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Abstract. Downregulation of Notch1 has been shown to 
exert antineoplastic effects in vivo and in vitro. However, 
the role of the Notch1 gene in the proliferative and invasive 
ability of gastric cancer cells is not clear. In this study, we 
investigated the effect of Notch1 gene silencing on the prolif-
eration and invasion of gastric cancer SGC-7901 cells. Small 
interfering RNA (siRNA) targeting Notch1 was transfected 
into SGC-7901 cells using Lipofectamine 2000. Proliferation 
of SGC-7901 cells was then determined by the MTT assay. 
Notch1 mRNA expression was determined by reverse tran-
scription-polymerase chain reaction (RT-PCR). Invasion of 
the SGC-7901 cells was detected by the Transwell assay. The 
protein levels of cyclin D1, cyclin A1 and cyclin-dependent 
kinase 2 (CDK2) were determined by western blotting. The 
mRNA levels of matrix metalloproteinase-2 (MMP‑2) and 
cyclooxygenase-2 (COX‑2) were determined by RT-PCR. 
Compared to the control group, the Notch1 mRNA level was 
significantly decreased following transfection. The growth 
and invasion rates of SGC-7901 cells were significantly 
reduced after Notch1 silencing. Additionally, the expres-
sion of cyclin D1 and cyclin A1 proteins and of the MMP‑2 
and COX‑2 mRNAs was markedly attenuated. From these 
results, it was concluded that Notch1 gene silencing inhibits 
the proliferation of gastric SGC-7901 cells by decreasing the 
expression of cyclins D1 and A1, and reduces the invasive 
ability of SGC-7901 cells through the downregulation of 
MMP‑2 and COX‑2 genes. Thus, silencing of the Notch1 
pathway may be a novel approach in the treatment of gastro-
intestinal cancer.

Introduction

Gastric cancer is the second most common malignant tumor 
in the world (1) and the third leading cause of cancer-related 
mortality in China (2). At present, surgical resection of the 
primary tumor and control of lymph node metastasis are the 
main types of treatment for early gastric cancer. There is still 
no effective treatment for patients with distant metastasis 
or recurrence. The outcome of unresectable or metastatic 
gastric cancer is extremely poor, although chemotherapy has 
been demonstrated to confer a benefit in terms of survival 
and quality of life (3). Therefore, a better understanding of 
the molecular mechanism underlying the development and 
progression of gastric cancer is necessary for developing a 
more effective treatment for this disease.

The Notch family consists of four Notch proteins 
(Notch1, 2, 3 and 4), which can be activated by their ligands, 
the Delta-like (DLL)-1, -3, -4, Jagged-1 and -2 proteins (4). 
The Notch signaling pathway is evolutionarily conserved 
and regulates numerous cell processes, including prolif-
eration, differentiation and apoptosis during development 
and tumorigenesis (5). Notch signaling can be activated by a 
membrane-bound Notch ligand and alterations of the pathway 
may cause malignancies, including gastric cancer (6). Once 
Notch signaling is activated, Notch is cleaved to release 
intracellular Notch, which is associated with transcriptional 
factors regulating the expression of target genes (7). Findings 
of recent studies have demonstrated that the Notch signaling 
pathway is involved in the development of human malignant 
tumors, such as breast, lung, pancreas, basal cell and other 
carcinomas, and seems to function as an oncogene or a tumor 
suppressor depending on the cellular context (8,9).

Among proteins of the Notch pathway, Notch1 and its 
ligand DLL1 were found to be expressed in eight gastric cancer 
cell lines (10); Notch1 is expressed in both premalignant and 
cancer tissues, especially in tissues of intestinal metaplasia 
and well-differentiated intestinal gastric cancer tissues. Thus, 
Notch1 is considered to play an important role in both facili-
tating the metaplastic transition of gastric epithelial cells and 
in maintaining the sustained proliferation of intestinalized 
epithelial cells (11,12). Notch1 expression is significantly 
higher in gastric cancer compared to healthy gastric tissue and 
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correlates with tumor size, differentiation grade, depth of inva-
sion and vessel invasion (13). The three-year survival rate is 
significantly higher in Notch1‑negative than in Notch1-positive 
patients (13).

