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Abstract. Hypoxia induces proliferation and invasion in cancer 
cells via hypoxia-inducible factor (HIF)-1α. The cell adhesion 
molecule cluster of differentiation (CD) 44 has been associated 
with increased cell invasion and metastasis. Whether hypoxia 
regulates the expression of CD44 in gastric cancer cells remains 
to be established. In the current study, the effects of hypoxia 
on HIF-1α and CD44 expression levels in human gastric cell 
lines SGC-7901 and BGC-823 were evaluated. The cells were 
cultured in 1% O2 for 1 week and then treated with 20 nM 
rapamycin for 72 h. Cell viability was evaluated using the Cell 
Counting kit-8 assay, and cell invasion was detected by the 
Transwell invasion assay. The protein and messenger (m) RNA 
expression levels of HIF-1α and CD44 were detected using 
western blotting and reverse transcription-quantitative poly-
merase chain reaction, respectively. The results revealed that 
cell viability and invasion increased under hypoxic conditions, 
but decreased following rapamycin treatment in SGC-7901 
and BGC-823 cells. Hypoxia also increased the protein and 
mRNA expression levels of HIF-1α and CD44 in these two cell 
lines. However, this hypoxia-induced increase in HIF-1α and 
CD44 protein and mRNA expression levels was inhibited by 
rapamycin. These findings suggest that hypoxia induced the 
proliferation and invasion of SGC-7901 and BGC-823 cells. 
Furthermore, CD44 expression levels were potentially associ-
ated with HIF-1α expression levels. Therefore, in gastric cancer 
cells, hypoxia may regulate CD44 expression via HIF-1α in 
order to promote cell proliferation and invasion. 

Introduction

Cluster of differentiation (CD) 44 transmembrane glycopro-
teins are cell-adhesion molecules that are associated with 
cancer cell aggressiveness and metastasis (1,2). In numerous 

types of cancer, including gastric cancer, CD44 has been 
associated with increased invasion, metastasis and poor prog-
nosis (3,4). This molecule has also been identified as a marker 
of stem-like gastric cancer cells (5,6); however, its role in this 
phenotype remains to be defined.

Previous studies have suggested that hypoxia provides 
a suitable niche for stem cells to maintain their precursor 
status (7,8). Hypoxic tumor microenvironments induce 
phenotypic changes that make cancer cells aggressive (9,10), 
refractory to treatment (11) and likely to metastasize (12). 
These phenotypic changes are mediated by hypoxia-induc-
ible factors (HIFs) (12). HIF is a heterodimer consisting of an 
oxygen-dependent α subunit and a constitutively expressed β 
subunit (9). Previous studies have demonstrated that HIF-1α 
is overexpressed in gastric cancer (13-15); furthermore, 
HIF-1α is associated with metastatic potential in gastric 
cancer cells via undefined underlying mechanisms (10).

HIF-1α is a regulator of CD44 in breast cancer cells 
under hypoxic conditions; HIF-1α increases CD44 expres-
sion levels and the number of CD44-positive cells (16). In 
gastric cancer cells, a significant correlation between HIF‑1α 
expression levels and the immunohistochemical staining 
pattern of CD133 has been observed (17). However, whether 
HIF-1α regulates CD44 expression levels in gastric cancer 
cells remains to be established. The present study examined 
the effects of hypoxia on HIF-1α and CD44 expression levels 
in the moderately differentiated gastric cancer cell line 
SGC-7901 and in the poorly differentiated gastric cancer cell 
line BGC-823. In addition, the effects of HIF-1α downregula-
tion on CD44 expression levels were evaluated in these gastric 
cancer cell lines.

