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Abstract. Na+/H+ exchanger isoform 1 (NHE1) is known to 
play a key role in regulating intracellular pH and osmotic 
homeostasis and is involved in the development and progres-
sion of several types of cancer. However, the function and 
specific mechanism of NHE1 in gastric cancer (GC) are not 
clearly understood. In the present study, we report that NHE1 
is overexpressed in tissues and cell lines from GC patients, 
and knockdown or inhibition of NHE1 suppressed GC cell 
proliferation via regulation of G1/S and G2/M cell cycle phase 
transitions, concomitant with a marked decrease in positive cell 
cycle regulators, including cyclin D1 and cyclin B1. Likewise, 
NHE1 was required for GC cell migration and invasion 
through the regulation of epithelial-mesenchymal transition 
(EMT) proteins, and NHE1 inhibition resulted in an acidic 
intracellular environment, providing possible mechanisms 
underlying NHE1-mediated GC progression both in vitro and 
in vivo. These data highlight the important role of NHE1 in 
GC progression and suggest that NHE1 may be a useful target 
for GC therapy.

Introduction

Gastric cancer (GC) is one of the most commonly diagnosed 
cancers worldwide and is associated with a poor prognosis (1). 

Although there are several treatments for GC, including 
surgery, chemotherapy (2) and/or radiation therapy (3), GC is 
difficult to diagnose in early stages and therefore difficult to 
cure. Since GC is a molecular disease caused by the activation 
of oncogenes and/or inactivation of tumor-suppressor genes 
(such as other tumors) (4), it is beneficial to identify these 
important genes to develop efficient prevention and treatment 
strategies for GC.

Recent studies indicate that the acidic tumor micro-
environment is closely related to the biological behavior of 
tumor cells (5,6). The acidic extracellular environment and 
alkaline intracellular environment can promote the prolifera-
tion, invasion and metastasis of tumor cells by influencing cell 
metabolism and the activity of migration-associated genes (6,7). 
Several pH-regulated genes (VATP-pase, SLC4A1/4 and NHE) 
are known to participate in the progression of tumors such as 
liver and breast cancer, and pancreatic carcinoma (8,9). Na+/H+ 
exchanger isoform 1 (NHE1) is the most direct pH regulator 
and has become a focus of research in recent years (10). NHE1, 
the most abundant isoform of the NHE exchanger family, is 
a membrane protein that is present in many mammalian cell 
types, and is involved in regulating intracellular pH (pHi) and 
osmotic homeostasis (11). It has recognized functions in deter-
mining the pHi by catalyzing the electroneutral exchange of 
extracellular Na+ and intracellular H+ (12). Previous research 
has revealed that NHE1 not only contributes to heart disease 
and leukemia (13,14), but is also an important promoter of 
cancer in the progression of breast cancer and human small 
cell lung cancer cells (15,16). Our previous study demonstrated 
that the upregulation of NHE1 enabled liver cancer prolifera-
tion, migration and invasion (8).

Although the expression and function of NHE1 in the 
stomach have been demonstrated in healthy humans (17), the 
function and specific mechanism of NHE1 in digestive cancer, 
particularly GC, are not clearly understood.

In the present study, we showed that the expression of 
NHE1 was higher in GC tissues and cell lines than that noted 
in normal tissues and cell lines. Loss of function of NHE1 
suppressed GC cell proliferation, migration and invasion 
in vitro, and NHE1 inhibition reduced GC tumor growth in 
nude mice. Moreover, NHE1 regulated these events through 
changes in the pHi and the expression of corresponding 
genes. Our findings suggest that modulation of NHE1 and its 
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downstream signaling pathways could be a novel therapeutic 
strategy for human GC.

Materials and methods

Human specimens. Tissue samples were obtained under sterile 
conditions from 15 patients with primary GC who underwent 
surgery at the Department of surgery, Affiliated Hospital of 
Zunyi Medical College (Zunyi, China). samples from primary 
GC tissues and their normal paraneoplastic counterparts were 
shock frozen in liquid nitrogen and stored at -80˚C. This 
study was approved by the Ethics Committee of the Hospital 
Affiliated to Zunyi Medical College and all patients provided 
written in form consent for the use of their samples.

Cell lines. GES-1, SGC-7901 and MKN-45 cells were obtained 
from the Chinese Academy of Sciences (Shanghai, China). 
GES-1 is an immortalized human gastric normal epithelial 
mucosa cell line and SGC-7901 and MKN-45 are human 
GC cell lines. These cells are commonly used in the study of 
GC. 5-N-ethyl-N-isopropylamiloride (EIPA) was purchased 
from Sigma (St. Louis, MO, uSA). After dissolving EIPA 
in dimethyl sulfoxide (DMSO), it was diluted in cell culture 
media to final concentrations below 0.1%.

