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High extracellular pressure promotes gastric cancer cell adhesion,
invasion, migration and suppresses gastric cancer
cell differentiation
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Abstract. Slightly increased pressure stimulates tumor cell
adhesion and proliferation. In the present study, we aimed to
evaluate the effects of high pressure on gene expression and
the biological behavior of gastric cancer cells. After incuba-
tion for 30 min at 37°C under ambient and increased pressure,
one portion of SGC7901 cells was used for cell proliferation
and apoptosis assays, cell cycle analysis, adhesion invasion or
migration assays. The other portion of cells was harvested for
detection of matrix metalloproteinase-2 (MMP-2), inhibitor of
DNA binding-1 (ID1), sonic Hedgehog (SHH) and E-cadherin
expression by western blotting or RT-PCR. In addition, we
investigated the effects of high pressure on SGC7901 cell
ultrastructure by transmission electron microscopy. We found
that the adhesion fold under increased pressure of 760 and
1,520 mmHg was 2.39+1.05 (P<0.05) and 2.47+0.85 (P<0.01)
as compared with the control, respectively. The invasion fold
was 3.42+2.06 (P<0.05) and 5.13+2.49 (P<0.01) as compared
with the control, respectively. The migration was 1.65+0.20
(P<0.001) and 2.53+0.50 (P<0.001) as compared with the
control, respectively. At increased pressure, MMP-2 and ID1
expression increased significantly, while the expression of SHH
decreased significantly. However, we did not find significant
change in proliferation, apoptosis, cell cycle or ultrastructure
of the SGC7901 cells under high pressure. In conclusion, high
pressure promoted the adhesion, invasion and migration of
SGC7901 cells. Moreover, the present study suggests that the
pressure-augmented invasion and migration may be related to
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the increase in MMP-2 expression. Moreover, high pressure
may suppress SGC7901 cell differentiation, which may result
from the change in SHH and ID1 expression.

Introduction

Gastric cancer (GC) is one of the most common cancers world-
wide and 42% of the cases are reported in China alone (1).
Although surgical treatment and chemotherapy have greatly
progressed in recent years, the prognosis of advanced GC
patients remains poor (2). According to statistics, 10,900 GC
deaths were projected to occur in the US in 2013, accounting
for 2% of the estimated total cancer deaths (3). Adhesion of
GC cells at a distant site is closely related to the metastasis of
GC, which is the leading cause of mortality for GC patients. It
is vital for tumor cells to adapt to extracellular environments.
The slight increase in extracellular pressure has been found
to stimulate tumor cell adhesion in several types of human
cancers, such as colon, tongue and breast cancer (4-6).

However, to the best of our knowledge, this is the first
study evaluating the influence of high extracellular pressure
on gene expression and the biological behavior of GC cells.
This is important since clarifying the mechanism of the effect
of high extracellular pressure on tumor cells may ultimately
provide new therapeutics to suppress tumor growth. In the
present study, SGC7901 cells were incubated in RPMI-1640
medium for 30 min at 37°C under ambient and increased pres-
sure (760 and 1,520 mmHg) conditions. Thus, we investigated
the effects of high pressure on SGC7901 cell proliferation,
apoptosis, adhesion, invasion, migration, differentiation
and examined the expression of matrix metalloproteinase-2
(MMP-2), inhibitor of DNA binding-1 (ID1), sonic Hedgehog
(SHH) and E-cadherin in the three groups.

Materials and methods
Cells andreagents. Human GC cell line SGC7901 was cultured

in RPMI-1640 medium (Invitrogen, Carlsbad, CA, USA)
supplemented with 10% fetal bovine serum (FBS) and 1%
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penicillin/streptomycin. The primary antibodies used included
anti-ID1 (1:1,000), anti-SHH (1:1,000), anti-E-cadherin
(1:1,000), anti-MMP-2 (1:500) (all from ProteinTech Group,
Chicago, IL, USA) and anti-f-actin (1:1,000; Boster
Bioengineering, Wuhan, China).

