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Stromal interaction molecule 1 plays an important
role in gastric cancer progression
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Abstract. Studies have shown that stromal interaction
molecule 1 (STIM1) is expressed in a variety of cancers and is
related to tumor growth. The present study aimed to investi-
gate the expression and roles of STIMI in gastric carcinoma.
Immunohistochemistry and western blotting revealed that
STIMI1 was expressed at higher levels in gastric cancer tissues
(82%) than these levels in normal gastric tissues (42%). In
addition, STIM1 was also expressed in tumor vascular endo-
thelial cells. The effects of STIMI on proliferation, apoptosis,
adhesion, invasion and migration of gastric cancer cells were
detected by MTT assay, flow cytometry, cell adhesion assay
and Transwell assay, respectively. The results shown that
STIMI knockdown did not alter proliferation or apoptosis, but
promoted cell adhesion and inhibited migration and invasion
in the gastric cancer cells. In addition, STIM1 knockdown did
not alter the expression or phosphorylation of mitogen-acti-
vated protein kinase (MEK) or extracellular signal-regulated
kinase (ERK), implying that STIM1 affected gastric cancer
cell migration through a pathway independent of the MEK/
ERK pathway.

Introduction
Gastric cancer is one of the most common malignant tumors,

with more than 1 million new cases diagnosed worldwide in
2012. Nearly two-fifths of these new cases were diagnosed in
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patients in mainland China. Moreover, gastric cancer accounts
for ~9% of all cancer-related deaths (~723,000/year) (1).
Tumor metastasis is the direct cause of death for the majority
of patients with gastric cancer. Therefore, therapies that inhibit
the invasion and metastasis of tumors are a primary focus of
cancer researchers.

Ca?* is a critical regulator of cell migration in various cell
types, including tumor cells (2), and controls a broad range of
cellular functions, such as gland secretion, neural excitation,
muscle contraction and apoptosis (2,3). Store-operated calcium
influx is the dominant mechanism through which Ca** enters
non-excitable cells, including tumor cells (4,5). Recent studies
have shown that stromal interaction molecule 1 (STIM1)
and Orail are involved in store-operated Ca®* entry. While
Orail is an essential channel protein, STIMI is a 77-kDa,
endoplasmic, single-pass membrane protein that functions
to maintain intracellular calcium homeostasis and regulate
intracellular calcium ion concentrations (6). Indeed, the SOCE
channel, which consists of STIMI1 and Orail, is a major route
of Ca** entry in non-excitable cells (6,7). STIM1 has mostly
been implicated in functions in the immune system (8-10) and
cardiovascular system (11,12). Recent studies have also shown
that STIMI is expressed in a variety of cancers, including
breast (13), cervical (14), liver (15) and colon cancer (16).
Additionally, STIM1 knockdown has been shown to accelerate
motility in melanoma cells (17). In contrast, Yang et al (13,15)
demonstrated that silencing of STIM1 or Orail inhibited the
migration and metastasis of breast cancer and hepatocel-
lular carcinoma. STIMI has also been shown to mediate cell
proliferation and apoptosis in a variety of cell lines. However,
STIMI does not affect apoptosis in breast cancer cells, demon-
strating that STIM1 may have cell type-specific effects on
cancer phenotypes. Additionally, the role of STIM1 in gastric
cancer has not been established.

Therefore, in the present study, we examined the expres-
sion of STIM in gastric cancer tissues and evaluated the role of
STIMI in promoting cancer-associated malignant behaviors in
gastric cancer cells.

Materials and methods

Cell culture and RNA interference. Human gastric cancer cells
(MKN-45, SGC7-901, AGS and NCI-N87 cells) were donated
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by the National Key Laboratory of Biotherapy. Cells were
maintained in Roswell Park Memorial Institute (RPMI)-1640
medium supplemented with 10% fetal bovine serum (FBS)
(both from HyClone) in a humidified atmosphere with 5% CO,
at 37°C for 24 h. Small interfering RNA (siRNA) containing
the target sequence for STIM1 (5'-GGUUUGCCUA
UAUCCAGAACCGUUA-3' and 5-UAACGGUUCUGGAUA
UAGGCAAACC-3") or control siRNA (Invitrogen, Carlsbad,
CA, USA) was transfected into human gastric cancer cells. At
24 or 48 h following transfection, the cells were treated and
prepared for cell migration, adhesion and invasion assays.