Cell culture. GES-1, SGC-7901 and MKN-45 cells were main-
tained in RPMI-1640 and Iscove's Dulbecco's modified Eagle's 
medium (DMEM) (Gibco-BRL, Gaithersburg, MD, uSA). All 
cells were grown in medium supplemented with 10% fetal calf 
serum (Gibco-BRl) in an incubator with 5% CO2 at 37˚C. The 
cells were used for experiments after they reached 70-80% 
confluence.

Immunohistochemistry. Slides containing human GC tissues 
were incubated with an anti-NHE1 monoclonal antibody 
(1:100 dilution; Abcam, Cambridge, MA, usA). The primary 
antibodies were detected with biotinylated goat anti-mouse 
IgG (Vector Laboratories, Burlingame, CA, uSA) secondary 
antibodies. Immunoreactivity was detected using a horse-
radish peroxidase (3,3'-diaminobenzidine) kit (BioGenex, 
san Francisco, CA, usA), followed by counterstaining with 
hematoxylin, dehydration and mounting. The slides were then 
examined with a Nikon Eclipse 800 Research microscope.

Immunofluorescence staining. The cells were cultured on 
8x8 cm coverslips and fixed with ice-cold methanol/acetone 
for 20 min, then permeabilized [0.1% Triton X-100 in phos-
phate-buffered saline (PBS)] for 25 min, blocked for 30 min 
and incubated with primary antibodies against NHE1 (1:200 
dilution; Abcam) overnight at 4˚C. The cells were subsequently 
incubated with a FITC-IgG fluorescent secondary antibody 
(1:500 dilution; ZsGB-BIO, Beijing, China) at 37˚C for 1 h. 
The cells were finally observed through an inverted fluores-
cence microscope (Olympus IX70; Olympus, Tokyo, Japan).

Measurement of acid secretion via digital pHi imaging. Cells 
were loaded with a 5 µmol/l concentration of the pH-sensitive 
dye 2',7'-bis-(2-carboxyethyl)-5-(and 6)-carboxyfluorescein, 
acetomethyl ester (BCECF-AM) (Molecular Probes, Eugene, 
OR, usA) for 30 min in low-calcium HEPEs-buffered Ringer's 

solution (125 mM NaCl, 5 mM KCl, 0.1 mM CaCl2, 32.2 mM 
HEPES and 5 mM glucose, pH 7.4) at room temperature. 
After loading, the cells were excited at 490 and 440 nm, and 
the emitted fluorescence was measured at 530 nm. Real-time 
images were obtained using a Nikon Eclipse Ti epifluores-
cence microscope (x40 objective) and Easy Ratio Pro software 
(Photon Technology International). After the establishment 
of a stable baseline, the cells were exposed to the solution 
containing EIPA (20 µmol/l) or the control vehicle. After 
30 min, the cells were exposed to 10 mM NH4Cl for 4 min. 
pHi was calculated on the basis of the fluorescence ratios from 
an intracellular calibration curve constructed at the end of 
each experiment using the nigericin/high-K+ technique and a 
linear conversion formula. The pHi recovery rate was deter-
mined on the basis of the slopes of the linear regression lines 
of measurements obtained during the first 3 min of recovery 
after the removal of NH4Cl and was expressed as pH units/min.

Quantitative real-time PCR. Total RNA was extracted with 
RNAiso Plus. The RNA was reverse transcribed to cDNA 
using PrimeScript RT-polymerase (Takara, Tokyo, Japan). 
Quantitative PCR was performed using cDNA primers specific 
for NHE1. The GAPDH gene was used as an internal control. 
The real-time RT-PCR assays were performed using 
SYBR-Green SuperMix (Bio-Rad, Hercules, CA, uSA). The 
qPCR primer pair for NHE1 was designed by RiboBio 
(Guangzhou, China). The primers were as follows: GAPDH 
forward, 5-CAGGAGGCATTGCTGATGAT-3 and reverse, 
5-GAAGGCTGGGGCTCATTT-3; NHE1 forward, 5-CTC 
ATCTGTGCCTGTCTGTCC and reverse, 5-TCTGATGTCA 
CAGTCTTCGAGCAA-3.