Western blotting. We studied the expression of ID1, SHH,
E-cadherin and MMP-2 under increased or ambient pressure
for 30 min in SGC7901 cells after lysing by standard methods.
Fifteen milliliters of each sample was separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis before
transfer to nitrocellulose membranes. The membranes were
then blocked with buffer [Tris-buffered saline (TBS), 0.1%
Tween-20 and 5% non-fat dry milk] for 60 min at room temper-
ature and incubated with the primary antibody overnight at
4°C. After washing three times with Tris-buffered solution
with Tween-20 (TBST), the membranes underwent hybridiza-
tion with the horseradish peroxidase-conjugated secondary
antibody for 60 min at room temperature. Membrane-bound
secondary antibody was washed three times with TBST and
detected by chemiluminescence with the Western Blotting
Luminal reagent (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) according to the manufacturer's instructions.

Pressure regulation. Ambient pressure was controlled using
an airtight pressure tank with inlet and outlet valves, an
anthracometer, a thermometer and a manometer for pressure
measurement. The carbon dioxide concentration was regu-
lated to within + 0.5%, temperature within + 1°C and pressure
within + 1.5 mmHg.

Matrix pre-coating. Matrigel matrix (BD Biosciences,
Bedford, MA, USA) was pre-coated at saturating densities
onto 96-well plates or Transwell inserts using serum-free
RPMI-1640 medium for 60 min at 37°C.

Cell adhesion assay. For the adhesion experiments, the
SGC7901 cells were suspended in RPMI-1640 medium
and seeded into 96-well plates (10* cells/well) coated with
Matrigel. The cells were then incubated for 30 min at 37°C
under ambient and increased pressure (760 and 1,520 mmHg)
conditions. Next, non-adherent cells were gently removed by
two washes with warmed phosphate-buffered saline (PBS).
After washing, 100 yl of RPMI-1640 medium and 10 ul of Cell
Counting Kit-8 (CCK-8; Boster Bioengineering) were added
to each well, and the fluorescence intensity was measured
using Tecan EVOlyzer at 60 min after CCK-8 administration
(excitation, 450 nm; emission, 630 nm). After fluorescence
measurement, attached cells were ethanol-fixed, crystal violet-
stained and observed by an Olympus microscope.

Cell cycle analysis. SGC7901 cells were incubated for 30 min
at 37°C under ambient and increased pressure (760 and
1,520 mmHg) conditions. Twenty-four hours after incuba-
tion under increased pressure, the cells were then harvested,
washed and fixed with ethanol. Cell cycle distribution was
analyzed by FACSCalibur flow cytometry (BD Biosciences).

Transwell invasion assay. Cell invasion assays were performed
using Transwell inserts (Corning Costar, Cambridge, MA,
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USA), which consist of 12-well Transwell tissue culture plates
with 8-yum pore size membranes coated with Matrigel (upper
chamber). After 24 h of serum starvation, the SGC7901
cells were incubated for 30 min at 37°C under ambient and
increased pressure (760 and 1,520 mmHg) conditions. Cells
(10,000 cells/well) in serum-free medium were then added
to the upper chambers of the Transwell inserts, and the lower
chambers were filled with medium containing 10% FBS. After
incubation for another 24 h at 37°C, the cells on the upper
chamber were scraped with a cotton swab. The invasive cells
that passed through the filter were measured according to
the manufacturer's instructions. All of the experiments were
performed in triplicate and independently repeated three times.

Transwell migration assay. Cell migration assays were
performed using Transwell inserts (Corning Costar), which
consisted of 12-well Transwell tissue culture plates with
8-um pore size membranes not coated with Matrigel. After
24 h of serum starvation, the SGC7901 cells were incubated
for 30 min at 37°C under ambient and increased pressure
(760 and 1,520 mmHg) conditions. Cells (10,000 cells/well) in
serum-free medium were then added to the upper chambers of
the Transwell inserts, and the lower chambers were filled with
medium containing 10% FBS. After incubation for another
24 h at 37°C, the cells on the upper chamber were scraped
with a cotton swab. The invasive cells that passed through the
filter were measured according to the manufacturer's instruc-
tions. All of the experiments were performed in triplicate and
independently repeated three times.

