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STIM1 expression is associated with osteosarcoma cell survival
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Abstract

Objective: To examine the role of store-operated calcium entry (SOCE) and stromal interaction molecule 1
(STIM1) in survival and migration of osteosarcoma cells and investigate what blockade of store-operated Ca?*
contributes to the regulation of osteosarcoma cells.

Methods: First, we examined the expression levels of STIMI in osteosarcoma cell lines by Western analysis and
in tissue specimens by immunohistochemistry. Second, we investigated the effect of SOCE and STIM1 on
osteosarcoma cell viability using MTS assays and on cell proliferation using colony formation. Third, we
investigated the role of SOCE and STIMI in cell migration using wound healing assays and Boyden chamber
assays. Finally, we studied the effect of SOCE on the nuclear factor of activated T-cells cytoplasmic 1 (NFATc1)
activity by luciferase assays.

Results: STIMI1 was overexpressed in osteosarcoma cell lines and tissue specimens and was associated with poor
survival of osteosarcoma patients. Also, inhibition of SOCE and STIM1 decreased the cell viability and migration
of osteosarcoma cells. Furthermore, our results showed that blockade of store-operated Ca’* channels involved
down-regulation of NFATcl in osteosarcoma cells.

Conclusions: STIMI is essential for osteosarcoma cell functions, and STIM1 and Ca?* entry pathway could be

further explored as molecular targets in the treatment of osteosarcoma.
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Introduction in the last two decades and the survival rate remains at

. . 20%—30% for patients with clinically detectable metastatic
Osteosarcoma is the most common malignant bone tumor

in children and adolescents (1). With the introduction of disease at initial presentation (3). The lack of improvement

chemotherapy in the 1970s, the 5-year survival rate for in outcomes demands a continuous search for new
osteosarcoma has improved up to 65%-70% (2). therapeutic agents.

Nevertheless, no further improvements have been achieved Ca?* is a ubiquitous second messenger that regulates a
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wide range of biologic processes including cell proliferation
and migration (4,5). In nonexcitable cells, store-operated
calcium entry (SOCE) is a2 major Ca2* entry mechanism.
Previous studies show that stromal interaction molecule 1
(STIM1) and Orail are responsible for SOCE (6). Upon
depletion of Ca?+ within the endoplasmic reticulum,
STIM1 protein, which functions as a calcium sensor,
aggregates into multiple puncta and migrates to the plasma
membrane of the endoplasmic reticulum. Orail protein, an
essential pore-forming component of SOCE channel, also
redistributes within the plasma membrane to accumulate at
sites opposite to STIMI1 and open to mediate Ca?* entry
(7). Dysregulation of Ca?* signaling has been implicated in
tumorigenesis and tumor progression (8). SOCE has been
implicated in the proliferation and metastasis of other
cancers (9,10), but it has not been investigated in osteo-
sarcoma. In this report, we examined the role of SOCE and
STIMLI in survival and migration of osteosarcoma cells and
investigated what blockade of store-operated Ca?*
contributed to the regulation of osteosarcoma cells.

Materials and methods
Cell culture

143B, U20S, MG63, Saos-2, KHOS, and human osteo-
blast (HOB 1 and HOB 2) cells were incubated in
dulbecco’s modified eagle medium (DMEM)-F12 medium
containing 10% fetal bovine serum (FBS) and maintained
at 37 °C under 5% CO,. HOB 1 and HOB 2 cells were
derived from cancellous bone obtained as surgical waste
material from orthopedic procedures in accordance with a
Mayo Clinic Institutional Review Board (IRB) approved
protocol and maintained as explants to generate the
osteoblast-like monolayers, as previously described (11).

