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Abstract. The present study examined the effects of cisplatin 
(DDP) on gastric carcinoma cells by inhibiting the expression 
of excision repair cross‑complementing 1 (ERCC1) using RNA 
interference (RNAi). mRNA and protein expression of ERCC1 
were measured in various gastric carcinoma cell lines using 
reverse transcription polymerase chain reaction (RT‑PCR) and 
western blot analysis. Cells were treated with different concen-
trations of DDP and the cell viability was measured using an 
MTT assay. The correlation between the expression of the 
ERCC1 gene and the resistance to DDP in the cells was deter-
mined. The specific ERCC1 small interfering RNA (siRNA) 
was synthesized and then transfected into SGC‑7901/DDP 
cells. Alterations in intracellular ERCC1 mRNA expression and 
protein levels were detected using RT‑PCR and western blot 
analysis, the number of apoptotic cells were measured using 
flow‑cytometry and the cell viability was measured using an 
MTT assay. The gene expression of ERCC1 correlated with the 
resistance to DDP of the cells. mRNA expression of ERCC1 
was significantly reduced 24 h following transfection of ERCC1 
siRNA compared with the mock control group. In addition, 
the number of apoptotic cells was increased and cell viability 
was significantly decreased in the ERCC1 siRNA‑transfected 
group compared with the mock control group, suggesting that 
the sensitivity of SGC‑7901/DDP cells to DDP had significantly 
increased. Cells transfected with siRNA1, siRNA2 and siRNA3 
were significantly more sensitive to DPP (161, 381 and 249%, 
respectively) compared with the mock controls (P<0.05). The 
results of the present study showed that drug resistance to DDP 
in gastric carcinoma is correlated with increased expression of 

ERCC1; therefore, inhibition of ERCC1 by siRNA may amelio-
rate resistance to DDP in gastric carcinoma.

Introduction

Gastric cancer is currently the third most common type of 
cancer and is predicted to remain a significant burden in China 
during the next decade (1). Surgery is the primary strategy used 
for managing early‑stage and locally‑advanced gastric cancer. 
However, most patients are diagnosed at the advanced stages 
of gastric cancer, when surgical eradication is not possible (2). 
Even following radical surgery, the majority of patients with 
advanced gastric cancer develop local or distant recurrences 
and metastases. Growing evidence appears to instead support 
the use of adjuvant chemotherapy, and surgery alone is no 
longer the standard treatment for patients with resectable 
gastric cancer (3‑5).

Fluorouracil coupled with cisplatin (DPP) is a common 
combination regimen used in patients with advanced gastric 
cancer (6,7). DDP is a widely used anticancer drug and exerts 
its activity by inducing the formation of several types of DNA 
adducts (8,9), resulting in the inhibition of DNA synthesis, 
function and transcription. Resistance, however, has limited 
the efficacy of these drugs in the majority of patients with 
gastric cancer. Although DDP resistance is multifactorial, 
the most important resistance mechanism to platinum drugs 
has been attributed to enhanced tolerance and repair of 
DNA damage through the nucleotide‑excision‑repair (NER) 
pathway (5,10). The NER pathway is highly conserved and is 
one of the major DNA repair pathways in mammalian cells 
that counteracts the formation of genetic damage (11). The 
NER pathway repairs bulky lesions, including pyrimidine 
dimers, other photo‑products, large chemical adducts and 
cross‑links (12). The NER pathway is the main mechanism for 
the removal of DPP adducts from genomic DNA. It involves 
at least four steps: i) Damage recognition by a complex of 
bound proteins, including xeroderma pigmentosum, comple-
mentation group C (XPC); ii) unwinding of the DNA by the 
transcription factor II human (TFIIH) complex that includes 
XPD; iii) removal of the damaged single‑stranded fragments 
(usually 27–30 bp) by molecules including an excision repair 
cross‑complementing  1 (ERCC1) and XPF complex; and 
iv) synthesis by DNA polymerases (13).
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The ERCC1 protein has a key role in NER  (14) and 
accounts for the majority of platinum‑DNA adduct repair. 
ERCC1 interacts with other genes, including XPA and XPF, 
in the NER pathway to guide 5'‑incision activity in DNA 
repair (15). Increased levels of ERCC1 mRNA are associated 
with cellular and clinical resistance to platinum compounds 
and to platinum‑based chemotherapy in non‑small‑cell lung 
carcinoma (NSCLC) and gastric cancer (16).