Collection of clinical specimens and immunohistochemical
analysis. Ninety gastric tumor tissues and 30 normal gastric
tissues were collected from the First Affiliated Hospital of
Chengdu Medical College (Chengdu, China). The protocol
of the present study was approved by the Institutional Ethics
Committee of Chengdu Medical College. Informed consent
for the present study was received from all patients prior to
the commencement of the experiments. The tissues were
preserved in 4% polyoxymethylene solution, embedded in
paraffin and sectioned. Endogenous peroxidase was blocked
by incubation for 15 min in 0.3% H,0O,. Antigen retrieval was
carried out in 0.01 M sodium citrate-hydrochloric acid buffer
solution. Monoclonal mouse anti-STIM1 antibodies (4 pg/ml;
Abcam, Cambridge, UK) were used for immunohistochemical
analysis of STIMI1 expression for all samples. Monoclonal
mouse anti-CD31 antibodies (1:1,000; Epitomics, Burlingame,
CA, USA) were used for analysis of the expression of CD31
in vascular endothelial cells of the tissue samples. Tissues
were incubated with the primary antibody at 4°C overnight.
After washing with phosphate-buffered saline (PBS), the cells
were incubated with the appropriate secondary antibody (goat
anti-mouse IgG) for 30 min at 37°C. Peroxidase activity was
revealed by 3,3-diaminobenzidine and cells were counter-
stained with hematoxylin. Negative controls were processed
with isotype control antibody. Saturation and intensity of the
immunostained cells were evaluated over eight visual fields
under a light microscope (Olympus Optical, Tokyo, Japan).
For statistical analysis, total staining of the protein of interest
was scored as the product of the staining intensity (on a scale
of 0-3: negative, 0; weak, 1; moderate, 2; and strong, 3) x the
percentage of cells stained (positively recorded on an ordered
categorical scale: 0, zero; 1, 1-25%; 2,26-50%; and 3, 51-100%),
resulting in a scale of 0-9. The evaluation was performed by
two independent investigators.

Western blot analysis. Total protein was extracted from the
lysed cells or tissues ground in liquid nitrogen. Protein samples
were then subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred to polyvinylidene difluoride
membranes. The membranes were blocked in 5% non-fat milk
for 1 h and then incubated overnight with primary mouse
anti-STIM1 antibodies (2 pg/ml) at 4°C overnight. The dilu-
tion of the antibodies against extracellular signal-regulated
kinase (ERK), mitogen-activated protein kinase (MEK),
phospho-ERK1/2, p-MEK (Abcam) and f-actin (Sigma-
Aldrich, St. Louis, MO, USA) was 1:1,000. The membranes
were then incubated with a 1:20,000 dilution of peroxidase-
linked anti-rabbit or anti-mouse IgG secondary antibodies

3497

for 2 h at 37°C, and proteins were visualized using BeyoECL
Plus (both from Beyotime, Guangdong, China). The intensity
of the immunoreactive bands was analyzed using ImageJ and
normalized to the expression of 3-actin. Western blotting was
used to explore the levels of ERK, MEK, p-ERK, p-MEK
expressed in the MKN-45 human gastric cancer cells.

Reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was extracted from human stomach tissues and cell
lines with TRIzol reagent (Invitrogen). A NanoDrop 2000 was
used to measure the concentration and quality of RNA. The
total RNA was then reverse transcribed into cDNA, followed
by PCR using a PrimeScript RT-PCR kit (Takara Bio, Shiga,
Japan) according to the manufacturer's instructions.
Quantitative real-time PCR was performed using SYBR
Premix Ex Taq (Perfect Real-Time) (Takara code: DRR041)
according to the manufacturer's instructions. The following
primer sets were used for evaluation of STIMI1 expression:
STIM1 forward, 5-TGTGTCTCCCTTGTCCATGC-3" and
reverse, 5S'-CATCTGAGGTTTGGGGG-3"; GAPDH forward,
5-AGGGCTGCTTTTAACTCTGGT-3' and reverse, 5'-CCC
CACTTGATTTTGGAGGGA-3'". The relative differences in
expression of STIM1 mRNA were calculated using the
comparative cycle threshold method.