The matrix metalloproteinase (MMP) family comprises 
23 enzymes which degrade almost all components of the 
surrounding tissue (14), thus promoting cancer growth 
and invasion (15). Of all MMPs, MMP-2 is one of the best 
predictors of the invasive ability of tumor cells. Cyclin D1 is 
a critical cell cycle regulatory protein, which is required for 
the progression of cancer cells from the G1 to S phase (16,17). 
Cyclooxygenase-2 (COX-2) is a rate-limiting enzyme involved 
in the conversion of arachidonic acid to prostaglandins and 
thromboxanes (18). Overexpression of COX-2 is directly 
associated with various inflammatory diseases and several 
carcinogenetic processes. COX-2 promotes tumor growth 
through the induction of angiogenesis, inhibition of apoptosis, 
by increasing tumor invasiveness, and suppressing the immune 
response (19). Patients expressing Jagged-1 in gastric cancer 
tissues had a poor survival rate compared to those with no 
Jagged-1 expression, and the activation of the Notch1 signaling 
pathway promoted the progression of gastric cancer, at least in 
part via the induction of COX-2 expression (20).

Downregulation of Notch1 had antineoplastic effects 
in vivo and in vitro (21-24), however, the role of the Notch1 
gene in the proliferative and invasive ability of gastric cancer 
cells is not clear. In this study, we investigated the role of 
Notch1 in the proliferative and invasive ability of the gastric 
cancer SGC-7901 cells by examining the protein expression of 
cyclin D1, cyclin A1, cyclin-dependent kinase 2 (CDK2), and 
the mRNA expression of MMP‑2 and COX‑2 after silencing 
of the Notch1 gene by small interfering RNA (siRNA). We 
found that Notch1 silencing inhibits proliferation and inva-
sion in SGC-7901 cells by downregulating the expression of 
cyclin D1, cyclin A1, MMP‑2 and COX‑2. Our findings may 
contribute in revealing the molecular mechanism underlying 
the involvement of Notch1 in gastric cancer and provide a theo-
retical basis for developing a new treatment for this disease.

Materials and methods

Materials and reagents. The human gastric cancer cell 
line SGC-7901 was obtained from the Shanghai Institute 
for Biological Sciences (Shanghai, China). RPMI-1640, 
fetal bovine serum (FBS) and trypsin were obtained from 
HyClone (Logan, UT, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) and dimethyl sulfoxide 
(DMSO) were obtained from Sigma-Aldrich (St. Louis, 
MO, USA). Antibodies were purchased from the following 
companies: anti-human cyclin D1, cyclin A1 and CDK2 
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA); 
anti-human β-actin, goat-anti-mouse IgG, rabbit anti-goat IgG, 
goat anti-rabbit IgG from Sigma-Aldrich. Notch1 and control 
siRNAs were obtained from Santa Cruz Biotechnology, 
Inc. Transwell chambers were purchased from Millipore 
(Billerica, MA, USA). Lipofectamine 2000 was purchased 
from Invitrogen Life Technologies (Carlsbad, CA, USA). The 
PCR mix was obtained from Xi'an Runde Biotechnology Co., 
Ltd. (Xi'an, Shaanxi, China). PCR primer sets were purchased 
from DingGuo Biotechnology Co., Ltd. (Beijing, China).

Cell cultures and transfection. The human gastric cancer cell 
line SGC-7901 was maintained in RPMI-1640 medium supple-
mented with 10% FBS, 100 µg/ml ampicillin and 100 µg/ml 
streptomycin. The cells were incubated at 37˚C in a humidified 
atmosphere containing 5% CO2. The cells were divided into 
three groups for transfection: non-transfected (normal) group, 
negative control group transfected with a siRNA control 
(si-control group) and test group, transfected with Notch1 
siRNA (si-Notch1 group). siRNA sequences were as follows: 
Notch‑1, 5'‑GCACGCGGAUUAAUUUGCATT‑3' and 
5'‑UGCAAAUUAAUCCGCGUGCTT‑3'; negative control, 
5'‑UUCUCCGAACGUGUCACGUTT‑3' and 5'‑ACGUG  
ACACGUUCGGAGAATT‑3'. Transfection was performed 
following the instructions of the Lipofectamine 2000 kit.