Western blotting. Cells were lysed with lysis buffer [50 mM 
Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1% sodium 
deoxycholate, 0.1% sDs and 5 mM EDTA] and centrifuged 
at 12,000 x g for 15 min to remove insoluble material. Protein 
contents were subsequently normalized. For immunopre-
cipitation analyses, the lysates were incubated with an NHE1 
antibody for 1 h at 4˚C, followed by another 1 h incubation with 
protein A-agarose at 4˚C. Pellets or cell lysates were resus-
pended in 2X loading buffer, boiled for 5 min, and separated 
via sDs-PAGE (10%). Resolved proteins were transferred to 
a PvDF membrane (Millipore Corporation, Billerica, MA, 
uSA). The membranes were blocked with blocking buffer [1X 
Tris-buffered saline with Tween-20 (TBsT) with 5% non-fat 
dry milk], followed by incubation with monoclonal antibodies 
against NHE1 (1:1,000; Abcam), GAPDH (1:5,000; Ambion, 
Thermo Fisher scientific, usA), cyclin D1 (1:1,000), cyclin B1 
(1:2,000), E-cadherin (1:1,000) and vimentin (1:3,000) (all 
from Abcam). After washing with TBST, the secondary anti-
body was applied. The signals were visualized using enhanced 
chemiluminescence (ECl; Thermo Fisher scientific, Inc., 
Waltham, MA, uSA) and recorded on a Gel Doc 2000 imaging 
scanner (Bio-Rad).

Cell proliferation assay. Cells were plated in 96-well culture 
dishes at 2x103 cells/well using DMEM with 5% fetal bovine 
serum (FBs) as the culture medium. The cells were transfected 
with NHE1 shRNA or treated for 72 h with different doses of 
EIPA (5, 10, 20 or 30 µmol/l). Cell viability was assessed with 
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a Cell Counting Kit-8 (CCK-8) (Tongren, Shanghai, China). 
The CCK-8 reagent was added to each well at 0.5-2 h before 
the endpoint of incubation. The optical density (OD) at 450 nm 
was determined for each well using a microplate reader. 
Experiments were repeated at least three times, in triplicate 
each time. Extinction measurements were calculated relative 
to the negative control at the corresponding time points.

Cell scratch test. Cells from each group were seeded into 
24-well tissue culture plates at a density that reached 80% 
confluence as a monolayer at 24 h. The monolayer was gently 
scratched across the center of the well with a 10-µl pipette 
tip. After scratching, the well was gently washed with medium 
to remove the detached cells. After treatment with EIPA 
(20 µmol/l) or transfection with NHE1 shRNA, images were 
obtained at 0 and 24 h using a microscope. Narrower widths 
indicate the migration distance. In each group, at least three 
parallel wells were utilized for testing.

Transwell invasion assays. A 24-well Transwell chamber 
(8-µm pores; Corning, Corning, NY, usA) was used to 
evaluate the motility and invasive ability of SGC-7901 or 
MKN-45 cells exposed to different treatments. The upper 
surface of a polycarbonate filter with 8-µm pores was 
coated with 100 µg of Matrigel (Collaborative Biomedical, 
Bedford, MA, uSA). The cells were suspended in serum-free 
RPMI-1640/DMEM (1x104 cells/100 µl), and the cells in the 
upper chambers were then transfected with NHE1 shRNA 
or treated with EIPA (20 µmol/l). The lower chambers were 
filled with 500 µl of RPMI-1640 (10% FBs) medium. After 
24 h of incubation, the cells remaining on the upper surface of 
the filters were removed by wiping with cotton swabs, and the 
cells that had migrated onto the lower surface were stained 
with crystal violet. The number of cells on the lower surface 
of the filters was counted under a microscope at a magnifica-
tion of x200 (Olympus Corporation, Tokyo, Japan), and the 
average number of cells in three random selected fields was 
taken as the number of cells exhibiting invasion. The experi-
ments were performed in triplicate, and each sample was 
assayed in triplicate.

Treatment of subcutaneous (s.c.) GC xenografts. All animal 
experiments described in the present study conformed to 
the Guidelines of the Animal Care and use Committee of 
Zunyi Medical College. Male nude mice (~4-weeks old) were 
purchased from Hua Fu Kang (Beijing, China). Approximately 
1x106 SGC-7901 cells from each group were injected into the 
armpits of the nude mice. When the tumors reached an average 
volume of ~1 mm3, EIPA (30 µmol/l) was injected into the 
tumors in the armpits on one side once a day (100 µl) and 
DMsO (0.1%) was injected into the tumors in the armpits on 
the other side. The volume of the GC xenografts was assessed 
each week. Thirty days after the injection of tumor cells, using 
a digital caliper, the tumor volume (in mm3) was calculated 
using the formula: Volume = (length)2 x width/2.