Flow cytometry. Gastric cancer cells were seeded into 24-well
plates and incubated at 37°C until reaching 60-70% conflu-
ency. The cells were transfected with STIM1-siRNA for 24 or
48 h and then harvested using trypsin. The cells were collected
in 1.5-ml centrifuge tubes, washed with PBS and resuspended
in 1X binding buffer. Next, 2 ul of Annexin V was added,
followed by addition of 2 ul of propidium iodide (PI). Cells
were incubated at room temperature for 30 min in the dark.
Cell apoptosis was then determined by flow cytometry
(BD Biosciences, Franklin Lakes, NJ, USA). Approximately
10,000 events (cells) were evaluated for each sample.

Cell proliferation. Cell proliferation was determined by MTT
assay. Cells were transfected with STIM1-siRNA for 24 or
48 h. Ten microliters of 10 mg/ml 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide (MTT) was added to each
well, and the plates were incubated at 37°C under 5% CO, for
4 h. The supernatant was removed, and the formed formazan
crystals were dissolved in 100 ul dimethyl sulphoxide. The
absorbance at 450 nm was then measured with a BD micro-
plate reader. Growth inhibition was determined from the
differences in optical densities between the experimental and
control wells as a percentage of the control.

Wound healing assay. Cells (2x10° cells/ml) were seeded in
each well of a 24-well plate and incubated at 37°C until reaching
60-70% confluency. The cell monolayer was scratched with a
10-u1 pipette tip, and the cells were then washed with PBS and
transfected with STIM1-siRNA. After 48 h, randomly chosen
fields were photographed under a light microscope with a
4x objective.

Migration and invasion assays. Migration assays were carried
out using Transwell plates (24-well plates, 8-mm pore size;
Corning, Shanghai, USA). Cells (10%/0.2 ml) were trypsinized,
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Figure 1. STIMI expression in gastric cancer and normal gastric tissues. (A) Paraffin-embedded sections of gastric cancer and normal gastric tissues were
collected. STIM1 expression was detected by immunohistochemistry using monoclonal mouse anti-STIM1 antibodies. “P<0.05, vs. normal gastric tissues;
Student's t-test. (B) Protein levels of STIMLI in fresh gastric cancer samples were analyzed by western blotting.

resuspended in 0.1% BSA-1640, and plated in the upper
chambers in duplicate. The lower chamber was filled with
RPMI-1640 medium containing 10% FBS. After 24 h, the
non-migrating cells were removed from the upper membrane
surface with a cotton swab. Transwell membranes were then
fixed with 4% paraformaldehyde and stained with crystal
violet. The number of cells that migrated through to the lower
side of the membrane was counted under a light microscope
with a 20 or 40x objective. The invasion assay was performed
using the ECM550 (Chemicon, Shanghai, USA) as an index of
the invasive activity of tumor cells. FBS (10%) was added to
the lower chamber, as described for the cell migration experi-
ments, and cell counting was performed as described for the
cell migration experiments.

Adhesion assay. After transfection, cells (2x10° cells/ml)
were seeded in 96-well plates pre-incubated with Matrigel for
20 min at 37°C. Unattached cells were removed by washing
with PBS. Attached cells were fixed in 4% paraformaldehyde
for 15 min and stained with 0.02% crystal violet solution for
15 min. Randomly chosen fields were photographed under a
light microscope with a 20 or 40x objective.

Statistical analysis. All data are shown as the means + standard
deviations (SDs). Statistical analyses were performed using
the Statistical Package for Social Science program (SPSS for
Windows, version 13.0; SPSS, Inc., Chicago, IL, USA) based

on the results of three independent experiments. One-way
analysis of variance (ANOVA) was used for comparing differ-
ences between groups. Differences with P-values of <0.05
were considered to be statistically significant.

