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Knockdown of stromal interaction molecule 1 inhibits
proliferation of colorectal cancer cells by inducing apoptosis
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Abstract. Stromal interaction molecule 1 (STIMI1) is an endo-
plasmic reticulum Ca* sensor which has been reported to be
overexpressed in numerous types of cancer, and is involved
in the cell proliferation, invasion, migration and metastasis
frequently observed in cancer. However, the role of STIM1
in colorectal cancer (CRC) remains unknown. The purpose
of the present study was to investigate the effect of STIM1
in human CRC. The expression of STIM1 was specifically
knocked down using lentivirus-mediated small hairpin
RNA (shRNA) interference techniques in the CRC cell lines
HCT116 and SW1116. Subsequently, the efficiency of infection
was confirmed using green fluorescent protein (GFP)-positive
signals. The knockdown efficiency was further determined
using the reverse transcription-quantitative polymerase chain
reaction and western blotting analysis. As a result, CRC cell
lines with STIMI1 silenced were successfully constructed
and subsequently employed in a series of cell function
assays. Knockdown of STIMI significantly suppressed cell
proliferation and colony formation, as revealed by an MTT
and colony formation assay. Furthermore, it was identified
that STIMI1 silencing may promote cell apoptosis through
the induction of mitochondria-associated apoptosis, as was
identified by increased expression levels of B-cell lymphoma
2 (Bcl-2)-associated death promoter, Bcl-2-associated X
protein and poly(ADP-ribose) polymerase cleavage. Therefore,
STIMI may serve a critical role in the progression of CRC by
regulating cell proliferation and apoptosis, which may provide
a potential therapeutic target for the treatment of CRC.
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Introduction

Colorectal cancer (CRC) is the third most commonly diagnosed
malignancy in males and the second in females, accounting for
~0.6 million mortalities annually (1,2). The development and
progression of colorectal cancer is associated with multiple
factors including lifestyle, environmental factors, and genetic
and epigenetic changes (3,4). Despite investigations into the
etiology of CRC, the underlying molecular mechanisms of the
disease remain incompletely understood.

Stromal interaction molecule 1 (STIM1) has previously been
identified as a novel human gene, located in the imprinted gene
domain of 11pl15.5 which is also reported to be an important
tumor suppressing gene region (5). Ca** is an almost ubiquitous
intracellular messenger regulating a variety of physiological
and pathological processes (6). Store-operated Ca** channels
provide the major Ca?* entry pathway in non-excitable cells,
particularly in cancer cells. It has been demonstrated that
STIMI is an endoplasmic reticulum (ER) Ca?** sensor and
controls store-operated Ca** entry (SOCE) with ORAII (7).
Once Ca* is released from the ER, STIMs are able to aggre-
gate and translocate to the ER-plasma membrane to activate
Orail (8). STIM1 has also been implicated in the prolifera-
tion, migration, invasion and metastasis in a number of types
of cancer, including cervical cancer, non-small lung cancer,
breast cancer and melanoma (9-12). Furthermore, STIMI is a
potential molecular marker for the diagnosis and progression
of cancer (13,14). However, there remain conflicting results
about the functions of STIMI in different cancer studies.
Upregulation of STIM1-ORAIl-mediated SOCE appears to
promote metastasis by stimulating the migration of breast
tumor cells (15). Downregulation of STIM1-OR All-mediated
SOCE was demonstrated to contribute to the increased resis-
tance to apoptosis in prostate cancer cells (16). The molecular
mechanisms underlying the regulation of signaling pathways
by STIMI in cancer require further investigation. Previous
studies have demonstrated that STIMI is associated with
tumor metastasis in CRC (17,18). However, the importance of
the role served by STIM1 in cell growth and proliferation of
CRC remains unclear.

