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Abstract
AIM: To study the effect of type 1 Na+/H+ exchanger 
(NHE1 ) antisense human gene transfection on the 
biological behavior of gastric carcinoma cell line SGC-7901.

METHODS: Antisense NHE1  eukaryotic expression on 
vector pcDNA3.1 was constructed by recombinant DNA 
technique and transfected into gastric carcinoma cell line 
SGC-7901  with DOTAP liposome transfection method. 
Morphological changes of cells were observed with optic 
and electron microscopes. Changes in cell proliferative 
capacity, apoptosis, intracellular pH (pHi), cell cycle, 
clone formation in two-layer soft agar, and tumorigenicity 
in nude mice were examined.

RESULTS: Antisense eukaryotic expressing vectors were 
successfully constructed and transfected into SGC-7901 . 
The transfectant obtained named 7901 -antisense 
(7901-AS) stablely produced antisense NHE1 . There was 
a significant difference between the pHi of 7901-AS  cells 
(6.77 ± 0.05) and that of 7901-zeo  cells and SGC-7901 
cells (7.24 ± 0.03 and 7.26 ± 0.03, P  < 0.01). Compared 
with SGC-7901  and 7901-zeo  cells, 7901-AS  cells 
mostly showed cell proliferation inhibition, G1/G0 phase 
arrest, increased cell apoptotic rate, recovery of contact 
inhibition, and density contact. The tumorigenicity in 
nude mice and cloning efficiency in the two-layer soft 
agar were clearly inhibited.

CONCLUSION: NHE1  antisense gene significantly 
restrains the malignant behavior of human gastric 
carcinoma cells, suppresses cell growth and induces 
cell apoptosis, and partially reverses the malignant 
phenotypes of SGC-7901 . These results suggest a 

potential role for human tumor gene therapy.
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INTRODUCTION
The type 1 Na+/H+ exchanger (NHE1) is a transmembrane 
protein found in all eukaryotic cells. One of  its functions is 
to remove excess H+ in the cytoplasm by Na+-H+ exchange 
system, resulting in a stable intracellular pH level[1,2]. The 
process of  glycolysis induces the tumor cells to produce 
large quantities of  lactic acid and H+. There is vigorous 
Na+-H+ exchange in the tumor cells, dependent upon 
the enhanced expression of  NHE1 membrane protein. 
Most of  the H+ pumped out of  the cells prevents the 
intracellular acidification of  tumor cells, resulting in the 
protection of  tumor cells from apoptosis[3,4]. Previous 
studies have shown that NHE1 protein expression in 
gastric carcinoma tissues was significantly higher compared 
to that in normal gastric mucosa and precancerous lesions[5]. 
Therefore, inhibition of  up-regulation of  NHE-1 gene 
expression in human gastric carcinoma cells may induce 
intracellular acidification, resulting in apoptosis of  tumor 
cells, which is helpful in the treatment of  such tumors. In 
the present study, we constructed the antisense NHE-1 
eukaryotic expression vector and transfected it into gastric 
carcinoma cell line SGC-7901 in order to investigate 
the effects of  antisense NHE1 on malignant biological 
behavior of  the gastric carcinoma cell line SGC-7901.

MATERIALS AND METHODS
Cell line and cell culture
The human gastric carcinoma cell line SGC-7901 was 
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used in this study. The cells were grown in RPMI1640 
medium (Sigma, St Louis, MO, USA), supplemented with 
10% FBS (fetal bovine serum) and antibiotics(100 μg/mL 
streptomycin and 100 U/mL penicillin ) in an atmosphere 
consisting of  5% CO2 in air at 37℃ in an humidified 
incubator.

Gene transfection
pEAP cloning vector of  human NHE1 cDNA was kindly 
provided by Dr. Josset Noel (Montreal University, Canada). 
Eukaryotic expression vector pcDNA3.1 (-)/Zeo and Zeocin 
were obtained from Invitrogen Co. The experimental 
procedures of  gene transfection were carried out according 
to the directions of  DOTAPTM liposome transfection kit 
(Roche Diagnostics, Mannheim, Germany). The cells were 
plated at a density of  1.5-3 × 105 cells/35 mm dish and 
were grown for 24 h. The cells were transfected for 6 h 
with 2.5 μg plasmid DNA and 15 μL DOTAP in 2 mL of  
RPMI1640 medium without FBS and antibiotics. The cells 
were recovered for 48 h in the medium with 10% FBS. The 
stable transfectant was maintained in 100 μg/mL Zeocin 
(Invitrogen) in the medium for at least 20 d. The antisense 
NHE1 and the control plasmid transfectant were named 
7901-AS and 7901-zeo, respectively.