Cell cycle analysis. Cell cycle analysis was carried out using 
flow cytometry. Briefly, cells were fixed in 70% ethanol for 
>18 h and incubated with RNase A (0.2 mg/ml) in PBS. 
Propidium iodide was then added to the cell suspension. 

samples were analyzed by a FACsCalibur flow cytometer 
(Becton-Dickinson).

Statistical analysis. All data are expressed as means ± SEM. 
Data were analyzed via one-way ANOVA followed by 
the student-Newman-Keul post hoc test or student's t-test 
for paired or unpaired samples with GraphPad Prism 5.0 
(GraphPad, San Diego, CA, uSA). P<0.05 was considered to 
indicate a statistically significant result.

Results

Overexpression of NHE1 in human GC tissues and cells. 
NHE1 expression has been reported to be upregulated in 
human breast and prostate cancer (8,18). To study the potential 
role of NHE1 in GC, we first performed immunohistochem-
istry and western blotting to examine and compare NHE1 
protein expression levels in 10 pairs of human GC tissues 
and their normal paraneoplastic counterparts. As shown in 
Fig. 1, NHE1 was detected in native human GC and normal 
tissues, but NHE1 expression was significantly upregulated 
in GC patient tissues compared with that in the normal 
tissues (Fig. 1A-D). Next, we performed qPCR to compare 
NHE1 transcripts levels, and the mRNA level of NHE1 in 
the GC patients was found to be 4.3-fold higher than that 
noted in the normal tissues (Fig. 1E). We also examined the 
expression of NHE1 in the human GC cell lines MKN-45 
and SGC-7901 and the gastric normal epithelial mucosa cell 
line GES-1. Western blot and qPCR analyses revealed that 
the expression levels of both the NHE1 protein and transcript 
were upregulated in the SGC-7901 and MKN-45 cancer cells 
compared with these levels in the GEs-1 cells (Fig. 1F and G). 
Finally, the immunofluorescence staining results showed that 
the NHE1 protein was predominately expressed in the plasma 
membrane and cytoplasm of the cells, and the intensity of 
immunofluorescence for endogenous NHE1 was significant 
increased in the GC cells (Fig. 1H). These results collectively 
demonstrated that NHE1 expression is upregulated in GC, 
implying a potential contributing role in GC.

Inhibition of NHE1 suppresses the G1/S and G2/M cell cycle 
phase transition and proliferation in GC cells. The overexpres-
sion of NHE1 observed in the primary human GC resembled the 
expression profiles detected in breast and prostate cancer (8). 
We therefore hypothesized that in GC, NHE1 probably confers 
a growth advantage to the cancer cells. To evaluate this, we 
performed cell proliferation assays and found that EIPA (5, 
10, 20 or 30 µmol/l), a selective inhibitor of NHE1, suppressed 
the proliferation of MKN-45 and SGC-7901 cancer cells in 
a dose-dependent manner (Fig. 2A and B). To verify that 
NHE1 specifically mediates GC cell proliferation, an shRNA 
targeting NHE1 was constructed and successfully transfected 
into the GC cell lines MKN-45 and SGC-7901. Knockdown of 
NHE1 was found to significantly inhibit cell proliferation in 
the MKN-45 and sGC-7901 cancer cells (Fig. 2C and D). We 
next investigated the effect of NHE1 on the cell cycle distribu-
tion via flow cytometric analysis. Compared with the control 
(PBS) group, EIPA (20 µmol/l) treatment of the MKN-45 and 
SGC-7901 cells resulted in an increase in the proportion of 
cells in the G0/G1 and G2/M phases, but a reduction in the 
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proportion of cells in the s phase (Fig. 2E, F, I and J). similarly, 
knockdown of NHE1 in the MKN-45 and SGC-7901 cells 
significantly increased the proportion of cells in both the G0/
G1 and G2/M phases, which was associated with a decreased 
proportion of cells in the s phase (Fig. 2G-J). These data 
suggest that knockdown and inhibition of NHE1 suppressed 
GC cell proliferation via regulating cell cycle distribution.