Cell proliferation assays. Cells from the three experimental 
groups were seeded in 96-well tissue culture plates at a density 
of 5,000-10,000 cells/well 24 h prior to serum starvation. After 
serum starvation for 24 h, the cells were cultured in RPMI-1640 
medium supplemented with 10% FBS and incubated at 37˚C. 
After 12, 24, 36, 48, 60 or 72 h, the medium was removed and 
MTT was added to each well and incubated at 37˚C for 4 h. 
Optical densities (OD) were measured at 492 nm on a micro-
plate reader (BioTec Instruments Inc., Winooski, VT, USA). 
The proliferation rate was defined as ODtest plate/ODcontrol plate. 
Results from three separate experiments are presented as 
means ± SD.

Cell invasion assays. The invasive ability of cells in each 
group was assessed by a chamber-based invasion assay. The 
upper surface of a filter (pore size, 8.0 µm; Millipore) was 
coated with Matrigel (BD Biosciences, Franklin Lakes, NJ, 
USA). Prior to treatment, the cells that had reached the log 
phase of growth were cultured for 24 h in 6-well plates in 
medium containing 1% FBS. The cells (5x104) were suspended 
in RPMI-1640 medium containing 1% FBS and then seeded 
in the top chamber, while the medium containing 20% FBS 
was added to the bottom chamber to induce the invasion of the 
cancer cell line. The Matrigel invasion chamber was incubated 
for 24 h in a humidified tissue culture incubator. Non‑invading 
cells were removed from the top of the Matrigel with a 
cotton-tipped swab. Invading cells on the bottom surface of 
filter were fixed in methanol and stained with crystal violet 
(Boster Biological Technology Ltd., Wuhan, China). The inva-
sive ability was determined by counting the number of stained 
cells under a light microscope. The cell invasion assay was 
performed in triplicate.

Western blotting assays. SGC-7901 cells were lysed in situ with 
RIPA buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.5% sodium 
deoxycholate, 1.0% Triton X-100, 0.1% SDS), supplemented 
with protease inhibitors (Roche Diagnostics, Mannheim, 
Germany) and phosphatase inhibitors (Sigma-Aldrich). Cell 
lysates were centrifuged at 12,000 x g for 20 min at 4˚C to 
remove debris. Proteins (100 µg) were separated on a 10% 
SDS-PAGE gel and transferred to PVDF membranes (Roche 
Diagnostics). the PVDF membranes were initially blocked 
with 5% nonfat dry milk in Tris-buffered saline (TBS) for 2 h 
and incubated with primary antibodies overnight at 4˚C. After 
washing with TBS and Tween‑20 solution (TBST; pH 7.4) five 
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times, each for 10 min, the PVDF membranes were incubated 
with HRP-conjugated secondary antibodies at room tempera-
ture for 2 h. The membranes were washed again with TBST 
and an enhanced chemiluminescence (ECL) kit (Gentaur, 
Santa Clara, CA, USA) was used to develop the immunoblots.

Reverse transcription‑polymerase chain reaction (RT‑PCR). 
Total RNA was extracted using TRIzol reagent (Invitrogen 
Life Technologies) according to the manufacturer's protocol 
and RT was performed using a PrimeScript™ RT reagent kit 
(Takara, Dalian, China). cDNAs (1 ml for each sample) were 
amplified by PCR using the primers: Notch1, forward: 5'‑GCA 
GTT GTG CTC CTG AAG AA‑3' and reverse: 5'‑CGG GCG 
GCC AGA AAC‑3'; MMP‑2, forward: 5'‑GTG CCC AAA 
GAA AGG TGC TG‑3' and reverse: 5'‑AGG AGG GGA 
GCC ATC CAT AG‑3'; COX‑2, forward: 5'‑ATC CTT GCT 
GTT CCC ACC CA‑3' and reverse: 5'‑CTT TGA CAC CCA 
AGG GAG TC‑3'; GAPDH, forward: 5'‑GTA AAG ACC TCT 
ATG CCA TCA‑3' and reverse: 5'‑GGA CTC ATC GTA CTC 
CTG CT3‑3'. The glyceraldehyde‑3‑phosphate dehydrogenase 
(GAPDH) gene served as the normalization control. RT-PCR 
products were resolved by 1.5% agarose gel electrophoresis. 
The results were analyzed and photographed using a UV trans-
illuminator. Each measurement was carried out in triplicate.