Analysis of exogenous genes integration
In order to identify exogenous integration in the nucleic 
DNA of  SGC-7901  cel ls,  the Zeomycin-resistant 
antibiotic-selecting gene (ZeoR) was amplified by 
polymerase chain reaction (PCR) assays with a ZeoR-
specific primer set (5’-GGCCAAGTTGACCAGTGC-3’ 
as forward and 5’-GTCAGTCCTGCTCCTCGG-3’ as 
backward). DNA was extracted from SGC-7901 and the 
transfected cells using standard techniques. The total 
volume of  the PCR reaction system was 25 μL, containing 
0.2 mmol/L dNTP, 1 mmol/L of  each primer, 2U Taq 
polymerase, 1 × reaction buffer and 100 ng DNA template. 
After predegeneration at 94℃ for 5 min in a PE cycle, 30 
PCR cycles were performed at 94℃ for 30 s, 53℃ for 
30 s, and 72℃ for 30 s, then extended at 72℃ for 5 min 
in a PCR thermocycler (Pekin-Elmer Cetus, Norwolk, CA, 
USA). Electrophoresis was performed on 1% agarose gel, 
and the findings were observed and pictures taken under 
the Burdick lamp.

Determination of intracellular pH
High-concentration potassium-buffer containing the 
following chemicals (in mmol/L): 90-130 KCl, 5 NaCl, 1 
MgSO4, 1 CaCl2, and 10 HEPES was infused into 6 tubes 
(5 mL in each), with pH values adjusted to 5.5, 6.0, 6.5, 
7.0, 7.5, and 8.0, respectively. Nigericin (30 μmol/L) and 
BCECF (0.25 μmol/L) were added to the 6 tubes. At 
the logarithm growth phase, the cells were digested with 
pancreatin to prepare a single-cell suspension. The cells 
were washed twice with PBS, and an identical number of  
cells were added to the 6 tubes for inoculation at 37℃ for 
12 min. The cells were stimulated with argon ion laser at 
488 nm. The emitted fluorescence was recorded at 530 nm 
and 640 nm and the ratio (FIR) was calculated. The ratio 
curve and the standard curve of  pH were drawn.

Cells at the logarithm growth phase were digested with 

pancreatin, and centrifugated for 5 min at 1000 r/min. 
After removal of  the supernatant, the cells were washed 
once using saline. BCECF/AM stock solution (2 mg/mL), 
prepared with anhydrous DMSO, was added to the serum-
free and phenolsulfonphthalein-free medium until the 
BCECF concentration reached 0.25 μmol/L. Cells in the 
stock solution were incubated for 12 min for 1 h at room 
temperature. The cells were stimulated with argon ion laser 
at 488 nm and the emitted fluorescence at 530 and 640 was 
recorded, and the ratio (FIR) was calculated. Intracellular 
pH (pHi) was calculated according to the standard curve.

Cell morphology and growth features observation
The shape, size and growth features (such as contact 
inhibition, density inhibition and anchorage-dependence) 
of  7901-AS cells were observed using invert microscopy 
and common microscopy after hematoxylin and eosin 
staining. Cell proliferation speed was assayed by the 
3-(4,5-dimethyl-2 thiazoyl)-2,5-dipheny-2H-tetrazolium 
bromide method.

Cell cycle and apoptosis rate analysis
Exponentially growing cells were collected and fixed with 
75% cold ethanol for at least 24 h and were analyzed for 
cell cycle distribution and apoptosis rate by DNA content 
analysis using propidium staining under flow cytometry 
(FACS420).

Double-deck soft agar colony forming efficiency
The cells were planted in 24-hole plastic plates spread with 
low melting point agar (0.35% in upper layer and 0.6% in 
low layer). Each type of  cell was planted in five holes, with 
1000 cells in each hole. The cells were cultivated at 37℃, 
with 5% CO2 and under saturation humidity for 2-3 wk. 
Cells that were larger than 75 μm in diameter or clones 
with more than 50 cells were counted under an invert 
microscope. Clone form-rate was calculated according to 
the clone form number/inoculation cell number × 100%.