Inhibition of NHE1 suppresses cell migration and inva-
sion. To further investigate whether NHE1 upregulation is 
involved in the progression of GC, we performed assays to 
test cell migration and invasion. Wound-healing assays and 
Transwell experiments demonstrated that EIPA (20 µmol/l) 
prevented migration [MKN-45 control (73.33±6.01 µm) vs. 
EIPA (32.67±5.01 µm); sGC-7901 control (50.01±5.77 µm) 

vs. EIPA (20.63±3.48 µm)] and invasion [MKN-45 control 
(196±17) vs. EIPA (50±11); sGC-7901 control (203±17) vs. 
EIPA (56±5)] (Fig. 3A, B, E and F). likewise, knockdown 
of NHE1 significantly inhibited cell migration [MKN-45 
control (60.13±5.77 µm) vs. EIPA (36.61±4.41 µm); sGC-7901 
control (45.11±4.98 µm) vs. EIPA (25.17±2.61 µm)] and inva-
sion [MKN-45 control (150±5) vs. EIPA (63±8); sGC-7901 
control (153±8) vs. EIPA (90±5)] (Fig. 3C-F). Collectively, 
these data further support the hypothesis that NHE1 serves as 
a tumor promoter in human GC by inducing cell migration and 
invasion in vitro.

Enhanced NHE1 expression triggers an elevated pHi in GC 
cells. As a key pH regulator, NHE1 is known to maintain 
the pHi by exchanging one intracellular proton for one 

Figure 1. Enhanced expression of NHE1 in human gastric cancer (GC) tissues and cell lines. (A-C) Comparison of NHE1 protein expression through immu-
nohistochemical analysis of human gastric cancer biopsy tissues (Can) and paraneoplastic normal tissues (Con) (**P<0.01, n=10 pairs of samples for NHE1 
expression analysis). The scale bars in A1, A3, B1 and B3 represent 50 µm. The scale bars in A2, A4, B2 and B4 represent 25 µm. (D) Western blot analysis 
of the NHE protein in human GC (C) (six samples shown) and normal (N) (six samples shown) tissues probed with anti-NHE1 (91 kDa) antibodies. GAPDH 
served as the protein loading control (**P<0.01, n=15). (E) Histogram showing summary data on NHE1 mRNA expression in human gastric cancer biopsy 
tissues (Can) and paraneoplastic normal tissues (Con) (***P<0.001, n=15). (F and G) Western blot and qPCR analyses of NHE1 protein and mRNA expression in 
a human normal gastric epithelial cell line (GES-1) and gastric cancer cell lines (SGC-7901 and MKN-45) (**P<0.01, ***P<0.001 n=3 independent experiments). 
(H) Representative immunofluorescence imaging of NHE1 protein staining in GEs-1, sGC-7901 and MKN-45 cells and a negative control. The scale bar is 
25 µm (*P<0.05, n=3 independent experiments).
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extracellular sodium and has been reported to be involved 
in the regulation of pHi in hepatocellular carcinoma and 
breast cancer development (8,19,20). Inhibition of NHE1 

function could decrease pHi to suppress cell proliferation and 
migration in these cancers. This hypothesis is consistent with 
the observation that analkaline intracellular environments 

Figure 2. The role of NHE1 in the cell proliferation and cell cycle of gastric cancer in vitro. (A and B) Dose-dependent effects of EIPA (5, 10, 20 or 30 µmol/l) 
on MKN-45 and SGC-7901 cell proliferation as determined via the CCK-8 assay (*P<0.05, **P<0.01, n=3 independent experiments). (C) Effect of shRNA 
knockdown on the protein expression of NHE1 in MKN-45 and SGC-7901 cells (**P<0.01, n=3 independent experiments). (D) Effect of transfection with 
NHE1 shRNA and the negative control (NC) on MKN-45 and SGC-7901 cell proliferation (*P<0.05, n=3 independent experiments). (E and F) Flow cytometric 
analysis of the cell cycle in MKN-45 and SGC-7901 cells treated with EIPA (20 µmol/l) for 24 h (*P<0.05, n=3 independent experiments). (G and H) Flow 
cytometric analysis of the cell cycle in MKN-45 and 7901 cells infected with NHE1 shRNA or NC. (I and J) Summary of cell cycle distribution in the SGC-
7901 and MKN-45 cell lines (*P<0.05, **P<0.01, n=3).
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are more suitable for cancer cell growth (21). Therefore, we 
hypothesized that the NHE1-mediated elevation of pHi could 
play a role in GC development. To test this hypothesis, we 
first examined the steady-state pHi and the recovery of pHi 
following acute intracellular acidification induced by NH4Cl 
in GEs-1 (Fig. 4A), sGC-7901 (Fig. 4B) and MKN-45 
cells (Fig. 4C). The F(440)/F(495) ratio was converted to 
pH to obtain the intracellular proton concentration using 
the nigericin-based calibration technique, and the mean 
ratio values were plotted as a function of pH to produce a 
calibration curve (22). As shown in Fig. 4D, the steady-state 
pHi of the MKN-45 and SGC-7901 cancer cell lines was 
significantly increased compared with that of the GEs-1 cell 
line. We next observed the recovery rate of pHi induced by 
NHE1 activation in the GES-1, SGC-7901 and MKN-45 cells. 
The Na+-dependent pHi recovery rate was faster in the GC 
cell lines than that noted in the normal cell line, as shown in 
Fig. 4E, which may be attributed to the enhanced expression or 
function of NHE1 in cancer tissues and cell lines, promoting 
the extrusion of intracellular proton (H) ions. Furthermore, 
the NHE1 inhibitor EIPA (20 µmol/l) effectively reduced 