In the present study, small hairpin RNA (shRNA) silencing
of STIM1 in CRC cell lines was performed and it was revealed
that STIM1 knockdown was able to inhibit proliferation and
induce apoptosis of CRC cells. Several pro-apoptotic markers



8232

were also studied to reveal the molecular mechanism under-
lying STIMI silencing-promoted cell apoptosis in CRC.
The results of the present study suggest that STIM1 may be
essential for the proliferation and tumorigenesis of CRC.

Materials and methods

Cell lines and culture. Human CRC cell lines SW1116 and
HCT116, and 293T cells were obtained from the Cell Bank of
the Chinese Academy of Sciences (Shanghai, China). HCT116
cells were cultured in RPMI-1640 medium (GE Healthcare,
Chicago,IL, USA) with 10% fetal bovine serum (FBS; Biowest,
MO, USA). SW1116 cells and 293T cells were cultured in
Dulbecco's modified Eagle's medium (GE Healthcare) supple-
mented with 10% FBS at 37°C in a humidified incubator
containing 5% CO,.

Lentiviral packaging and cell infection. An shRNA targeting
human STIM1 (shSTIM1; NM_003156.3) was designed
using online shRNA tools (Invitrogen; Thermo Fisher
Scientific, Inc., Waltham, MA, USA): shRNA (5'-CTAGCG
CCTGGATGATGTAGATCATAATTCAAGAGATTATGA
TCTACATCATCCAGGTTTTTT-3"). The non-silencing
shRNA (shCon) sequence (5'-TTCTCCGAACGTGTC
ACGTCTCGAGACGTGACACGTTCGGAGAATTTTT-3")
was used as a negative control. All oligonucleotides were
synthesized and cloned into Nhel/Pacl-linearized pFH-L
vector (Shanghai Hollybio Co., Ltd., Shanghai, China),
which contains green fluorescent protein (GFP) as a reporter
marker. The lentiviruses were subsequently generated by
co-transfecting 293T cells with the shSTIM1 plasmid and
pVSVG-I and pCMV-dR8.92 helper (Shanghai Hollybio
Co., Ltd.). Lentiviruses were purified using ultracentrifuga-
tion with centrifugal force of 80,000 x g at 4°C for 60 min.
To determine the viral titer, 293T cells were transfected
with lentiviruses and following this, green fluorescent
cells under fluorescence microscopy were observed and
the viral titer was estimated. For cell infection, HCT116
(1x10° cells/well) and SW1116 cells (4x10* cells/well) were
plated in 6-well plates and then infected with lentiviruses
(shCon and shSTIM1) at a multiplicity of infection of 60
and 50, respectively, for 96 h. GFP-positive signals were
observed using fluorescence microscopy to evaluate infec-
tion efficiency.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) analysis. Total RNA was extracted using TRIzol
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according
to the manufacturer's protocol. RNA (1 pg) was reverse-tran-
scribed into cDNA using a Takara Reverse Transcription
system (Takara Biotechnology Co., Ltd., Dalian, China).
RT-qPCR was conducted on a BioRad Connect RT-PCR
platform using CFX Manager software and the Precision
Melt Analysis system (version 1.0; Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) using a volume of 20 gl (10 1 2X SYBR
Premix Ex Taq, 0.5 ul forward and reverse primers, 5 ul cDNA
and 4.5 pl double-distilled water) under the following condi-
tions: Initial denaturation at 95°C for 1 min and 40 cycles of
denaturation at 95°C for 5 sec and annealing and extension at
60°C for 20 sec. The relative expression levels of STIM1 mRNA
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were calculated using the 2"22%4 method (19), and B-actin was
used as the reference gene. The primers used were as follows:
STIMI, 5'-AGCCTCAGCCATAGTCACAG-3' (forward) and
5'-TTCCACATCCACATCACCATTG-3' (reverse); B-cell
lymphoma 2 (Bcl-2)-associated death promoter (Bad), 5'-GGC
ACAGCAACGCAGATG-3' (forward) and 5-CGGGTGGAG
TTTCGGGATG-3' (reverse); Bcl-2-associated X protein
(Bax), 5" TGGGCTGGACATTGGACTTC-3' (forward) and
5'-AGCACTCCCGCCACAAAG-3' (reverse); and f-actin,
5'-GTGGACATCCGCAAAGAC-3' (forward) and 5'-AAA
GGGTGTAACGCAACTA-3' (reverse).