Materials and methods

Cell culture and hypoxia treatment. The human gastric 
cancer cell lines SGC-7901 and BGC-823 were obtained 
from the China Center for Type Culture Collection (Wuhan, 
China). All cell lines were maintained in RPMI 1640 medium 
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
supplemented with 10% fetal calf serum (Gibco; Thermo 
Fisher Scientific, Inc.) under normoxic or hypoxic conditions 
for 7 days. Subsequently, the cells were treated with 20 nM 
rapamycin (Sigma-Aldrich; Merck Millipore, Darmstadt, 
Germany) for 72 h at 37˚C in a humidified atmosphere of 
5% CO2 and 95% air. Rapamycin was used to downregulate 
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the expression levels of HIF-1α (18). For hypoxic exposure, 
tumor cells were incubated in an hypoxic incubator (BINDER 
GmbH, Tuttlingen, Germany) containing 1% O2, which was 
balanced by CO2 and nitrogen.

Cell proliferation assay. The Cell Counting kit‑8 (CCK‑8; 
Dojindo Molecular Technologies, Inc., Kumamoto, Japan) 
assay was used to evaluate cell viability, according to the 
manufacturer's protocol. Cells were seeded onto 96-well 
plates at a density of 5x103 cells/well and incubated for 24 h, 
and subsequently incubated in culture medium containing 
20 nM rapamycin at 37˚C in a humidified atmosphere of 5% 
CO2 and 95% air. CCK‑8 solution (10 µl) was added to each 
well at 24, 48 and 72 h. The color intensity was evaluated 
using a microplate reader (Beijing Liuyi Biotechnology Co., 
Ltd., Beijing, China) at an absorbance wavelength of 450 nm. 
All experiments were performed in triplicate and repeated 
independently three times.

Cell migration and invasion assays. These assays were 
performed according to a previously described protocol (19). 
Briefly, Transwell units with 8.0‑µm‑pore polycarbonate 
filters (Corning Incorporated, Corning, NY, USA) were 
precoated with 50 µl of 1:5 diluted Matrigel (BD Biosci-
ences, Franklin Lakes, NJ, USA). A total volume of 200 µl 
of gastric cancer cell suspension, which contained ~1x105 
rapamycin-treated cells, was added to the upper compartment 
of the precoated units. The units were then transferred to the 
wells of the culture plate and incubated for 24 h at 37˚C. 
Subsequently, the cells and Matrigel on the upper surface of 
the membrane were removed. Cells that had migrated to the 
underside were stained with 0.1% crystal violet for 15 min at 
room temperature, and cell numbers were determined using 
light microscopy. Five randomly selected fields were counted 
per insert.

Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR). The gastric cancer cell lines were 
maintained with medium containing 20 nM rapamycin 
under normoxic or hypoxic conditions for 72 h. Total RNA 
was then isolated using TRIzol® reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.), according to the manufacturer's 
protocol. The corresponding complementary DNA (cDNA) 
was synthesized using the PrimeScript™ RT Reagent kit 
(Takara Biotechnology Co., Ltd., Dalian, China). RT-qPCR 
was performed using SYBR® premix Ex Taq™ (Takara 
Biotechnology Co., Ltd.) and gene‑specific primers in the 
Rotor‑Gene 3000 system (Qiagen, Inc., Valencia, CA, USA). 
The PCR reaction mixtures contained 12.5 µl Premix Ex 
Taq™, 0.2 µM PCR primers, 0.4 µM SYBR Green I and 
0.08 µM cDNA. All primers were designed using Primer 
Premier 5.0 (Premier Biosoft International, Palo Alto, CA, 
USA), and their sequences and annealing temperatures are 
presented in Table I. GAPDH was used as the housekeeping 
gene for normalization of the mRNA expression levels. Fold 
changes in the expression levels for each mRNA were calcu-
lated using the 2-∆∆Cq method (20).