the steady-state pHi and the pHi recovery rate in both the 
sGC-7901 and MKN-45 cell lines (Fig. 4B, C, F and H). These 
effects may be attributed to the suppression of intracellular 
H+ exchange with the extracellular environment by EIPA, 
followed by an increase in intracellular H+ and reduction of 
pHi. The results of NHE1 knockdown showed the same effect 
as EIPA inhibition (Fig. 4G and I), indicating the specificity 
of NHE1-mediated pHi signaling. These results suggested 
that the regulation of pHi by NHE1 may contribute to GC 
development, and the decrease in pHi induced by NHE1 
inhibition is a possible mechanism whereby NHE1 regulates 
GC progression.

NHE1 mediates GC progression by depressing the expres-
sion of cyclin proteins and epithelial-mesenchymal transition 
markers. We further aimed to identify the possible molecular 
mechanisms underlying the modulation of pHi by NHE1 in GC 
development. Since NHE1 regulates cell cycle distribution, we 
examined the expression of important cell cycle-related proteins 
after blocking the function and expression of NHE1. The NHE1 
antagonist EIPA (20 µmol/l) reduced the expression of the 

Figure 3. Tumorigenic role of NHE1 in the migration and invasion of gastric cancer in vitro. (A and B) Effects of EIPA (20 µmol/l) on the migration capacity of 
MKN-45 and SGC-7901 cells as determined in cell scratch-wound assays (*P<0.05, **P<0.01 vs. the controls, n=3 independent experiments). The scale bars in 
each image represent 80 µm. (C and D) Effects of NHE1 knockdown on the migration capacity of MKN-45 and SGC-7901 cells as determined in cell scratch-
wound assays (*P<0.05 vs. the controls, n=3 independent experiments). The scale bars in each image represent 80 µm. (E and F) Effects of EIPA and NHE1 
knockdown on the invasion of MKN-45 and SGC-7901 cells as determined in Transwell experiments. The scale bars in each image represent 50 µm (**P<0.01 
vs. the controls, n=3 independent experiments).
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G1/S phase marker cyclin D1 as well as the G2/M phase marker 
cyclin B1 in the MKN-45 and SGC-7901 cells. Likewise, knock-
down of NHE1 in the MKN-45 and 7901 cells also decreased 
the expression of cyclin D1 and cyclin B1 (Fig. 5A and B). It is 
suggested that NHE1 inhibition suppresses both the G1/S and 
the G2/M transitions in GC cells. Additionally, we examined 
some migration- and invasion-related genes. Studies have 
indicated that epithelial-mesenchymal transition (EMT) plays 
a critical role in the progression of various types of tumors (23), 
and we therefore analyzed the changes in the protein levels of 
E-cadherin and vimentin, two important markers of EMT. We 
found that EIPA (20 µmol/l) significantly decreased vimentin 
protein expression and enhanced E-cadherin protein expression 
in MKN-45 and SGC-7901 cells. Similar results were obtained 
following knockdown of NHE1 in the MKN-45 and SGC-7901 
cells (Fig. 5C and D). The above results suggested that NHE1 
mediates GC cell proliferation, migration and invasion via 
cyclin proteins and EMT markers.

Knockdown of NHE1 suppresses GC cell growth in nude mice. 
Finally, to obtain evidence that NHE1 is indeed important for 
the development of GC in vivo, we established a subcutane-
ously xenograft gastric tumor model in nude mice. On day 30 
after the implantation of SGC-7901 cancer cells in the armpits 
on both sides of the mice (with or without EIPA injection), the 
NHE1 antagonist EIPA (30 µmol/l) significantly suppressed 
GC growth in the nude mice compared with the control 
groups (Fig. 6A-C).