Western blot analysis. Total protein was extracted using 2X SDS
Lysis Buffer (100 mM Tris, 4% SDS, 10% glycerol, 200 mM
NaCl, 2 mM EDTA, pH=6.8) from SW1116 and HCT116
cells, and then 30 g protein was separated by SDS-PAGE with
10% acrylamide and transferred onto polyvinylidene fluoride
membranes. The membranes were probed with specific anti-
bodies against STIMI (cat. no. sc-166840; 1:1,000 for HCT116
cells and 1:500 for SW1116 cells; Santa Cruz Biotechnology,
Inc., Dallas, TX, USA), poly(ADP-ribose) polymerase (PARP;
cat. no. 9542; 1:1,000; Cell Signaling Technology Europe, BV.,
Leiden, The Netherlands) or GAPDH (cat. no. 10494-1-AP;
1:50,000 for HCT116 cells and 1:10,000 for SW1116 cells;
Proteintech Group Inc., Chicago, IL, USA) at 4°C overnight.
Membranes were subsequently incubated with horseradish
peroxidase-conjugated goat anti-mouse (cat. no. sc-2005;
1:5,000; Santa Cruz Biotechnology, Inc.) or goat anti-rabbit
(cat. no. sc-2054, 1:5,000; Santa Cruz Biotechnology, Inc.)
immunoglobulin G antibody and visualized using the Pierce
enhanced chemiluminescence kit (Thermo Fisher Scientific,
Inc.), according to the manufacturer's protocol.

MTT assay. Cell proliferation was determined using an MTT
assay (Beyotime Institute of Biotechnology, Haimen, China),
according to the manufacturer's protocol. Briefly, following
lentivirus infection for 120 h, HCT116 cells and SW1116
cells were seeded into 96-well plates at a density of 2x10° or
2.5x10° cells/well, respectively. At the indicated time points
(1,2, 3,4 and 5 days), MTT solution (5 mg/ml) was added to
each well prior to incubation at 37°C in a humidified chamber
for 4 h. Acidic isopropanol (10% SDS, 5% isopropanol and
0.01 M HCI) was added to stop the reaction. After 10 min of
incubation, the absorbance was measured using a microplate
reader at a wavelength of 595 nm.

Colony formation. Following lentivirus infection for 120 h,
SW1116 cells in the exponential growth phase were plated into
6-well plates at 500 cells/well. Following continuous culture
for 10 days, the RPMI-1640 medium was then discarded. The
cells were washed with PBS (pH 7) twice, fixed with methyl
alcohol for 20 min, stained with crystal violet for 20 min,
washed with distilled water and dried. Colonies were counted
by eye.

Cell apoptosis analysis. Apoptosis was evaluated using
the Annexin V/7-aminoactinomycin-D (7-AAD) double
staining assay (eBioscience; Thermo Fisher Scientific, Inc.).
Briefly, SW1116 cells were reseeded into a 6-well plate at
2x10° cells/well 5 days after lentiviral infection. When cell
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Figure 1. Knockdown of STIMI expression in CRC cell lines HCT116 and SW1116 by shSTIMI1. (A) Representative images of green fluorescent protein
expression captured in HCT116 and SW1116 cells using a fluorescence microscope. (B) Reverse transcription-quantitative polymerase chain reaction analysis
of STIM1 mRNA levels n HCT116 and SW1116 cells following shSTIMI infection. Results are expressed as the mean + standard deviation from three
independent replicate experiments. ““P<0.001 vs. shCon. (C) Western blot analysis of STIM1 protein levels in HCT116 and SW1116 cells following shSTIM1
infection. STIMI, stromal interaction molecule 1; shSTIM1, shRNA targeting human STIM1; shCon, non-silencing shRNA; CRC, colorectal cancer.

confluence reached 80%, cells were collected, washed twice
with PBS at 4°C and resuspended in binding buffer. Finally,
cells were stained with Annexin V and 7-AAD solution, and
the apoptotic cells were analyzed using flow cytometry.

