira-
tory tract via inhibition of the endogenous production of ROS, 
which is increased by exposure to sulfur mustard (36). Thus, 
it is speculated that regulation of ROS levels may involve 
GSTM1 and autophagic activity.

There are limitations to the present study. Overexpression of 
the gene of interest, GSTM1, may be more effective than gene 
knockdown. Thus, future studies will investigate the effect of 
overexpression of GSTM1 in HCC cell lines, and aim to iden-
tify a potential chemoresistance target in vivo. Furthermore, 
the present study would be improved by including tissues 
collected from patients with HCC exhibiting drug resistance.

In summary, GSTM1 may protect HCC cells against oxali-
platin treatment through activating autophagy. This provides 
a novel perspective to the investigation of drug resistance of 
HCC.
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