Statistical analysis. Results are shown as means ± standard 
error. Differences were evaluated with unpaired two-tailed 
Student's t‑tests with unequal variance for multiple compari-
sons using the SPSS software, version 16.0 (SPSS, Chicago, 
IL, USA). P<0.05 was considered to indicate a statistically 
significant difference. Experiments were repeated indepen-
dently at least three times.

Results

Expression of Notch1 is signif icantly inhibited by a 
Notch1‑specific siRNA in SGC‑7901 cells. In a first set of 
experiments, we examined the silencing efficiency of a 
specific siRNA targeting the Notch1 gene in SGC-7901 cells. 
Following cell transfection for 24 h, Notch1 silencing was 

confirmed by RT‑PCR. As shown in Fig. 1, the mRNA level 
of Notch1 was significantly reduced in the si‑Notch1 group 
compared to the si-control group (P<0.05).

Proliferation rate of SGC‑7901 cells is significantly impaired 
by Notch1 silencing. To investigate the effect of Notch1 
silencing on gastric cancer cell proliferation, non-transfected 
and si-RNA-transfected SGC-7901 cells were seeded in 
96-well plates, incubated for 12, 24, 36, 48, 60 or 72 h, and 
their proliferation rate was investigated by the MTT assay. 
As shown in Fig. 2, the proliferation rate of SGC-7901 cells 
was markedly reduced by Notch1 silencing compared to the 
normal and si-control groups from 36 h onwards (P<0.05).

Effect of Notch1 silencing on the expression of cell cycle‑related 
proteins in SGC‑7901 cells. The effect of Notch1 silencing on 

Figure 1. The effect of Notch1‑specific targeting with a small interfering RNA (siRNA) was confirmed by reverse transcription‑polymerase chain reac-
tion (RT-PCR). (A) RT-PCR showing that after transfection with siRNA for 24 h, the expression of the Notch1 mRNA was reduced. (B) Integrated optical 
density was measured to evaluate the Notch1 mRNA expression relative to the expression of the glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH), 
serving as the normalization control. *P<0.05 as compared to the normal group (non-transfected cells).

Figure 2. Effect of Notch1 silencing on the proliferation of gastric cancer 
SGC-7901 cells as assessed by the MTT assay. Mock- (normal) and small 
interfering RNA (siRNA)-treated SGC-7901 cells were seeded in 96-well 
tissue culture plates and incubated for the indicated periods. The prolif-
eration rate of the cells in each group was determined by measuring the 
optical densities (OD) at 492 nm. *P<0.05 as compared to the normal group 
(non-transfected cells).
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Figure 3. Effect of Notch1 silencing on the expression of cell cycle-related proteins in SGC-7901 cells. (A) Western blotting image after cell tranfection with 
the Notch1‑specific small interfering RNA (siRNA). (B) Optical density was measured to evaluate the protein expression of cell cycle‑related proteins, with 
β-actin serving as the normalization control. *P<0.05 as compared to the normal group (non-transfected cells).

Figure 4. The invasive ability of SGC-7901 cells was inhibited by Notch1 silencing. Microscopic image of cells of the (A) normal control; (B) si-control and 
(C) si-Notch group and (D) number of invasive cells in each group. *P<0.05 as compared to the normal group (non-transfected cells).

Figure 5. The expression of matrix metalloproteinase-2 (MMP‑2) and cyclooxygenase-2 (COX‑2) genes is inhibited by Notch1 silencing. (A) Gel image of 
the reverse transcription-polymerase chain reaction (RT-PCR) result. (B) Optical density was measured to evaluate the mRNA expression of MMP‑2 and 
COX‑2, with the glyceraldehyde-3-phosphate dehydrogenase gene (GAPDH) serving as the normalization control. *P<0.05 as compared to the normal group 
(non-transfected cells).
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the expression of cell cycle-related proteins in SGC-7901 cells 
was assessed. Following transfection with siRNA for 48 h, 
total cell protein extracts were subjected to western blotting. 
As shown in Fig. 3, Notch1-silenced SGC-7901 cells showed 
reduced expression of cyclin D1 and A1. By contrast, the 
protein expression of CDK2 remained unchanged.