Results

STIM1 is expressed at higher levels in gastric tumor tissues
than that in normal gastric tissues. To clarify the clinical
relevance of STIMI expression in gastric cancer progression,
90 gastric tumor and 30 normal gastric tissues were analyzed
by immunohistochemistry. Additionally, 8 fresh gastric tumor
tissues and 9 fresh normal gastric tissues were analyzed by
western blotting. STIM1 was expressed in both gastric cancer
and normal gastric tissues (Fig. 1). The rate of STIM1 positivity
was higher in the gastric cancer tissues than the rate in normal
gastric tissues (Fig. 1A). Although STIM1 immunoreactivity
was found in normal tissues, enhanced immunoreactivity was
detected in the cancer tissues (Fig. 1B). These results confirmed
that STIM1 was more frequently expressed in gastric cancer
tissues than in normal tissues.

STIM1 and pathological factors. To analyze the relationship
between STIMI expression and clinical stages of gastric
cancer, gastric cancer tissue samples were grouped according
to patient age, gender, clinical and T stages, and differentia-
tion (Table I). The rate of STIM1 positivity for gastric cancers
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Figure 2. STIMI1 and pathological factors. (A) The expression of STIM1 was detected by immunohistochemistry gastric cancer tissues of different clinical
stages. Staining of four representative tissues is shown: I, II, IIT and IV stage. (B) Rates of STIM1 positivity in patients with different clinical stages of gastric
cancer and non-cancerous tissues. 'P<0.05, “P<0.01 vs. normal gastric tissues; Student's t-test. The constituent ratio of STIM1 expression (negative, weak,
moderate and strong) in four clinical stages (C), four T stages (D), and three differentiation levels (E) of gastric cancer.

Figure 3. STIMI expression in tumor endothelial cells in gastric tumor tissues. Tissues were double stained for CD31 as a marker of tumor vascular endothelial
cells and STIM1 using immunohistochemistry. Cells that stained for both STIM1 and CD31 are indicated by black arrows.

of all stages was higher than the rate in normal gastric  to be weaker than that in patients with clinical stages II, III
tissues (Fig. 2A and B). However, differential expression was ~ orIV (Fig.2C),suggesting that STIM1 expression may increase
not observed among the different clinical stages (Fig. 2B).  as the cancer becomes more advanced. Additionally, STIM1
STIMI expression in patients with clinical stage I tended expression was increased with increasing T stage (Fig. 2D).
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Figure 4. Expression of STIMI in four gastric cancer cell lines. (A) Western blotting was used to detect STIMI expression in four gastric cancer cell lines.
(B) Efficiency of STIM1 knockdown by siRNA in gastric cancer cells. STIM1 mRNA and protein levels were measured by RT-PCR and western blotting,
respectively, after transfection with siRNA. All values represent the means = SDs of three independent experiments. “P<0.05, “P<0.01 vs. control siRNA;

Student's t-test.

Next, we measured changes in STIMI1 expression in tumor
cells and normal cells with varying degrees of differen-
tiation, as a measure of the degree of malignancy. STIM1
expression also increased as the degree of differentiation
decreased (Fig. 2E). Therefore, taken together, these data
suggest that STIMI1 expression is associated with the degree
of malignancy in gastric cancer.

We then analyzed the expression of CD31 as a molecular
marker of endothelial cells using immunohistochemistry. We
found that STIM1-positive cells colocalized with CD31-positive
cells, suggesting that tumor vascular endothelial cells express
STIM1 (Fig. 3).

STIM1 is expressed in four gastric cancer cell lines. We next
analyzed the expression of STIMI1 in MKN-45, SGC-7901,
AGS and NCI-N87 cells. MKN-45 and SGC-7901 cells exhib-
ited similar expression levels of STIMI, >2-fold higher than
that in the NCI-N87 cells (Fig. 4A). Notably, both of these
cell lines expressing high levels of STIMI also showed high
migration capacity. In preparation for our next experiments,
we then examined the effects of an siRNA targeting STIM1
on STIMI expression in MKN-45 cells. Western blotting and
RT-PCR showed that siRNA targeting STIM1 effectively
downregulated expression of STIM1 (Fig. 4B).