Tumorigenicity assay in nude mice
Nine Balb/c athymic 4-5 wk old female nude mice, bred 
in specific pathogen free conditions (purchased from the 
Experimental Animal Center of  the Third Military Medical 
University, Chongqing, China) were randomly divided 
into three groups. Three different cell lines (SGC-7901, 
7901-zeo, 7901-AS), suspended in 0.1 mL serum-free RMPI 
1640, were injected subcutaneously in a dose of  4-8 × 106 
cells at two different sites of  the mice. The tumor diameter 
was measured every 7 d. The animals were monitored 
regularly for tumor occurrence and size for at least 2 mo.

Statistical analysis
The findings are depicted as mean ± SD. Variance analysis 
and t-test for non-matched data were performed using a 
professional SPSS statistical program.

RESULTS
Construction and identification of NHE1 antisense 
eukaryotic expression vector
Human NHE1 cDNA (3.6 Kb) digested from plasmid 
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pEAP with EcoRⅠ and HindⅢ restriction endonuclease 
was inserted into the eukaryotic expression vector in an-
tisense orientation. The recombinant DNA was further 
shown to be the same as designed by restriction analysis 
(Figure 1). A fragment of  3.6 Kb was released after diges-
tion of  the recombinant plasmid with EcoRⅠ and HindⅢ, 
suggesting that the target fragment was successfully in-
serted into the expression vector.

The antisense NHE1 eukaryotic expression vector was 
named pcDNA3.1-NHE1.

Identification of transfection
We introduced an antisense NHE1 cDNA sequence into 
the SGC-7901 cell line. Following Zeocin selection, drug-
resistant individual clones were randomly collected from 
cultures infected with pcDNA3.1-NHE1 (7901-AS). For 
controls, drug-resistant clones were selected from the 
cultures infected with an empty vector pcDNA3.1 (-)/Zeo 
(7901-zeo). The expression of  zeocin resistant gene (ZeoR) 
could be amplified in 7901-AS or 7901-zeo cells, but not in 
untransfected cells. This result suggested that exogenous 
genes had been integrated into the nucleic DNA of  
SGC-7901 cells (Figure 2).

Determination of intracellular pH 
The standard curve drawn according to the buffer is 
shown in Figure 3. The regression equation was y = 
0.2144χ - 0.4248 (r = 0.96).

The cells were stimulated with argon ion laser at 488 
nm and the emitted fluorescence at 530 nm and 640 nm 
was recorded and the ratio of  530/640 was calculated. 
The intracellular pH (pHi) was calculated according to 
the standard curve. The pHi of  7901-AS cells was 6.77 
± 0.05, whereas the pHi of  7901-zeo and SGC-7901 cells 
were 7.24 ± 0.03 and 7.26 ± 0.03, respectively. There was 
a significant difference between the pHi of  7901-AS cells 
and that of  7901-zeo cells and SGC-7901 cells (P < 0.01). 
The reduced pHi of  7901-AS cells suggested that the 
transfected antisense NHE1 gene successfully inhibited the 
expression of  NHE1 gene and blocked excessive exchange 
of  Na+-H+, resulting in intracellular acidification. There 
was no significant difference in the pHi of  SGC-7901 and 
7901-zeo cells (Table 1).

Morphology and growth features of 7901-AS cells
Compared with their parental cells and 7901-zeo cells, 
antisense NHE1-transfected 7901 cells displayed several 
morphological changes under light microscopy, such as 
decreased mitotic figures, multinucleate giant cells, giant 
nucleate cell numbers, and nucleus:cytoplasma ratio. The 
7901-AS cells only grew in a monolayer and at low cell 
density. The cell proliferation slowed down on the sixth 
day when 7901-AS cells grew into complete confluence 
(Figures 4 and 5). Further study showed that the parent 
cells and 7901-zeo cells grew in clusters with large numbers 
of  big clones. The formation rate was 11% for SGC-7901 
cells and 9.5% for 7901-zeo cells after 2 wk culture in soft 
agar. By contrast, the 7901-AS cells were scattered in soft 
agar with less number of  clones and the formation rate 
was only 2%.