Immunobistochemistry

Osteosarcoma tissue microarrays (TMA) were purchased
from Novus Biologicals (Novus Biologicals, Littleton,
USA). The clinical information of TMA samples included
follow-up duration and survival status. The immunohisto-
chemistry was carried out using monoclonal anti-STIM1
antibody (Thermo Fisher Scientific, Waltham, USA) and
IMMPress (Peroxidase) kit from Vector laboratories
(Burlingame, USA). The immunohistochemistry scoring
was carried out as described earlier (12). Briefly, the
staining intensity of STIMI1 protein in tissues was
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categorized on a scale from 0 to 3 (0 for no staining, 1 for
weak staining, 2 for moderate staining and 3 for strong
staining). The percentage of immunoreactivity was scored
on a scale from 0 to 3 (0 for no positive cells, 1 for <25% of
cells positive, 2 for 25%—50% of cells positive and 3 for
>50% of cells positive). The staining intensity score and the
percentage of immunoreactivity score were then multiplied
to attain a composite score (CS). Based on the CS, STIM1
expression in tissues was ranked as high expression (CS>6)
and low expression (CS<6).

MTS assay

Human osteosarcoma cells and HOB cells were plated at a
density of 5x10% cells per well into 24-well plates
containing 1 mL/well medium. After allowing the cells to
attach overnight, the cells were treated with drugs or
transfected with siRNNAs for 24 h, 48 h and 72 h. The cell
survival was measured by M'TS-based cell viability assay as
per the manufacturer’s protocol (Promega, Madison, USA).

Western analysis

Western analysis was carried out as described earlier (13).
Cytoplasmic extracts were prepared from osteosarcoma and
HOB cells and extracts containing equal amounts of
protein (40 pg) were analyzed by Western blot using anti-
STIM1, anti-glyceraldehyde 3-phosphate dehydrogenase
(anti-GAPDH) (Cell Signaling Technology, Beverly,
USA), and anti-ATX (LifeSpan Biosciences, Inc., Seattle,
USA) antibodies. Quantitation was performed by
densitometry and analyzed using Quantity One software
(Bio-Rad, Hercules, USA).

Wound bealing assay

Briefly, osteosarcoma cells (2x10%) were seeded onto 12-
well plates. When at 100% confluence, the cells were
scratched with a 200 pL pipette tip across the center of the
wells, and washed 2 times with phosphate-buffered saline.
The cells were then incubated in the presence and absence
of SKF96365. The wounds were observed at 0 h and 12 h
after wounding, and photographed using a microscope.
Three images were taken per well at each time point using
a 10x objective, and the distance between the two edges of
the scratch (wound width) was evaluated at 5 sites in each
image, using NIH Image] software. The cell migration
distance was measured by subtracting the wound width at
12 h time point from the wound width at the 0 h time point
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and then dividing by 2.
Transwell assay

Transwell assay was performed using 6.5 mm Millicell
chambers with 8 um pores (Millipore). Osteosarcoma cells
(100,000) in 300 pL of serum free media were added to the
upper chamber of the transwell, whereas 500 pL. of DMEM
supplemented with 10% FBS (used as a chemoattractant)
was added to the lower chamber. After 16 h, the non-
migrating cells were removed from the upper surface of
each chamber by a cotton swab. Transwell membranes
were then stained with crystal violet. Cells that migrated
through the membrane to the lower surface were counted
in 3 random fields per membrane by microscopy using a
10x objective. The migration for each experiment was
expressed as the average number of migrated cells in a field.
All experiments were performed in triplicate.

SiRNA transfection

Osteosarcoma cells (5x10%) in 24-well plates were
transfected with a pool of STIMI siRNAs (GGUGGUG
UCUAUCGUUAUU; UACAGUGGCUGAUCACAUA;
CAAUUACCAUGACCCAACA; UCUCUUGACUCG
CCAUAAU) and control non-targeting siRNAs (UGGU
UUACAUGUCGACUAA) as per the manufacturer’s
protocol (Dharmacon, Lafayette, USA). Following 48 h of
transfection, the cells were processed for transwell assay,
Western blot hybridization, or colony formation assays.

Colony formation assay

Twenty-four hours after control and STIMI1 siRNA
transfections, the cells were trypsinized and subcultured in
6-well plates at a destiny of 1,000 cells per well in the
presence and absence of SKF96365. After 7 d, the cells
were fixed and stained with crystal violet. A group of >10
cells was counted as a colony.

Intracellular Ca?+ ([Ca?*]) imaging

The [Ca2*].