Small interfering RNA (siRNA) technology is a powerful 
method used to downregulate gene expression, and it has been 
widely used for target identification and to study gene func-
tion (17,18). The technique takes advantage of the endogenous 
RNA‑induced silencing complex (RISC), which is capable of 
separating the antisense strand of the siRNA and delivering 
it to its complementary mRNA sequence  (19), leading to 
homology‑dependent degradation of the mRNA strand. Using 
RNA interference (RNAi), gastric cancer cells resistant to 
DDP may become susceptible once more when ERCC1 mRNA 
expression is downregulated. Inhibition of ERCC1 expression 
may therefore present an interesting therapeutic strategy for 
the treatment of gastric cancer. 

In the present study, the correlation between the expres-
sion of ERCC1 and the resistance to DDP in gastric carcinoma 
cells was investigated. ERCC1 gene expression was then 
downregulated by transfection of specific ERCC1 siRNA into 
SGC‑7901/DDP gastric carcinoma cells, which are resistant to 
DDP. The number of apoptotic cells was measured using flow 
cytometry and cell viability was measured using an MTT assay 
in order to investigate whether downregulation of ERCC1 was 
able to overcome the resistance of gastric carcinoma cells to 
DDP.

Materials and methods

Cell culture. The human gastric cancer cell lines BGC‑803, 
SGC‑7901 and SGC‑7901/DDP were obtained from Nanjing 
KeyGen Biotech Co., Ltd. (Nanjing, China). The three cell lines 
were cultured in RPMI‑1640 medium supplemented with 10% 
fetal bovine serum (FBS; Gibco‑BRL, Carlsbad, CA, USA) 
and incubated at 37˚C in a 5% CO2 atmosphere in a humidified 
incubator. A total of 1 mg/l DDP (Qilu Pharmaceutical Co., 
Ltd., Jinan, China) was added to the SGC‑7901/DDP cells to 
maintain the resistance against DDP until three days prior to 
the start of the experiment.

Design, synthesis and transfection of ERCC1 siRNA. Three 
target sites within the ERCC1 gene were selected from the 
human ERCC1 mRNA sequence (GenBank Accession 
no. NM_0001983). The National Centre for Biotechnology 
Information (NCBI) Basic Local Alignment Search Tool 
(BLAST; http://blast.ncbi.nlm.nih.gov/Blast) was used to 
confirm the specificity of the target site to ERCC1. The 
siRNA‑ERCC1 pairs were synthesized by Guangzhou 
RiboBio, Co., Ltd. (Guangzhou, China). The sequences were 
as fol lows: i)   ERCC1 siRNA1 ta rget  sequence, 
5'‑GCCCTTATTCCGATCTACA‑3', sense, 5'‑GCCCUU 
AUUCCGAUCUACA  dTdT‑3' and antisense, 3'‑dTdT 
CGGGAAUAAGGCUAGAUGU‑5'; ii) ERCC1 siRNA2 target 
sequence, 5'‑CGACGTAATTCCCGACTAT‑3', sense, 5'‑CGA 
CGUAAUUCCCGACUAU dTdT‑3' and antisense, 3'‑dTdT 

GCUGCAUUAAGGGCUGAUA‑5'; iii)  ERCC1 siRNA3 
target sequence, 5'‑CCGTGAAGTCAGTCAACAA‑3' sense, 
5'‑CCGUGAAGUCAGUCAACAA  dTdT‑3' and antisense, 
3'‑dTdT GGCACU UCAGUCAGUUGUU‑5'. The cells were 
transfected with the siRNA duplexes using Lipofectamine 2000 
(Invitrogen Life Technologies, Carlsbad, CA, USA) in accor-
dance with the manufacturer's instructions. It was determined 
from the results of the preliminary experiments using 
cy3‑labeled siRNA with the optimal transfection concentra-
tion and time being 50 nm and 24 h, respectively.