Cell-cycle distribution and apoptotic rate of 7901-AS cells
The 7901-AS cells showed increased apoptotic cells and 
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Figure 1  Identification of antisense human 
NHE1 cDNA vector digested by restriction 
endonuclease. Lane 1: Marker (λDNA/EcoR
Ⅰ+ HindⅢ); Lane 2: pcDNA3.1 (-)/Zeo 
plasmid; Lane 3: pcDNA3.1-NHE1 plasmid; 
Lane 4: pcDNA3.1-NHE1 plasmid digested 
by EcoRⅠ and HindⅢ (5.0 and 3.6 kb).

ZeoR 300 bp

Figure 2  Analysis of exogenous gene integration in nucleic DNA of SGC-7901. 
Lane 1: Polymerase chain reaction marker; Lane 2: 7901-zeo; Lane 3: 7901-AS; 
Lane 4: SGC-7901.

4          3        2          1

FI
R

5.5            6.0            6.5            7.0            7.5            8.0

Figure 3  Standard curve of intracellular pH.

pH

Table 1  Changes in the intracellular pH values of SGC-7901 
gastric carcinoma cells before and after transfection 

Cells
Intracellular pH values determined each time Intracellular

 1  2  3 pH (mean ± SD)

7901-AS 6.73 6.75 6.83 6.77 ± 0.05b

7901-zeo 7.20 7.26 7.25 7.24 ± 0.03
SGC-7901 7.22 7.28 7.28 7.26 ± 0.03

bP < 0.01 vs 7901-zeo and SGC-7901.
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G0/G1 cells, and decreased S and G2M cells, and reduced 
proliferative index compared to SGC-7901 and 7901-zeo 
cells, suggesting that transfection of  SGC-7901 cells with 
antisense NHE1 gene resulted in leftward shift of  the 
cell cycles and reduced capacity for differentiation and 
proliferation. Flow cytometry showed apoptotic peak of  
7901-AS cells with apoptotic rate of  26.1%, which was 
significantly higher than that of  SGC-7901 cells (4.5%) 
and 7901-zeo cells (5.1%), suggesting that transfection with 
antisense NHE1 induced apoptosis of  SGC-7901 cells 
(Table 2).

Tumorigenicity assay in nude mice
After inoculation with 4 × 106 SGC-7901 cells or 
7901-zeo cells, all mice (n = 3) grew palpable tumors on 
the sixteenth-seventeenth day. Subsequently, the tumors 
grew progressively. The size and speed of  growth of  the 
two different tumors showed no apparent difference at  
2 mo. After inoculation with 4 × 106 and 8 × 106 dose of  
7901-AS cells, none of  the mice (n = 3, respectively) grew 
palpable tumors within 2 mo. This result indicates that 

antisense NHE1-transfected SGC-7901 cells completely 
loose tumorigenecity in nude mice.

DISCUSSION
Since the successful cloning of  human NHE1cDNA in 
1989 by the Sardet Laboratory[6], the 8 known subtypes of  
NHE, named as NHE1-8 respectively, have been shown 
to be identical in structure and are related in function. 
These form the gene family of  membrane exchange 
protein[7-10]. The different subtypes have different number 
and distribution, different pharmacological properties, and 
are regulated by different factors. NHE1, a house-keeping 
gene, located at 1p[1] with mRNA of  3.8 Kb, is found in 
nearly all human tissues, and serves to remove excessive 
H+ in the cytoplasm by the Na+-H+ exchange system, 
resulting in the maintenance of  a stable pHi

[11-14]. Glycolysis 
of  tumor cells may result in the production of  large 
quantities of  lactic acid and H+. Researchers have long 
believed that the pHi of  tumor cells is more acidic than 
that of  normal cells. However, 31P-NMR spectroscopic 
studies of  tumor cells have shown that the pHi measured 
in situ is more alkaline (pH 7.0-7.2) than that of  the normal 
cells (pH 6.5-7.0). This phenomenon of  high pHi with low 
extracellular pH (pHe) is caused by the activation of  NHE1 
in the cell membrane with increased mRNA expression, 
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Figure 4  Morphorlogical changes in the transfected cells and parental cells. The first row was observed under inverted microscope. The second row was stained with 
hematoxylin and eosin, and examined by light microscopy. (A) and (D) SGC-7901; (B) and (E) 7901-zeo; (C) and (F) 7901-AS.
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Figure 5  Comparison of growth curves of transfected cells and parental cells. 