Extraction of total RNA and polymerase chain reaction (PCR).
TRIzol reagent (Invitrogen) was used to lyse cells and extract
total RNA according to the manufacturer's instructions.
GAPDH was used as an internal control. For semi-quantitative
reverse transcription PCR (RT-PCR), the primer sequences
were as follows: forward,5'-CCCATTCTGTTTCAGCCAGT-3'
and reverse, 5'-TTGCTCACCTTGCGGTTC-3' for IDI;
forward, 5'-GAGTGAAACTGCGGGTGA-3' and reverse,
5'-CCAGGAAAGTGAGGAAGTCG for SHH; forward, 5'-CC
GTGTGAAGTATGGGAACG-3' and reverse, 5'-CGGTCGT
AGTCCTCAGTGGT-3' for MMP-2; forward, 5-GTGAAGG
TCGGAGTCAACGG-3' and reverse, 5-CTCCTGGAAGA
TGGTGATGGG-3' for GAPDH. Following RT-PCR, the
amplified samples were stained with ethidium bromide and
separated using electrophoresis in 2% agarose gels. The
agarose gels were then viewed and photographed under ultra-
violet illumination.

Transmission electron microscopy (TEM). SGC7901 cells
were incubated for 30 min at 37°C under ambient and
increased pressure (760 and 1,520 mmHg) conditions.
Twenty-four hours after incubation under increased pressure,
the cells were then harvested, washed and fixed in mixtures
of 2.5% ice-cold glutaraldehyde in 0.1 M sodium cacodylate
buffer for 24 h. Next, the cells were rinsed with PBS, post-
fixed in 2% osmium tetraoxide (in the same buffer) for 60 min,
and dehydrated in a series of graded ethanol. The cells were
then incubated in propylene oxide and embedded in TAAB
epoxy resin. Following counterstaining with lead citrate and
uranyl acetate, ultrathin sections (50 nm) were placed under
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Figure 1. Increasing extracellular pressure promotes gastric cancer cell adhesion. Adhesion assay in SGC7901 cells (magnification, x200). (A) Ambient pres-
sure. (B) Increased pressure of 760 mmHg. (C) Increased pressure of 1,520 mmHg. The histogram of adhesion assay is representative of relative adhesion fold

as compared with ambient pressure control (D). (n=3) (*P<0.05; **P<0.01).

200 mesh standard copper grids and visualized using a Hitachi
H-7500 transmission electron microscope.

Cell proliferation assay. For the cell proliferation assay, the
SGC7901 cells were seeded into 96-well plates (10* cells/well)
and allowed to attach overnight. The cells were then incubated
for 30 min at 37°C under ambient and increased pressure
(760 and 1,520 mmHg) conditions. Seventy-two hours after
incubation under increased pressure, the cells were washed
twice with PBS. Next, 100 ul of RPMI-1640 medium and
10 ul of CCK-8 were added to each well, and the fluorescence
intensity was measured using Tecan EVOlyzer at 60 min after
CCK-8 administration (excitation, 450 nm; emission, 630 nm).

Apoptosis assay. SGCT7901 cells were incubated for 30 min
at 37°C under ambient and increased pressure (760 and
1,520 mmHg) conditions. Twenty-four hours after incuba-
tion under increased pressure, the cells were harvested and
washed twice with PBS. The cells were then labeled with
Annexin V-fluorescein isothiocyanate and propidium iodide
according to the manufacturer's instructions (BD Biosciences)
and were analyzed by FACSCalibur flow cytometry.