Total RNA extraction and reverse transcription‑polymerase 
chain reaction (RT‑PCR) analysis. The total cellular 
RNA was extracted using a TRIzol kit (Invitrogen Life 
Technologies) in accordance with the manufacturer's 
instructions. RT‑PCR was conducted using an RT‑PCR kit 
(Invitrogen Life Technologies) with β‑actin as a reference 
gene. The primer sequences used were as follows: ERCC1 
(276 bp) forward, 5'‑CCGCCAGCAAGGAAGAAA‑3' and 
reverse, 5'‑CTGCCGAGGGCTCACAAT‑3'; β‑actin (438 bp) 
forward, 5'‑GTGGACATCCGCAAAGAC‑3' and reverse, 
5'‑GCTGTCACCTTCACCGTTC‑3'. RT‑PCR was performed 
under the following conditions: 94˚C for 5 min, followed by 
30 cycles of 94˚C for 45 sec, 51˚C for 45 sec and 72˚C for 
45 sec. The final extension was at 72˚C for 5 min. Results were 
normalized against the concentration of β‑actin RNA, which 
also was determined using RT‑PCR.

Western blot analysis. The cells were seeded on six‑well plates 
at a concentration of 1x106/ml per well. The cells were then 
washed twice with ice‑cold phosphate‑buffered saline (PBS) 
and lysed with 1X SDS loading buffer. Total protein was 
extracted and quantified using an ultraviolet spectrophotom-
eter (UV-2450; Shimadzu, Kyoto, Japan). A 15% SDS‑PAGE 
was performed, the products then transferred to a nitrocellu-
lose (NC) membrane (Pierce Biotechnology, Inc., Rockford, 
IL, USA) and incubated for 2 h. Membranes were blocked 
using PBS containing 0.1% Tween‑20 and 5% non‑fat milk. 
Membranes were then probed with a primary antibody against 
ERCC1 (1:100 dilution; Santa Cruz Biotechnology, Inc., Santa 
Cruz, CA, USA) for 1 h. Horseradish peroxidase conjugated 
to anti‑mouse immunoglobulin G was used at 1:5,000 dilution 
as a secondary antibody. The blotted proteins were detected 
using an enhanced chemiluminescence detection system 
(Amersham Pharmacia Biotech, Amersham, UK). The grey 
scale calibration of images (western blot analysis and RT-PCR) 
were detected using ImageTool 3.0 (UTHSCSA, San Antonio, 
TX, USA).

MTT assay. Cells were plated onto 96‑well plates at a cell 
concentration of 1x105/ml in a volume of 50 µl. Different 
concentrations of DDP were added to the wells and the 
cells were incubated at 37˚C for 48 h in 5% CO2. The MTT 
(Sigma, St. Louis, MO, USA) assay protocol was as follows: 
15 µl MTT solution was added to each well and the cells 
incubated at 37˚C for 4 h. The wells were then centrifuged 
at 2,000 x g for 10 min and the supernatant was discarded. 
Dimethyl sulfoxide (l00 µl) was added and the wells were then 
oscillated for 10 min. The absorbance values of each well were 
subsequently measured at 570 nm using a microplate reader 
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(Bio-Rad 3550; Bio‑Rad, Hercules, CA, USA) and the optical 
density (OD) for each treatment was obtained. Each condition 
had three duplicate wells and each experiment was repeated 
three times. Cell viability was calculated using the ODs as 
follows: Tumor cell growth inhibition rate (%) = (control group 
OD ‑ treatment group OD)/(control group OD) x100. The half 
maximal inhibitory concentration (IC50) was derived from the 
tumor cell growth inhibition dose‑response curve and the drug 
resistance was calculated.

Apoptosis detection. SGC‑7901/DDP cells were transfected 
with 50 nm siRNA1, siRNA2, siRNA3 and negative control 
(NC‑control), respectively. The NC-control was transfected 
with a negative sequence and a Mock control was also set up 
without transfection. Twenty‑four hours following transient 
transfection, cells were washed twice with PBS and then 
suspended in 1X binding buffer at a concentration of 1x106/ml). 
The suspended cells (100 µl, density 1x106/ml) were transferred 
to a 5‑ml test tube, and 5 µl Annexin V‑fluorescein isothio-
cyanate (FITC) and propidium iodide (PI; BD Biosciences, 
Franklin Lakes, NJ, USA) were added The cells were gently 
agitated at room temperature in the dark for 15 min. A total of 
400 µl 1X binding buffer was then added, flow cytometry was 
performed and apoptosis detected within 1 h.