STIM1I does not affect proliferation or apoptosis in gastric
cancer cells. As shown, using MTT assays, transfection with
STIMI siRNA did not affect the proliferation of the MKN-45
and SGC-7901 cells (Fig. 5B). Additionally, there were no
statistically significant differences in the numbers of apoptotic
cells after transfection with control siRNA or siRNA targeting
STIMI, as measured using Annexin V-FITC/PI staining with
flow cytometry (Fig. 5A).

Table I. Relationships between STIM1 staining intensity and
pathological patient features.

Immunoreactive score

Feature - + ++ +++ Total
Age (years) 78
<40 0 0 0 1 1
40-55 7 4 4 3 18
56-65 5 5 7 12 29
>65 1 7 15 7 30
Gender 79
Male 7 11 20 19 57
Female 7 6 4 22
Clinical stage 87
I 4 6 3 3 16
1I 5 6 8 6 25
III 4 4 12 8 28
v 3 4 5 6 18
T stage 92
T1 1 3 2 1 7
T2 5 8 6 5 25
T3 7 10 13 13 43
T4 3 2 7 5 17
Differentiation 62
Well 1 5 2 1 9
Moderate 2 4 6 7 19
Poor 7 6 13 8 34

STIM1, stromal interaction molecule 1.
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Figure 6. STIMI knockdown affects cell adhesion. Cells (2x10° cells/ml) were transfected and seeded in 96-well plates coated with Matrigel. Unattached
cells were removed by washing with PBS, and plates were stained with 0.02% crystal violet solution for 15 min. Attached cells were counted under a light
microscope with a 20 or 10X objective. All values represent the means + SD of three independent experiments. NS, P>0.05; "P<0.05 vs. control siRNA in

Student's t-test.
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STIM1-knockdown affects the migration and invasion of  of gastric cancer cells after transfection with STIM1 siRNA
gastric cancer cells. We then examined the adhesion capacity  using Matrigel-coated plates. Matrigel simulates extracellular
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matrix (ECM) components and can be used to study adhesion
and cell motility. In our assay, transfection with STIM1 siRNA
enhanced the adhesion ability of the cells in the Matrigel-
coated wells but did not affect adhesion in the wells coated
with 0.1% bovine serum albumin (Fig. 6), indicating that
knockdown of STIMI1 promoted the ability of gastric cancer
cells to detach from the ECM.

Next, we examined the effects of STIMI1 knockdown on
cell migration and invasion, two process that are critical for
tumor metastasis. In the wound healing assay, the width of the
wound in the cells transfected with STIM1 siRNA was greater
than that in the control cells. As shown in Fig. 7B, knockdown
of STIM1 by siRNA in the MKN-45 and SGC-7901 cells
reduced cell migration through membranes compared with
the migration assay of the control siRNA-transfected cells.
Furthermore, invasion assays using Transwell chambers
demonstrated that STIM1 knockdown also blocked cell inva-
sion (Fig. 7A). Taken together, these results showed that STIM1
plays an important role in controlling tumor cell motility.

Finally, we further examined the mechanisms through
which STIM1 mediated cell metastasis by evaluating changes
in the phosphorylation of MEK/ERK proteins, which are
involved in regulating cell division, differentiation, prolif-
eration and motility. Western blotting showed that STIM1
knockdown did not alter the expression or phosphorylation of
MEK or ERK (Fig. 7C). Therefore, STIMI1 was involved in
regulation of motility in gastric cancer cells through a method
independent of the MEK/ERK pathway.

Discussion

In the present study, we examined the role of STIMI in gastric
cancer progression and metastasis. Our results showed that
STIMI1 was highly expressed in gastric cancer cell lines and
tissues and that knockdown of STIM1 enhanced adhesion and
reduced metastasis-related cellular functions, including migra-
tion adn invasion. Therefore, these data suggest that STIM1
may represent a novel target in the treatment of gastric cancer.

Tumor growth and metastasis are closely related to tumor
angiogenesis. Several studies have shown that anti-angiogenic
agents can inhibit tumor growth and distant metastasis.
Moreover, STIM1 is expressed in human umbilical vein
endothelial cells (HUVECS) and pulmonary artery endothe-
lial cells (HPAECS), promoting endothelial cell proliferation
and regulating the function of endothelial tissue, which is
involved in angiogenesis (18,19). Our results also found that
STIMI1 was expressed in tumor vascular endothelial cells.
Therefore, the effects of STIMI1 on the promotion of gastric
cancer metastasis may be associated with the regulation of
tumor angiogenesis.