Discussion

In the present study, we demonstrated that NHE1 serves as a 
key promoter in the development and progression of human 
gastric cancer (GC). Several lines of evidence support this 
hypothesis. First, enhanced expression of NHE1 was found not 
only in GC cell lines but also in human primary GC tissues 
compared with normal controls. Secondly, knockdown or inhi-

Figure 4. Original recordings of changes in intracellular proton concentrations in NHE1-overexpressing gastric cancer (GC) cells. (A-C) Original tracings 
of steady-state pHi and pHi recovery measurements in the absence and presence of 20 µmol/l EIPA in (A) GES-1, (B) SGC-7901 and (C) MKN-45 cells. 
(D) Summary of the steady-state pHi in the GES-1, SGC-7901 and MKN-45 cell lines (**P<0.01 vs. the controls; n=23 cell counts). (E) summary of pHi 
recovery rates in the GES-1, SGC-7901 and MKN-45 cell lines (**P<0.01 vs. the controls; n=26 cell counts). (F and G) Comparisons of the steady-state 
pHi following treatment with EIPA or NHE1 knockdown in the MKN-45 and SGC-7901 cell lines (*P<0.05, **P<0.01 vs. the controls; n=21 cell counts). 
(H and I) Comparison of the change of pHi recovery following treatment with EIPA or NHE1 knockdown in the MKN-45 and SGC-7901 cell lines (**P<0.01, 
***P<0.001 vs. the controls, n=21 cell counts).
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bition of NHE1 significantly suppressed GC cell proliferation, 
migration and invasion. Mechanistically, knockdown or inhi-

bition of NHE1 reduced the steady-state pHi and the recovery 
rate of pHi in the SGC-7901 and MKN-45 cell lines, further 

Figure 6. Tumorigenic role of NHE1 in the development of gastric cancer (GC) in vivo. (A) SGC-7901 cells were injected into the armpits of nude mice. Nude 
mice bearing subcutaneously xenografted tumors (with or without EIPA injection once a day) were sacrificed on day 30 after implantation. In each pair of 
tumors, the tumor on the right received EIPA injection, while the left side was injected with PBS. (B and C) Histograms and curves showing summary data for 
the xenografted tumor volumes with or without EIPA injection (control) (*P<0.05, n=3).

Figure 5. suppressive effects of NHE1 expression on the cell cycle and EMT-related markers in gastric cancer (GC) cells. (A and B) Representative western 
blotting for the cyclin D1 and cyclin B1 proteins after treatment with EIPA (20 µmol/l) and NHE1 knockdown in the MKN-45 and SGC-7901 cell lines 
(*P<0.05, **P<0.01 vs. the controls; n=3 independent experiments). (C and D) Representative western blotting for the vimentin and E-cadherin proteins after 
treatment with EIPA and NHE1 knockdown in the MKN-45 and SGC-7901 cell lines (*P<0.05, **P<0.01 vs. the controls; n=3 independent experiments).
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regulating downstream cyclin proteins and EMT markers 
involved in GC progression. Finally, the NHE1 inhibitor EIPA 
suppressed GC cell growth in nude mice. These findings indi-
cate that NHE1 may play an important role in the development 
and progression of GC.

Since the NHE1 isoform was cloned in 1989 by the Sardet 
group (24), nine mammalian isoforms belonging to the NHE 
family have been identified. NHE1 is an integral membrane 
protein consisting of 12 transmembrane segments (N-terminal) 
and a long cytoplasmic tail (C-terminal) that catalyzes the 
extrusion of intracellular proton (H) ions in exchange for 
extracellular sodium (Na) ions; the maintenance of this pH 
gradient from extracellular pH (pHe) to pHi is mainly due to 
NHE1 (25,26). Physiologically, NHE1 activation promotes 
cell growth, differentiation, regulates sodium flux and the cell 
volume after osmotic shrinkage. In the field of cancer research, 
NHE1 has been shown to be overexpressed in breast cancer 
and cervical cancer, and increased NHE1 activity induced 
intracellular alkalization and promoted cell invasion (8,27). 
Furthermore, decorin lowered NHE1 activity further inhibiting 
B16V melanoma cell migration and invasion by cellular acidi-
fication (28). Moreover, cisplatin-induced apoptosis was found 
to involve membrane fluidification via inhibition of NHE1 in 
human colon cancer cells (29). In the present study on gastric 
cancer (GC), we first examined the expression of NHE1 via 
immunohistochemistry and western blot analyses in 15 pairs 
of GC and normal samples. Enhanced expression of NHE1 was 
found in most of the GC samples compared with that noted 
in the matched normal tissues. Likewise, NHE1 protein and 
transcript levels were significantly upregulated in the GC cell 
lines, and knockdown or inhibition of NHE1 suppressed cell 
proliferation, the cell cycle, migration and invasion in GC cells 
both in vitro and in vivo. These finding suggest that NHE1 may 
play a key role in the advancement of human GC.