Table 2  Cell cycle distribution and the apoptotic rate in 
transfected and untransfected cells 

Cell cycle distribution (%)
Cell type G0/G1 S G2/M PI Apoptotic rate
7901-AS 60.0 34.3 6.3 40.3 26.1b

7901-zeo 54.6 39.0 7.6 46.6  5.1
SGC-7901 55.4 37.9 8.0 45.2  4.5

bP < 0.01 vs SGC-7901 and 7901-zeo.
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resulting in strong Na+-H+ exchange in the tumor cells. 
Most of  the H+ pumped out of  the cells helps to create 
an acidic environment in the interstitial fluid of  the tumor 
cells and maintains the pHi in the tumor cells as neutral 
or more basic[15-18]. Our previous studies have shown that 
the significantly greater expression level of  NHE1 protein 
in gastric carcinoma tissues compared to that in normal 
gastric tissues is closely associated with the genesis and 
progression of  tumors[5], suggesting that NHE1 can be 
used as the target site in the treatment of  such tumors. 
However, further studies are needed to determine whether 
or not the intervention of  antisense NHE1 gene can 
decrease type 1 Na+/H+ exchanger of  membranous ion 
exchange protein in gastric carcinoma cells and reverse 
the malignant phenotypes. Therefore, in the present 
study, the purpose of  transfection of  antisense NHE1 
gene into human gastric carcinoma cell line SGC-7901 
was to investigate the effects of  antisense therapy 
targeting NHE1 gene in the malignant phenotypes of  
gastric carcinoma cells. It was observed that reduced pHi 
partially reversed the malignant phenotypes of  SGC-7901 
cells transfected with antisense NHE1. Compared with 
SGC-7901 and 7901-zeo cells, the 7901-AS cells showed cell 
proliferation inhibition, G1/G0 phase arrest, increased cell 
apoptotic rate, recovery of  contact inhibition and density 
contact, decreased invasive capacity, and loss of  cloning 
efficiency in soft agar, and tumorigenecity in nude mice. 
These results indicate that the NHE1 gene is important in 
maintaining the phenotypes of  the SGC-7901 cell line. The 
NHE1 gene may be closely associated with the malignant 
biological behavior of  the tumor cells, and as a result, the 
phenotype of  the tumor is restrained when the NHE1 
gene is inhibited.

Overexpression of  NHE1 gene plays an important 
role in the regulation of  pHi in tumor cells[19-26]. The 
enhancement of  Na+-H+ exchange by tumor cells, caused 
by increasing the quantitative distribution of  NHE1 on 
the cell membrane, is the major molecular mechanism 
in the regulation of  pHi in tumor cells. This step is of  
important biological significance in the maintenance 
of  stable pHi and malignant growth of  the tumor cells. 
The energy consumption process of  Na+-H+ exchange 
which is dependent on the energy supplied by Na+-K+-
ATPase, stimulates glucose absorption and glycolysis by 
tumor cells and produces more intracellular H+, leading 
to strong Na+-H+ exchange in the tumor cells[27-30]. Most 
of  the H+ pumped out of  the cells helps to create the 
acidic environment in the interstitial fluid of  the tumor 
cells and keeps the pHi neutral or more alkaline in tumor 
cells, resulting in the protection of  the tumor cells from 
apoptosis[18,23]. In the present study, transfection of  
antisense NHE1 gene inhibited the expression of  NHE1 
gene in SGC-7901 gastric carcinoma cells, resulting 
in intracellular acidification and induced apoptosis of  
SGC-7901 cells. The inhibited proliferation, increased 
apoptotic rate, and decreased malignancy in tumor cells 
resulted in significantly reduced tumorigenicity in nude 
mice in vivo. These results indicate that transfected human 
NHE1 antisense gene successfully inhibited Na+-H+ 
exchange and destroyed the energy metabolism pattern of  
gastric carcinoma cells. Our findings point to the feasibility 

of  treatment of  gastric carcinoma by induction of  cell 
apoptosis through the process of  intracellular acidification, 
which may provide a new method for gene therapy of  
gastric carcinoma.

In conclusion, we transfected NHE1 antisense 
into SGC-7901 cells and observed the morphological 
and biological changes in the tumor cells. Our results 
reveal that NHE1 antisense gene transfection can partly 
reverse the malignant behavior, resulting in intracellular 
acidification and induction of  apoptosis of  SGC-7901 
cells. These finding may provide a potential method for 
gastric carcinoma gene therapy in the future.

COMMENTS
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Gastric cancer is one of the most common malignant tumors in China, but the 
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