Statistical analysis. The data were analyzed by analysis of 
variance (ANOVA) using the SPSS 16.0 software (SPSS Inc., 
Chicago, IL, USA). All data are presented as the mean ± stan-
dard error for three independent experiments. Student's t‑test 
and two‑way ANOVA were applied to evaluate statistical 
significance. P<0.05 was considered to indicate a statistically 
significant difference between values.

Results

Expression of ERCC1 in human gastric carcinoma cell 
lines. BGC‑803, SGC‑7901 and SGC‑7901/DDP cells in the 
logarithmic growth phase were harvested. mRNA and protein 
expression levels of ERCC1 in each group were detected using 
RT‑PCR and western blot analysis, respectively (Fig.  1A 
and B). ERCC1 gene expression was observed in all three 
gastric carcinoma cell lines; however, expression levels of 
ERCC1 in the cell line resistant to DDP (SGC‑7901/DDP) were 
significantly higher compared with the other two cell lines. 
Using ImageTool analysis, it was demonstrated that the expres-
sion levels of ERCC1 mRNA in SGC‑7901 and BGC‑803 cells 
were significantly decreased compared with SGC‑7901/DDP 
(~32.5 and 51.4% respectively; P<0.05). Expression levels of 
ERCC1 protein in SGC‑7901 and BGC‑803 cells were also 
significantly decreased compared with SGC‑7901/DDP cells 
(~33.1 and 57.7%, respectively; P<0.05) (Fig. 1C)

Sensitivity of different cells to DDP. The inhibition of cell 
viability following treatment with DDP at eight different 
concentrations was measured using the MTT assay and a 
dose‑response curve was obtained (Fig. 2). The IC50 values 
of SGC‑7901/DDP, SGC‑7901 and BGC‑803 cells were 
15.70±0.37, 5.53±0.13 and 4.59±0.58 µg/ml, respectively. 
SGC‑7901/DDP cell resistance was 2.83‑fold greater than 
that of SGC‑7901 cells and 3.42‑fold greater than that of 

BGC‑803 cells. Using correlation analysis, it was demon-
strated that resistance to DDP in gastric carcinoma cells is 
associated with ERCC1 gene expression (P<0.05).

Figure 2. Dose‑response curve for the three gastric carcinoma cell lines 48 h 
following treatment with cisplatin (DDP).

Figure 1. mRNA expression of ERCC1 in BGC‑803, SGC‑7901 and 
SGC‑7901/DDP cell lines. (A) Semi‑quantitative reverse transcription‑poly-
merase chain reaction analysis of ERCC1 mRNA expression in the three 
gastric carcinoma cell lines. (B) ERCC1 protein expression levels in the three 
cell lines detected using western blot analysis. (C) Ratio of ERCC1 mRNA 
and protein expression levels compared with β‑actin. Expression levels of the 
ERCC1 protein and the mRNA level in SGC-7901 and BGC-803 cells were 
significantly decreased compared with SGC-7901/DDP cells (P<0.05). Data 
are presented as the mean ± standard error. Each experiment was repeated 
four times. ERCC1, excision repair cross‑complementing 1.
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siRNA‑mediated downregulation of ERCC1 expression. The 
SGC‑7901/DDP cells were transfected with 50 nm siRNA1, 
siRNA2, siRNA3 and NC‑control. A control group without 
transfection (mock) was also set up. The most efficient tran-
sient transfection time was found to be 24 h; therefore, at 
the this time‑point, cells from each group were collected and 
ERCC1 mRNA and protein expression levels were detected 
using RT‑PCR and western blot analysis, respectively 
(Fig. 3A and B). ImageTool software analysis results showed 
that ERCC1 mRNA and protein expression of SGC‑7901/DDP 
cells following transfection with siRNA were significantly 
lower compared with non‑transfected cells. The ERCC1 
gene mRNA expression was reduced by 30.5, 55.6 and 23.7% 
compared with the control group (P<0.05) and protein expres-
sion was reduced by 28.9, 64.7 and 56.3% compared with the 
control group (P<0.05) for the siRNA1, siRNA2 and siRNA3 
groups, respectively. However, the greatest inhibitory effect 
of siRNA on the ERCC1 gene expression was observed in the 
siRNA2 group. Gene expression of ERCC1 in the NC‑control 
group was not significantly different from the expression in 
the non‑transfected group (P>0.05) (Fig. 3C).