Statistical analyses. Statistical analyses were performed with
SPSS software package version 15.0 for Windows. To analyze
the statistical significance between groups, the Student's t-test,
Spearman rank or ANOVA tests were used. All statistical tests
were two-sided. A P-value <0.05 was considered to indicate a
statistically significant result.

Results

Effect of extracellular pressure on solution pH. Since the
ambient pressure increase may exert effects on the pH of the
solutions, we examined cell culture medium pH in each study.
There was no significant difference between the pH of the cell
culture solutions maintained at ambient and increased pres-
sure at 37°C in room air for 30 min.

High extracellular pressure promotes GC cell adhesion. To
determine the influence of high extracellular pressure on
cell adhesion, human SGC7901 cells were incubated at 37°C
under ambient and increased pressure (760 and 1,520 mmHg).
Increasing extracellular pressure for 30 min promoted cell adhe-
sion to Matrigel (BD Biosciences). At increased pressure of 760
and 1,520 mmHg, the adherent cells were 238.719+105.0972%
(P=0.025) and 247.3855+85.3597% (P=0.003) of those at the
ambient pressure, respectively (Fig. 1).

High extracellular pressure enhances GC cell invasion and
migration. To investigate whether the pressure has a role in
cancer metastasis, we evaluated the effect of high extracellular
pressure on cell invasion and migration in the SGC7901 cells.
At increased pressure of 760 and 1,520 mmHg, the invasive
cells were 342.08+206.429% (P<0.05), and 513.409+249.235%
(P<0.01) of those at the ambient pressure, respectively (Fig. 2).
Compared with normal air-pressure control, the fold change of
migration was 1.65+0.20 (P<0.001) and 2.53+0.50 (P<0.001),
respectively (Fig. 3).
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Figure 2. Increasing extracellular pressure promotes gastric cancer cell invasion. Invasion assay in SGC7901 cells (magnification, x200). (A) Ambient pressure.
(B) Increased pressure of 760 mmHg. (C) Increased pressure of 1,520 mmHg. The histogram of the invasion assay is representative of relative invasion fold as
compared with normal air-pressure control (D). (n=3) (*P<0.05; **P<0.01).

Migration assay

=35 -
£ o
1]
£ 25
l) 2_ ik
®
O 150
g
g 1
= g 3
0 760 1520

Increased pressure (mmHg)

Figure 3. Increasing extracellular pressure promotes gastric cancer cell migration. Migration assay in SGC7901 cells (magnification, x200). (A) Ambient

pressure. (B) Increased pressure of 760 mmHg. (C) Increased pressure of 1,520 mmHg. The diagrams of migration assay is representative of relative migration
fold as compared with normal control (D). (n=3) (***P<0.001).

Effect of high extracellular pressure on MMP-2,IDI and SHH  progression, we examined the gene and protein expression
expression in SGC7901 cells. To further clarify the underlying  levels of MMP-2 ID1 and SHH in the SGC7901 cells,
molecular mechanisms of high extracellular pressure in cancer ~ maintained for 30 min under ambient or increased pressure
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Figure 4. Increasing extracellular pressure influences gene expression in
gastric cancer cells. After incubation for 30 min at 37°C under ambient and
increased pressure (760 and 1,520 mmHg) conditions, SGC7901 cells were
harvested for detection of MMP-2, SHH, ID1 and GAPDH gene expression
by RT-PCR. Genes expression in SGC7901 cells. Lane 1, ambient pressure;
lane 2, increased pressure of 760 mmHg; and lane 3, increased pressure
of 1,520 mmHg. All assays were performed in triplicate, independently
repeated at least three times.

MMP-2 ey

SHH ” e

ID1 i -

b

i s

B-actin

!

Figure 5. Increasing extracellular pressure influences protein expression in
gastric cancer cells. After incubation for 30 min at 37°C under ambient and
increased pressure (760 and 1,520 mmHg) conditions, SGC7901 cells were
harvested for detection of MMP-2, SHH, ID1 and f-actin protein expression
by western blotting. Protein expression in SGC7901 cells. Lane 1, ambient
pressure; lane 2, increased pressure of 760 mmHg; and lane 3,lane increased
pressure of 1,520 mmHg. All assays were performed in triplicate, indepen-
dently repeated at least three times.