Western blot analysis. Using the TRIzol® reagent, total protein 
was extracted from the cells. The protein concentration was 

evaluated using a Protein Assay kit (Bio-Rad Laboratories, 
Inc., Hercules, CA, USA). The proteins (50 mg/well) were 
separated by 12% SDS-PAGE and then electrophoretically 
transferred onto nitrocellulose membranes. The membranes 
were blocked with 5% bovine serum albumin (Gibco; Thermo 
Fisher Scientific, Inc.) at room temperature and then probed 
overnight at 4˚C using polyclonal antibodies against CD44 
(ab51037; Abcam, Cambridge, UK) and HIF‑1α (sc-10790; 
Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at a final 
dilution of 1:200 (w/v). The anti-GAPDH antibody (sc-25778, 
Santa Cruz Biotechnology, Inc.) was used overnight at 4˚C 
at a final dilution of 1:600 (w/v). The membranes were then 
washed in PBS with Tween-20 and incubated with perox-
idase-conjugated anti-rabbit immunoglobulin G [dilution, 
1:3,000 (w/v); BA1054; Wuhan Boster Biological Technology, 
Ltd., Wuhan, China) (21) for 30 min at room temperature. 
The bands were visualized using an enhanced chemilumi-
nescence kit (P0018; Beyotime Institute of Biotechnology, 
Haimen, China), and their optical densities were evaluated 
using a photo documentation and imaging system (BIO-ID 
VL, Conn, France).

Statistical analysis. All data were expressed as the 
mean ± standard deviation. Using SPSS version 17.0 (SPSS, 
Inc., Chicago, IL, USA), one‑way analysis of variance and 
the Student's t-test were employed to analyze the data. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

The viability of the gastric cancer cell lines is promoted 
by hypoxia and inhibited by rapamycin. Compared with 
the normoxia control group (Fig. 1), hypoxia significantly 
increased the viability of SGC-7901 and BGC-823 cells 
after 72 h of incubation (P=0.001 and P=0.009, respectively). 

Table I. Oligonucleotide primer sequences and reverse 
transcription-quantitative polymerase chain reaction 
thermocycling conditions. 

 Cycling conditions
 ---------------------------------------
 Number Annealing
 of temperature,
Target gene primer sequence, 5'‑3' cycles ˚C (time)

Cluster of differentiation 44
  F: CAAGCAATAGGAATGATGTC 45 60 (15 sec)
  R: GGTCACTGGGATGAAGGT
Hypoxia-inducible factor-1α
  F: GGGAGAAAATCAAGTCGTGC 45 60 (20 sec)
  R: AGCAAGGAGGGCCTCTGATG
GAPDH
  F: GCACCGTCAAGGCTGAGAAC 45 60 (15 sec)
  R: TGGTGAAGACGCCAGTGGA

F, forward; R, reverse.
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Hypoxia-induced increases in cell viability were inhibited 
by rapamycin treatment (P=0.001 and P=0.01, respectively).

Cell migration and invasion in gastric cancer cell lines is 
induced by hypoxia and inhibited by rapamycin. To examine 
the effects of hypoxia and rapamycin pretreatment on the biolog-
ical behavior of the cells, migration and invasion assays were 
performed. As presented in Fig. 2, significantly higher numbers 
of invasive cells were observed following hypoxia treatment. 
Hypoxia induced 1.3- and 1.9-fold increases in the number of 
invasive SGC-7901 and BGC-823 cells, respectively (P=0.001 
and P=0.005, respectively). However, rapamycin pretreatment 
significantly decreased these invasive cell numbers by 29 and 
24%, respectively (P=0.001 and P=0.008, respectively).

HIF‑1α mRNA expression is induced by hypoxia and inhibited 
by rapamycin in gastric cancer cell lines. Hypoxia increased 
the mRNA expression levels of HIF-1α in SGC-7901 and 
BGC-823 cells (P=0.001 and P=0.001, respectively; Fig. 3). 
To downregulate the mRNA expression of HIF-1α, the two 
gastric cancer cell lines were treated with rapamycin. Under 
hypoxic conditions, treatment with rapamycin significantly 
reduced the mRNA expression levels of HIF-1α by 40 and 
30% in SGC-7901 and BGC-823 cells, respectively (P=0.001 
and P=0.001, respectively).