Increased apoptosis in SGC‑7901/DDP cells caused by 
downregulation of ERCC1. SGC‑7901/DDP cell apoptosis 
was detected using Annexin V‑FITC/PI double staining and 
cells were analyzed using flow cytometry 24 h following 
transfection. It was demonstrated that the percentage of 
apoptotic cells among the SGC‑7901/DDP cells not trans-
fected with siRNA (mock group) was 7.09±1.18%, while the 
percentage of apoptotic cells in the siRNA1, siRNA2 and 
siRNA3 transfected groups was comparatively greater at 
19.55±3.18, 44.10±2.76 and 33.28±2.19%, respectively. The 
siRNA2‑transfected cells showed the greatest number of 
apoptotic cells, significantly higher than the untransfected 
group (P<0.05; Fig. 4A and B). The percentage of apoptotic 
cells in the NC‑control group was similar to that in the 
untransfected (mock) group.

Increased DDP sensitivity in SGC‑7901/DDP cells trans‑
fected with ERCC1 siRNA. Cell viability was measured in each 
group using the MTT assay 24 h following transient transfec-
tion and treatment with different concentrations of DDP. It 
was shown that the sensitivity to DDP in SGC‑7901/DDP 
cells was significantly increased following ERCC1 siRNA 
transfection. The IC50 values of mock and NC‑control groups 
were 15.70±0.37 and 16.12±0.49 µg/ml, respectively. The IC50 
values of the siRNA1‑, siRNA2‑ and siRNA3‑transfected 
groups (9.74±0.22, 4.12±0.47 and 6.30±0.71 µg/ml, respec-
tively) were 1.61‑, 3.81‑ and 2.49‑fold greater than that of the 
mock group, respectively (P<0.05; Fig. 5). The results of the 
MTT assay suggest that the attenuation of the resistance of 
SGC‑7901/DDP cells to DDP is positively correlated with the 
reduction in expression of ERCC1.

Discussion

Platinum‑based chemotherapy has been shown to increase 
survival rates and improve the quality of life for patients 
with advanced gastric cancer. Therapies based on DDP and 
its third generation analogue, oxaliplatin, have significant 

clinical benefits (20,21). Drug resistance, however, is a major 
obstacle in chemotherapy, often leading to treatment failure 
in patients with cancer (22). Several resistance mechanisms 
to platinum compounds have been identified. These include 
reduced intracellular drug accumulation by changing the 
profile of drug influx or efflux molecules, inactivation of the 
drug by glutathione as a result of alterations in cellular trans-
port, enhanced DNA damage repair or increased tolerance of 
DNA damage (23‑25). NER is the only known mechanism in 
mammalian cells for the removal of bulky, helix‑distorting 
DNA adducts produced by platinum agents and appears to be 
a key pathway involved in mediating resistance or sensitivity 
to platinum chemotherapeutic agents (26,27). NER comprises 
≥11  factors composed of >30  proteins, whose combined 
activities find and excise DNA damage in the genome. The 

Figure 3. mRNA and protein expression levels of ERCC1 24 h following 
siRNA transfection in SGC‑7901/DDP cells. (A) Reverse transcription‑poly-
merase chain reaction showing the expression of ERCC1 mRNA in each 
group following transfection. (B) Western blot analysis showing ERCC1 pro-
tein expression levels 24 h following siRNA transfection in SGC‑7901/DDP 
cells. (C) Ratio of ERCC1 mRNA and protein expression levels compared 
with β‑actin. Data are presented as the mean ± standard error. The mRNA 
and protein expression of ERCC1 was decreased compared with the control 
group (P<0.05). Each experiment was repeated four times. ERCC1, excision 
repair cross‑complementing 1; siRNA, small interfering RNA; NC‑control, 
negative control group.
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ERCC1 protein is an important part of NER. It forms a 
heterodimer with XPF and is involved in the cleavage of the 
damaged DNA strand 5' to the DNA lesion. 