Invasive ability of SGC‑7901 cells is inhibited by Notch1 
silencing. We tested the effect of Notch1 silencing on the 
invasive ability of SGC-7901 cells in vitro. The results of the 
Transwell assay showed that the number of invasive cells was 
significantly reduced (P<0.05) compared to the non‑transfected 
cells or the control siRNA-treated cells (Fig. 4).

Gene expression of MMP‑2 and COX‑2 is decreased in 
Notch1‑silenced SGC‑7901 cells. Since the impairment of 
the cell invasive ability is commonly due to the modulation of 
expression of invasion‑related genes, to confirm whether the 
expression of such genes was affected by Notch1 silencing, 
we examined the expression of MMP‑2 and COX‑2 genes. 
As shown in Fig. 5, the mRNA levels of the two genes were 
significantly reduced in Notch1‑silenced cells (P<0.05).

Discussion

To reveal the effect of the Notch1 protein on the proliferative 
and invasive ability of gastric cancer SGC-7901 cells, we exam-
ined the expression of cyclin D1, cyclin A1, CDK2, MMP-2 
and COX-2 after silencing of the Notch1 gene by siRNA. We 
found that the Notch1‑specific siRNA significantly reduced 
the expression of the Notch1 gene and decreased the expres-
sion of cell cycle-related proteins (cyclin D1, cyclin A1 and 
CDK2) and invasion-related genes (MMP‑2 and COX‑2), thus 
attenuating the proliferation and invasion rates of SGC-7901 
cells.

The MTT assays demonstrated that silencing of Notch1 
attenuates the rate of SGC-7901 cell proliferation. We found 
that the expression of cyclin D1, cyclin A1 and CDK2 was 
significantly decreased after silencing of the Notch1 gene by 
siRNA, which suggests that Notch signaling mediates the prolif-
eration and differentiation of SGC-7901 cells by directly or 
indirectly regulating the expression of cell cycle-related genes. 
A recent study has shown that Notch signaling is involved in 
the differentiation from gastric epithelium to foveolar glands 
in normal gastric mucosa (25). It is noteworthy that Notch 
signaling is associated with glandular differentiation not only 
in normal gastric mucosa, but also in gastric carcinoma cells. 
Notch1, 2 and 3 were also detected in human gastric cancer 
tissue (25). A previous study indicated that Notch1 functions 
as a tumor-suppressor gene in mammalian skin tissue and 
that Notch1 silencing leads to epidermal and corneal hyper-
plasia, followed by the development of skin tumors, while it 
can also promote chemical-induced skin carcinogenesis (26). 
Furthermore, activation of the Notch1 receptor was shown to 
facilitate the colony-forming ability and xenografted tumor 
growth of human pancreatic adenocarcinoma (8).

In this study, inhibition of Notch1 gene expression by a 
specific siRNA led to a significant decrease in the invasive 
ability of gastric cancer cells, accompanied by the down-
regulation of MMP‑2 and COX‑2 genes, suggesting that the 

Notch/MMP-2/COX-2 signaling pathway regulates the inva-
sive ability of gastric cancer cells by adjusting the expression 
levels of invasion-related genes. Previous studies suggested 
that MMPs degrade the extracellular matrix of tumor cells to 
allow them to invade the surrounding tissue (27,28) and that 
COX-2 promotes angiogenesis, inhibits apoptosis, increases 
tumor invasiveness and suppresses immune responses to cause 
tumorigenesis (19). However, COX-2 expression is an indepen-
dent prognostic factor of gastric cancer (29).

In conclusion, the silencing of Notchl significantly inhibited 
the proliferative and invasive ability of the gastric cancer cell 
line SGC-7901, indicating that the Notch signaling pathway 
plays an important role in the proliferation and invasion of 
gastric cancer. Our findings provide a basis for developing new 
therapies targeting gastric cancer.
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