Statistical analysis. Data analyses were performed using
GraphPad Prism software (GraphPad Software 5.0, Inc.,
La Jolla, CA, USA). All results are expressed as the
mean + standard deviation from three independent replicate
experiments. P<0.05 was considered to indicate a statistically
significant difference, using one-way analysis of variance
followed by Student's t-test.

Results

Lentivirus-mediated shRNA efficiently suppresses STIMI
expression in CRC cells. To study the biological role of STIM1
in CRC, the expression of STIM1 was specifically knocked
down in CRC cell lines, HCT116 and SW1116. As presented in
Fig. 1A, the majority of HCT116 and SW1116 cells expressed
GFP-positive signals, suggesting satisfactory infection effi-
ciency. Furthermore, the knockdown efficiency of STIM1 was

investigated in these two cell lines using RT-qPCR and western
blot analysis. As presented in Fig. 1B, the mRNA levels of
STIMI1 were significantly decreased in HCT116 and SW1116
cells following STIM1 knockdown (P<0.001 when compared
with shCon). Consistent with qPCR results, the protein levels of
STIMI were decreased in the shSTIM1 group compared with
the shCon group in HCT116 and SW1116 cells, respectively
(Fig. 1C). These results suggest that the lentivirus-mediated
shRNA was able to significantly suppress the endogenous
STIMI expression in HCT116 and SW1116 cells.

Knockdown of STIM1 significantly inhibits CRC cell prolifer-
ation and colony formation ability. Proliferation of shCon- or
shSTIMI-transfected HCT116 and SW1116 cells was measured
using an MTT assay daily for 5 days. The result demonstrated
that STIM1-specific ShRNA caused a significant decrease in
the proliferation of HCT116 and SW1116 cells (P<0.001 vs.
shCon; Fig. 2A). Notably, suppression of cell proliferation
following knockdown of STIM1 was more evident in SW1116
cells than in HCT116 cells. As a result, SW1116 cells were
selected to perform a colony formation assay. As presented in
Fig. 2B and C, STIMI-depleted cells grew slowly and formed
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Figure 2. STIMI silencing inhibits the viability and colony formation ability of CRC cells. (A) Knockdown of STIMI significantly suppressed the viability
of HCT116 and SW1116 cells, as determined using an MTT assay. Results are expressed as the mean + standard deviation from three independent replicate
experiments. ““P<0.001 vs. shCon. (B) Representative images of colonies formed in SW1116 cells with two treatments (shCon and shSTIM1) measured using
a colony formation assay. (C) Quantification of colony formation ability. The experiments were performed in triplicate and repeated in triplicate. ““P<0.01
vs. shCon. STIMI, stromal interaction molecule 1; shSTIM1, shRNA targeting human STIMI1; shCon, non-silencing shRNA; CRC, colorectal cancer; OD,

optical density.

a few smaller colonies when compared with the control group
during a 10-day period, which indicated that knockdown of
STIMI significantly impaired the colony formation ability
of SW1116 cells (P<0.01). These results indicate that STIM1
silencing may inhibit the proliferation and colony formation
ability of CRC cells in vitro.

STIM1 silencing promotes the apoptosis of CRC cells.
Genes that are capable of inducing apoptosis are generally
considered potential anticancer targets. To confirm whether
STIMI1 is a suitable potential molecular target for CRC, the
Annexin V/7-AAD double staining apoptosis detection assay
was used to investigate cell apoptosis in SW1116 cells following
STIMI1 knockdown. As presented in Fig. 3A, the propor-
tion of cells in early apoptotic stage (Annexin V*/7-AAD")
was increased from 2.70 to 18.00% and those in the late
apoptotic stage (Annexin V*/7-AAD*) were also increased
from 17.36 to 39.72%. Statistical analysis indicated that
knockdown of STIMI significantly promotes cell early- and
late-stage apoptosis in SW1116 cells (P<0.001; Fig. 3B) which

provides evidence that STIMI silencing may induce apoptosis
in SW1116 cells.