CD44 mRNA expression levels are increased by hypoxia 
and decreased by rapamycin in gastric cancer cell lines. 
Whether hypoxia is able to modulate the expression levels of 
CD44 mRNA was subsequently examined. Hypoxia induced 
3.0- and 2.2-fold increases in CD44 mRNA expression levels 
in SGC-7901 and BGC-823 cells, respectively (P=0.01 and 
P=0.001, respectively; Fig. 4). Treatment with rapamycin 
under hypoxic conditions decreased CD44 mRNA expres-
sion levels by 45 and 52% in SGC-7901 and BGC-823 cells, 
respectively (P=0.007 and P=0.03, respectively; Fig. 4).

HIF‑1α and CD44 protein expression levels are increased 
during hypoxia and reduced by rapamycin in gastric cancer 
cell lines. The protein expression levels of HIF-1α and 
CD44 in SGC-7901 and BGC-823 cells that were treated 
with or without rapamycin under hypoxic conditions were 
also examined. HIF-1α and CD44 protein expression levels 
were significantly induced by hypoxia in these two cell lines 
(SGC-7901 cells, P=0.001 and P=0.03, respectively; and 
BGC-823 cells, P=0.029 and P=0.032, respectively; Fig. 5). 
However, these increases in HIF-1α and CD44 protein 
expression levels were significantly reduced upon rapamycin 
treatment (SGC-7901 cells, P=0.009 and P=0.01, respec-
tively; and BGC-823 cells, P=0.02 and P=0.037, respectively; 
Fig. 5).

Figure 1. Effect of rapamycin on (A) SGC-7901 and (B) BGC-823 cell proliferation under hypoxic conditions. Results are presented as the mean ± standard 
deviation. All experiments were performed in triplicate and repeated independently three times. *P<0.05, hypoxia control group vs. normoxia control group; 
#P<0.05, hypoxia control group vs. hypoxia plus rapamycin group. OD450; optical density at 450 nm.

Figure 2. Effect of rapamycin on (A) SGC-7901 (B) and BGC-823 cell migration and invasion under hypoxic conditions. Results are presented as the 
mean + standard deviation. All experiments were performed in triplicate and repeated independently three times. *P<0.05, hypoxia control group vs. normoxia 
control group; #P<0.05, hypoxia control group vs. hypoxia plus rapamycin group.
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Discussion 

Gastric cancer is a major global malignancy and the second 
leading cause of cancer mortality, with estimated 951,600 

new stomach cancer cases and 723,100 mortalities occurring 
worldwide in 2012 (22). There is currently no effective treat-
ment for highly advanced gastric cancer or recurrent gastric 
cancer, and the survival rates are low (23). Treatments are 

Figure 4. Effects of hypoxia and rapamycin on the mRNA expression levels of CD44 in (A) SGC-7901 and (B) BGC-823 cells. Results are presented as the 
mean + standard deviation and were normalized to GAPDH. All experiments were performed in triplicate and repeated independently three times. **P<0.01, 
hypoxia control group vs. normoxia control group; ##P<0.01, hypoxia control group vs. hypoxia plus rapamycin group. CD44, cluster of differentiation 44; 
mRNA, messenger RNA.

Figure 3. Effect of hypoxia and rapamycin on the mRNA expression levels of HIF-1α in (A) SGC-7901 and (B) BGC-823 cells. Results are presented as the 
mean + standard deviation and were normalized to GAPDH. All experiments were performed in triplicate and repeated independently three times. **P<0.01, 
hypoxia control group vs. normoxia control group; ##P<0.01, hypoxia control group vs. hypoxia plus rapamycin group. HIF-1α, hypoxia-inducible factor-1α; 
mRNA, messenger RNA.