However, the understanding of the mechanisms underlying 
the role of NHE1 in GC remains insufficient. Both cell culture 
experiments and in situ tumor spectroscopic studies have shown 
that cancer cells exhibit quite a different acid-base balance from 
normal cells; tumor cells have alkaline pHi values of 7.12-7.7 
vs. 6.99-7.05 in normal cells while producing acidic pHe values 
of 6.2-6.9 vs. 7.3-7.4 in normal cells. As known, the proteolytic 
breakdown of ECM proteins is one of the first steps in invasion 
in primary cancer lesions, and studies have confirmed that an 
acidic pHe can directly or indirectly drive ECM proteolysis and 
invasion by increasing protease production and the secretion of 
the active forms of cathepsin family members, serine proteases 
and matrix metalloproteinases (MMPs) (30-32). In addition, 
an increased pHi is necessary for actin polymerization. 
Alkaline pHi can stimulate cofilin activity and de novo actin 
polymerization to promote the leading edge membrane of 
migrating cells (33). Therefore, an alkaline pHi and acidic 
pHe not only increase cell metabolism but also contribute 
to the promotion of tumor cell invasion and migration. As 
an important pH regulator, NHE1 plays an essential role in 
the tumor microenvironment. Yang et al demonstrated that 
inhibition of NHE1 decreased pHi values and downregulated 
MMP-2, MMP-9 and vEGF expression to reduce hypoxia-
induced hepatocellular carcinoma invasion and motility (34). 
NHE1 inhibitors are also reported to reduce the acidic tumor 
microenvironment, thereby rendering paclitaxel more effective 

in breast cancer chemotherapy (35). In the present study, we 
demonstrated that the MKN-45 and 7901 cancer cell lines 
exhibited a more alkaline pHi compared with the GES-1 cell 
line, and Na+-dependent pHi recovery was also faster in the 
GC cell lines than that noted in the normal cell line. These 
results may have attributed to the enhanced expression or 
function of NHE1 in cancer tissues and cell lines, promoting 
the extrusion of intracellular proton (H) ions. Furthermore, the 
NHE1 inhibitor EIPA and treatment with shRNA targeting 
NHE1 effectively acidized pHi and suppressed pHi recovery 
in the MKN-45 and 7901 cells, indicating the specificity of 
NHE1-mediated pHi signaling in GC, and the suppression of 
invasion and migration in GC may be due to the inactivation 
of NHE1.

Abnormal regulation of the cell cycle is a marked char-
acteristic of cancer cells, and dysregulation of the cell cycle 
by many tumor-suppressor genes and proto-oncogenes is 
essential for unlimited proliferation of cancer cells (36). It is 
known that cyclin D mediates the G1/S transition by binding 
to Cdk4. Cyclin D/Cdk4/6 phosphorylates Rb, and E2F is then 
released to transactivate genes required for G1/S transition. 
Furthermore, the G2/M DNA damage checkpoint prevents the 
cell from entering mitosis (M phase) if the genome is damaged, 
and the cyclin B/Cdk1 complex plays an essential role in the 
regulation of the G2/M checkpoint. Putney et al found that 
a transient increase in pHi induced by NHE1 promoted the 
timing of G2/M in fibroblast cells (37,38), but the relationship 
between NHE1 and the cyclin family in cancer cells is not 
clearly understood. In the present study, we showed that, in 
MKN-45 and SGC-7901 cells, knockdown or inhibition of 
NHE1 suppressed both G1/S and the G2/M phase transition, 
along with decreased expression of cyclin D1 and cyclin B1, 
suggesting that NHE1 is an important cell cycle regulator. 
EMT has been shown to play a critical role in the early stages 
of cancer metastasis (39). In order to investigate the mechanism 
whereby NHE1 regulates invasion and migration, we further 
examined the expression of various EMT markers. E-cadherin 
is well known to increase adhesion and repress migration/
invasion at EMT during cancer progression, and vimentin is 
a canonical marker of EMT whose pattern within the cell has 
important effects on the formation and function of invadopodia 
and lamellipodia during cellular invasion and migration (40). 
Downregulation of E-cadherin and upregulation of vimentin 
have been observed in several types of cancers, such as 
breast cancer, GC and colorectal cancers (41,42) and TNF-α 
and vEGF can promote EMT by mediating E-cadherin and 
vimentin expression in human GC (43,44). Our research also 
confirmed that ablation or inhibition of NHE1 significantly 
increased epithelial marker expression (E-cadherin) and 
decreased mesenchymal marker expression (vimentin) to 
suppress the invasion and migration of GC cells.

In conclusion, our data suggest that NHE1 is a key player 
in the development and progression of GC and that targeting of 
NHE1 is a promising therapeutic strategy against human GC.
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