To further uncover the molecular mechanism underlying
cell apoptosis promoted by STIMI silencing, the levels of
Bad and Bax expression, and PARP cleavage were exam-
ined to detect apoptosis following silencing of STIMI in
SW1116 cells. The qPCR analysis indicated that expres-
sion levels of Bad and Bax were increased in SW1116 cells
following STIMI silencing (P<0.01 and P<0.001; Fig. 3C).
Furthermore, an increase in PARP cleavage was observed
in SWI1116 cells with silenced STIM1, indicating a higher
proportion of apoptotic cells as a consequence of STIMI
silencing (Fig. 3D).

Discussion

Despite the ongoing advancement of our understanding of
cancer progression and metastasis in the last decade, a number
of oncogenes remain poorly understood. Previous studies indi-
cate that Ca®* channels are critical regulators in cancer (20,21).
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Figure 3. Knockdown of STIMI induces cell apoptosis via activation of the mitochondrial signalling pathway. (A) Representative images of cell apoptosis of
SW1116 cells following shSTIM1 infection analyzed using flow cytometry and Annexin V/7-AAD double staining. (B) Quantification of the proportions of
SW1116 cells corresponding to early (Annexin V*/7-AAD") and late (Annexin V*/7-AAD") apoptotic cells. Upregulation of (C) Bad and Bax, and (D) cleaved
PARP measured by western blot analysis. The experiment was performed in triplicate and repeated in triplicate. “P<0.01, ““P<0.001 vs. shCon. STIM1,
stromal interaction molecule 1; shSTIMI, shRNA targeting human STIM1; shCon, non-silencing shRNA; CRC, colorectal cancer; PARP, poly(ADP-ribose)
polymerase; BAD, B-cell lymphoma-2 associated death promoter; Bax, B-cell lymphoma-2 associated X protein; 7-AAD, 7-aminoactinomycin D.

As a Ca®* sensor, STIMI is required for a number of important
physiological and pathological processes. Previous studies
indicate that STIM1 may be a potential therapeutic target in
numerous types of cancer (10,11,17). In breast cancer, overex-
pression of STIMI is able to promote metastasis and invasion
of cancer cells (15). In lung cancer, STIMI is upregulated
in the carcinoma relative to the para-carcinoma tissues (22).
Additionally, STIM1 overexpression promotes CRC cell
migration by inducing cyclo-oxygenase 2 expression and is
associated with CRC progression (17); however, the role of
STIMI in CRC cell proliferation has not been fully elucidated.

Results of the present study suggest that knockdown of
STIMI inhibits the proliferation and colony formation ability
of CRC cells, which is consistent with results from a previous
study (23). Furthermore, Annexin V/7-AAD double staining
confirmed that knockdown of STIM1 increased the proportion
of early and late apoptotic cells. Cleavage of PARP is one of
the most commonly used diagnostic tools for the detection of
apoptosis in numerous cell types (24). In the present study, the
expression of PARP cleavage was increased in STIM1-silenced
cells. Furthermore, knockdown of STIMI1 increased the
expression of the pro-apoptotic mitochondrial genes Bax
and Bad in SW1116 cells. Therefore, it may be inferred that
the cell proliferation inhibition by STIM1 silencing in CRC
was possibly due to the induction of mitochondria-associated
apoptosis.

In conclusion, the results of the present study demonstrate
that STIM1 knockdown by lentivirus-mediated shRNA may
inhibit the proliferation of CRC cells, which may be a result of
induced apoptosis. These results also for the first time highlight

the crucial role of STIMI in CRC progression. Further study
is required to illuminate the potential value of STIM1-targeted
therapy in vivo.
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