Of the four gastric cancer cell lines examined in the present
study, the highest level of STIMI expression was observed in
the MKN-45 cells, which were also the most highly metastatic
cells. Consistent with the importance of STIMI in cancer,
STIMI has been suggested to be a tumor suppressor, inducing
cell death in rhabdomyosarcoma and rhabdoid tumor cell lines,
which do not express endogenous STIM1 (20). In contrast,
breast cancer cell lines express easily detectable levels of
STIMI mRNA, and no relationship between STIMI expres-
sion and proliferation or apoptosis was observed in breast
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cancer cell lines. However, in other studies, STIM1 has been
shown to mediate cell proliferation. Indeed, STIM1 knock-
down has been shown to decrease p21 and Cdc25C protein
levels in cervical cancer, whereas several cell cycle regula-
tors, including cyclin A and Bl and Cdkl1, were not affected
by STIMI knockdown (16). Numerous studies have shown
that STIMI is involved in tumor cell apoptosis in response to
anticancer drugs (16,21). However, our results did not support
a direct role for STIMI in gastric cancer cell apoptosis, and
knockdown of STIMI did not affect the proliferation of the
MKN-45 or SGC-7901 cells. Therefore, the role of STIMI in
cancer cell proliferation may vary according to cell type.

In the present study, we also examined the effects of
STIMI1 on cancer cell migration and invasion, which are
related to the metastatic potential of cancer cells and can be
used to distinguish between benign and malignant tumors. In
previous studies, Yang et al (13) demonstrated that silencing
of STIM1 or Orail inhibited the migration and metastasis of
breast cancer cells by suppressing focal adhesion turnover.
Moreover, reduction of STIM1 by RNA interference or
application of a pharmacological inhibitor of SOCE promoted
intercellular adhesion and weakened tumor cell invasion and
migration in hepatic carcinoma (15). In the present study, we
found that knockdown of STIM1 inhibited gastric cancer cell
migration and invasion and promoted adhesion. These effects
may be mediated through extracellular matrix (ECM) compo-
nents. Cell migration is an integrated process requiring both
tumor cells and the surrounding ECM, and we hypothesized
that STIM1 may promote gastric cancer metastasis through
interaction with integrins as part of the ECM. Alternatively,
metastasis is a complex, highly regulated process that also
involves various intracellular signaling pathways, including
the MEK/ERK pathway, which regulates cell division, differ-
entiation, proliferation and motility (22-25). For example,
Ono et al (26) and Neuzillet et al (27) reported that silencing of
PTKG6 reduces ERK1/2 activation, whereas PTK6 overexpres-
sion increased ERK1/2 activation, thereby promoting cellular
migration and invasion in pancreatic cancer. Additionally,
Nagini (28) found that vascular endothelial growth factor
(VEGF) expression was increased when the ERK signaling
pathway was inhibited. In the present study, we showed that
knockdown of STIM1 did not alter the expression or activation
of MEK or ERK, implying that STIM1 affected gastric cancer
cell migration through a pathway independent of the MEK/
ERK pathway.

In conclusion, our results showed that STIM1 was expressed
both in gastric cancer and normal gastric tissues, with more
frequent expression in cancerous tissues than in normal tissues.
STIMI1 did not affect proliferation or apoptosis in gastric
cancer cells. However, knockdown of STIMI1 blocked cell
migration and invasion and promoted cell adhesion. Further
studies are required to determine the mechanisms involved.
We hypothesized that STIM1, which promotes the proliferation
of endothelial cells, may affect cancer metastasis by regulating
angiogenesis. Whether there is a different level of STIM1 in
tumor vascular endothelial and normal vascular endothelial
cells warrants further investigation. This hypothesis will need
to be tested in further in-depth studies. In any case, our results
provide a basis for the further analysis of STIMI as a specific
molecular target in cancer therapy.
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