The ERCC1 gene is located on the human 19q13.2‑q13.3 
chromosome. It is 15 kb in length; however, only 1.1 kb of the 
mRNA encodes the protein, which is 297 amino acids long 
and has a molecular weight of 32.5 kDa. The ERCC1 protein 
is involved in DNA chain removal and damage recognition; 
therefore, it is involved in the resistance to chemotherapy (28). 
A previous study found that, in patients with advanced gastric 
cancer treated with 5‑fluorouracil (FU) and DDP, expression 
levels of ERCC1 were correlated with response and overall 

survival (29). In the present study, ERCC1 gene expression 
was measured in three different gastric carcinoma cell lines, 
BGC‑803, SGC‑7901 and SGC‑7901/DDP. The data demon-
strated that the expression levels of ERCC1 in SGC‑7901/DDP 
cells were significantly higher compared with those in the other 
two cell lines (P<0.05). The results of the MTT assay showed 
that the resistance of SGC‑7901/DDP cells was 283% that of 
the SGC‑7901 cells and 342% that of the BGC‑803 cells. It 
was also shown that the expression of ERCC1 is correlated 
with the resistance to DPP in gastric carcinoma. Therefore, the 
present study provides evidence in vitro that the expression of 
the ERCC1 gene is correlated with the resistance to DDP.

It has been demonstrated that RNAi technology is more 
feasible and exerts enhanced inhibitory effects on gene expres-
sion compared with antisense RNA technology (30). RNAi 
is a small piece of RNA produced by host cells during the 
cleavage of foreign double‑stranded RNA (dsRNA). These 
small interfering RNAs bind to the target DNA and induce 
the degradation of the specific RNA, downregulating gene 
expression. This process is called RNAi (31‑34). In the present 
study, ERCC1 siRNA was synthesized and transfected into 
SGC‑7901/DDP cells to determine whether it was capable of 
reversing the resistance to DPP in SGC‑7901/DDP cells. The 
results from a preliminary study using a Cy3‑labeled negative 
control revealed that the optimum conditions for transfec-
tion were 50 nm siRNA for 24 h. Another preliminary study 
using GAPDH as a target gene was performed to ensure that 
the siRNA was specifically inhibiting target gene expression. 
Positive control GAPDH siRNA was synthesized and the 
results confirmed that the chemically synthesized siRNA 
produced a specific and effective inhibitory effect on the target 
gene. In the main experiment, it was found that the three pairs 
of siRNA significantly decreased the expression of ERCC1 
compared with the NC‑control and mock groups (P<0.05). 
The results of the MTT assay showed that following trans-
fection with siRNA1, siRNA2 and siRNA3, the sensitivity 
to DDP of the three groups significantly increased by 1.61‑, 
3.81‑ and 2.49‑fold, respectively. The results also suggested 
that the reversal of DDP resistance of SGC‑7901/DDP cells 

Figure 4. (A) Effect of ERCC1 siRNA on the percentage of apoptotic cells in 
each group in the SGC‑7901/DDP cell line measured using flow cytometry 
with Annexin V‑FITC/PI double staining. (B) Percentage of apoptotic cells 
in each group. NC‑control, negative control group. FITC, fluorescein iso-
thiocyanate; ERCC1, excision repair cross‑complementing 1; siRNA, small 
interfering RNA; PI, propidium iodide; NC‑control, negative control group.

Figure 5. Dose‑response curve for each group in the SGC‑7901/DDP cell 
line 48 h following treatment with cisplatin (DDP). The IC50 values of 
the siRNA‑tansfected groups were greater than the mock group and the 
NC-control group (P<0.05). NC‑control, negative control group; siRNA, 
small interfering RNA.
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was correlated with the reduction in the expression of ERCC1. 
The data from the flow cytometry assay demonstrated that the 
rate of apoptosis increased following transfection with ERCC1 
siRNA. This suggests that ERCC1 siRNA promotes apoptosis 
and the reversal of DPP resistance may be associated with the 
regulation of the induction of tumor cell apoptosis. 

The present study demonstrated that ERCC1 gene expres-
sion levels in gastric cancer are associated with the resistance 
to DDP. RNAi reduces ERCC1 gene expression and is capable 
of regulating the gastric cancer cell cycle, inducing cell apop-
tosis and reversing drug resistance to chemotherapy. This 
study provides experimental evidence for clinical personalized 
chemotherapy and a novel strategy using gene therapy to reverse 
chemotherapy resistance in patients with gastric cancer.
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