(760 and 1,520 mmHg) conditions. Pressure of 760 mmHg
above ambient stimulated MMP-2 gene expression (P<0.01)
and protein expression (P<0.05), meanwhile 1,520 mmHg
pressure increased MMP-2 gene expression (P<0.05) and
protein expression (P<0.05). However, there was no significant
difference in MMP-2 expression between increased pressure
of 760 and 1,520 mmHg (P>0.05) (Figs. 4 and 5). Pressure of
1,520 mmHg above ambient suppressed SHH gene expression
(P<0.01) and protein expression (P<0.05), whereas 760 mmHg
pressure did not influence SHH gene expression (P>0.05)
and protein expression (P>0.05) (Figs. 4 and 5). Pressure of
760 mmHg above ambient stimulated ID1 gene expression
(P<0.05) and protein expression (P<0.05), meanwhile
1,520 mmHg pressure increased ID1 gene (P<0.01) and protein
expression (P<0.01). Moreover, there was significant difference
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in ID1 protein expression between increased pressure of 760
and 1,520 mmHg (P<0.05) (Figs. 4 and 5).

Effect of high extracellular pressure on proliferation and
apoptosis of SGC7901 cells. Although the slight increase in
extracellular pressure is reported to promote proliferation
of colon cancer cells (7), high extracellular pressure neither
significantly influenced cell proliferation as analyzed by CCK-8
assay (data not shown) nor influenced cell cycle distribution
(data not shown), indicating that high extracellular pressure
could promote the invasion and migration of the SGC7901
cells without affecting proliferation. In addition, apoptosis
analysis of cells 24 h after treatment with increased pressure
demonstrated that the apoptosis level was not statistically
significant compared with the normal air-pressure control.

Effect of high extracellular pressure on ultrastructure of
SGC7901 cells. SGCT901 cells had large deformed nuclei
and prominent nucleoli with abundant rough endoplasmic
reticulum, ribosomes and mitochondria in the cytoplasm.
Microvilli were also noted in the cytoplasmic membrane.
However, there were no prominent changes in cells that were
incubated at 37°C under increased pressure (Fig. 6).

Discussion

It has been reported that mildly increasing ambient pressure
stimulates adhesion in a variety of human cancer cells (4-6).
However, the effect of high extracellular pressure on cell gene
expression and the biological behavior in gastric cancer (GC)
has not been evaluated. The present study presents the first
evidence to assess the impact of highly increased extracellular
pressure on cell biological behavior and gene expression in
human GC. We found that pressure of 760 and 1,520 mmHg
above ambient stimulated cell adhesion to Matrigel. This
result is consistent with previous studies in other cell types
that increasing ambient pressure to a small degree promoted
adhesion (4-6). Studies have shown that the activation of the
phosphatidylinositol 3' kinase (PI3K)/Akt signaling pathway
is required for pressure-induced tumor cell adhesion (8-10).
Pressure results in cytoskeletal independent Src activation
that induces PI3K/FAK/Akt pathway activation (10,11). Then,
associated with p85, FAK translocates to the cell membrane
and interacts with 1 integrin heterodimers, which increases
integrin-binding affinity through B1 integrin T788/9 phos-
phorylation and thereby facilitates cancer cell adhesion (10,12).
Perry et al (13) found that pressure stimulated FAK and Akt
phosphorylation, which was responsible for the pressure-
augmented adhesion in sarcoma cell lines. Wang et al (14)
identified the AKT1 PH domain and hinge region as structural
determinants in permitting AKT1 translocation and phosphor-
ylation and mediating pressure-induced cancer cell adhesion.
However, due to diversified ways of regulating tumor cell
adhesion (6,15-19), the mechanisms of pressure-stimulated
adhesion await further studies.