Figure 5. Effect of hypoxia and rapamycin on the protein expression levels of HIF-1α and CD44 in (A) SGC-7901 and (B) BGC-823 cells. Representative western 
blot and densitometry analyses are presented. HIF-1α and CD44 expression levels were normalized to GAPDH. Results are presented as the mean + standard 
deviation. All experiments were performed in triplicate and repeated independently three times. *P<0.05, hypoxia control group vs. normoxia control group; 
#P<0.05, hypoxia control group vs. hypoxia plus rapamycin group. CD44, cluster of differentiation 44; HIF-1α, hypoxia inducible factor-1α.
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frequently ineffective due to high levels of heterogeneity 
between cases (24,25). The cancer stem cell (CSC) hypothesis 
may provide novel approaches for eradicating the cause of cell 
heterogeneity, which is associated with therapeutic resistance, 
relapse and distant metastasis (26,27). Therefore, the establish-
ment of a treatment that targets CSCs to radically cure cancer 
is an important goal, and the identification of gastric CSCs may 
aid the development of gastric cancer therapies in the future.

CD44 is a transmembrane glycoprotein and a cell-adhe-
sion molecule. It has been reported to serve important roles in 
extracellular matrix adhesion, motility, matrix degradation, 
proliferation and cell survival (28-30). These functions are 
involved in cancer pathology, including tumor progression 
and metastasis. In severe combined immunodeficient mice, 
CD44-positive gastric cancer cells have been demonstrated 
to exhibit high tumorigenic ability and the stem cell proper-
ties of self-renewal and differentiation (6). This suggests that 
CD44 may be a potential biomarker of gastric CSCs.

In the current study, hypoxia was able to promote the 
proliferation, migration and invasion of gastric cancer cells. 
This result was consistent with a previous study demon-
strating that the hypoxic microenvironment upgrades the 
stem-like properties of gastric cancer cells by promoting 
invasion and metastasis (31). HIF-1α has been revealed 
to regulate specific surface markers, including CD133 and 
CD24, in several cancer cell types (32-34). However, an 
association between HIF-1α and CD44 in gastric cancer cells 
has not yet been reported. The current study hypothesized 
that HIF-1α also regulated the expression levels of CD44 in 
gastric cancer cells. The results demonstrated that hypoxia 
increased the mRNA and protein expression levels of HIF-1α 
in two gastric cancer cell lines. Furthermore, the mRNA and 
protein expression levels of CD44 were also increased. As a 
downstream molecule in the mammalian target of rapamycin 
(mTOR) signaling pathway, the mRNA and protein expres-
sion levels of HIF-1α were reduced upon treatment with 
rapamycin, which is an inhibitor of mTOR, under hypoxic 
conditions (33). In addition, the downregulation of HIF-1α 
expression decreased CD44 expression levels and signifi-
cantly inhibited the proliferation and invasive ability of 
gastric cancer cells. This suggests that hypoxia may regulate 
the expression levels of CD44 via HIF-1α and influence the 
proliferation and invasion activity of gastric cancer cells.

T h e  mole cu l a r  m e ch a n i sm  u nd e r ly i ng  t h e 
HIF-1α-mediated regulation of CD44 expression levels 
remains to be elucidated. Certain studies have suggested 
that HIF-1α activation regulates the Wnt/β-catenin 
signaling pathway, which activates the expression of target 
genes and contributes to the enhanced invasion of hypoxic 
gastric cancer cells (35-37). CD44 is a target gene of the 
Wnt/β-catenin signaling pathway (38); therefore, the mecha-
nism by which HIF-1α regulates CD44 may be associated 
with the Wnt/β-catenin signaling pathway in gastric cancer. 
Further studies are required to investigate these underlying 
mechanisms in gastric cancer.

In conclusion, the results of the present study suggest that, 
in gastric cancer cells, hypoxia may potentially regulate CD44 
expression via HIF-1α in order to promote cell proliferation 
and invasion, which may be a potential target for the treatment 
of gastric cancer in the future.
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