Since high extracellular pressure was correlated with the
adhesion of SGC7901 cells, it is likely that pressure has a
role in cancer metastasis. We, therefore, tested the effect of
high extracellular pressure on cell invasion and migration in
SGC7901 cells. As expected, increasing extracellular pressure
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Figure 6. Effect of high extracellular pressure on the ultrastructure of SGC7901 cells (magnification, x10,000). (A) Ambient pressure. (B) Increased pressure

of 760 mmHg. (C) Increased pressure of 1,520 mmHg.

for 30 min promoted the invasion and migration of the
SGC7901 cells without affecting proliferation and apoptosis.
MMP-2 is a zinc-dependent endopeptidase involved in tumor
invasion and migration (20). The overexpression of MMP-2
promotes tumor cell invasion and migration by degrading
type IV collagen of the basement membrane and affecting
tumor cell adhesion to the basement membrane (20-23).
Increasing pressure stimulated MMP-2 expression in the GC
cells that we studied. Pressure of 760 mmHg above ambient
stimulated MMP-2 gene expression (P<0.01) and protein
expression (P<0.05), meanwhile 1,520 mmHg pressure
increased MMP-2 gene expression (P<0.05) and protein
expression (P<0.05). This indicates that the high extracellular
pressure may promote invasion and migration of SGC7901
cells by enhancing MMP-2 expression.

ID1 protein, belonging to the helix-loop-helix (HLH)
protein superfamily, has a highly conserved HLH dimeriza-
tion domain. Ubiquitously expressed bHLH transcription
factors such as the E12/E47 family members or tissue-specific
bHLH transcription factors such as Tal-1 and MyoD bind to
DNA by means of basic DNA binding regions, and therefore
activate the process of cell differentiation. ID1 protein lacks
the basic DNA binding domain that is necessary for DNA
binding. By forming nonfunctional Id-bHLH heterodimers and
sequestering bHLH transcription factors, ID1 proteins serve as
negative regulators of bHLH-dependent gene expression and,
consequently, of cell differentiation in numerous different cell
lineages (24,25).

SHH gene plays a key role in the regulation of cell
differentiation, cell proliferation and gastric acid secretion.
SHH expression is regulated by gastric acid secretion,
pepsin and gastrin (26). By mobilizing intracellular calcium
release and protein kinase C (PKC), SHH activates JNK
(c-Jun N-terminal kinases) and extracellular signal-regulated
kinase (ERK)/mitogen-activated protein kinase (MAPK)
signaling pathway, which regulates cell proliferation and
differentiation (23-28). SHH, in turn, promotes a negative
feedback loop to control gastric acid and gastrin concentration
by inducing somatostatin secretion (31). E-cadherin gene, acting

as a regulator of cell differentiation, may be a downstream
target of the SHH signaling pathway (29,30). However, our
data indicate that the high extracellular pressure suppressed
SHH expression without affecting E-cadherin expression.

At increased pressure of 760 and 1,520 mmHg, we found
that the expression of ID1 was significantly increased, while
the expression of SHH was significantly decreased. Notably,
our data showed that high extracellular pressure neither
significantly influenced cell proliferation nor cell apoptosis.
In addition, transmission electric microscopy showed that
SGC7901 cell ultrastructure did not change significantly under
increased pressure conditions. Due to the relationship between
tumor differentiation and expression of ID1 and SHH, we spec-
ulate that high extracellular pressure may suppress SGC7901
cell differentiation by influencing gene and protein expression.

In conclusion, high extracellular pressure promotes adhe-
sion, invasion and migration of SGC7901 cells, and may
suppress SGC7901 cell differentiation. Moreover, the present
study suggests that the increase in SGC7901 cell invasion and
migration was associated with increased MMP-2 expression.
The inhibition of SGC7901 cell differentiation was correlated
with the change in SHH and ID1 expression.
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