, measurements using fluorescent indicators

were carried out previously described (14). Briefly, cells
were plated on 8-well Labtek glass-bottomed chambers,
and incubated in 5 pmol/L Fura-2AM (Invitrogen, Eugene,
USA). The cells were then washed and perfused with
Hank’s balanced salt solution. Fluorescence was recorded
using a real-time imaging system (Metafluor; Molecular
Devices, Sunnyvale, CA; Roper Scientific 12-bit camera

© Chinese Journal of Cancer Research. All rights reserved.

205

system) on an inverted Nikon Diaphot microscope
(40x/1.3NA objective lens), with [Ca?*]; calculated from the
340/380 ratios based on an in vitro calibration (15).

NFATcl luciferase assay

Cells were plated at a density of 8x10% cells per well in 12-
well plates and transfected with 4 pug of NFATc1/AP-1
reporter plasmid DNA (a kind gift from Dr. Martin
Fernandez-Zapico, Mayo Clinic, Rochester, USA) using
FuGene as described in the manufacturer’s protocol
(Promega, Madison, USA). After 24 h of transfection, the
cells were treated with vehicle or treatment groups (CsA,
VIVIT, or SKF96365) for 24 h. The cells were harvested
and suspended in 300 pL of passive lysis buffer provided in
a luciferase assay kit (Promega) and the relative luciferase
activity were measured using a luminometer (GloMax 96
microplate luminometer, Promega, Madison, USA). The
data were normalized to protein concentration in the
lysate.

Statistical analysis

JMP 10.0 Pro software for Windows (SAS Institute Inc.,
Cary, USA) was used for the statistical analysis. Data were
presented as x+s from three independent experiments.
P<0.05 was considered statistically significant. Statistical
comparisons between two groups of data were made using a
two-tailed unpaired Student’s #-test. Multiple comparisons
were determined using one-way analysis of variance
followed by the Tukey test for multiple comparisons.
Kaplan-Meier survival curve was created to represent
disease-specific mortality for patients with low or high
STIMI expression levels. The log-rank test was used to
compare differences between two groups.

Results

Tumor expression level of STIM1 was associated with
clinical outcome

Previous results showed that STIM1 could affect the
biologic features of tumor cells. To determine if STIM1 is
associated with osteosarcoma, we examined the expression
levels of STIMI1 in osteosarcoma cell lines. Our results
showed that 3 out of 5 cell lines (143B, U20S and KHOS)
demonstrated higher expression of STIM1 protein
compared with normal human osteoblast cell lines (HOB 1
and HOB 2) (Figure 14). These findings lead us to
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Figure 1 Stromal interaction molecule 1 (STIMI) expression level in osteosarcoma cells and tissue specimens. (A) Western analysis.
Cytoplasmic extracts from osteosarcoma cells (143B, U20S, Saos-2, KHOS and MG63) and human osteoblast (HOB 1 and HOB 2) cells
were analyzed by Western blot using anti-STIM1 and anti-glyceraldehyde 3-phosphate dehydrogenase (anti-GAPDH) antibodies as
described in methods. Quantitation was performed by densitometry and normalized to GAPDH expression. Data are presented as x%s from
three independent experiments. *, P<0.05, compared with HOB 1 and HOB 2; (B) Representative immunohistochemical staining of STIM1
in osteosarcoma using tissue microarrays. The lower panel is a magnified view of a region in the respective image in the upper panel. Scale

bars are 200 pm in the upper panel and 50 pm in the lower panel; (C) Overall survival of patients in STIMI1 high and STIM1 low groups

(P=0.028).

hypothesize that STIM1 expression correlates with
osteosarcoma tumor progression. To test this, we analyzed
STIMI expression in osteosarcoma using TMAs consisting
of 53 cases, which included 22 osteoblastic, 20 classical, 9
chondroblastic, 1 telangiectatic, and 1 fibroblastic
osteosarcoma samples. The results showed that STIM1
expression in tissues was ranked as high expression in 40
samples and low expression in 13 samples, as displayed by
the STIM1 immunoreactivity in these samples (Figure IB).
Next, tumors were stratified into the osteosarcoma tissues
into 2 groups based on STIM1 staining intensity, labelled
as STIMI high and STIM1 low. Our analysis further
indicated that compared with the STIM1 low group, the
STIM1 high group exhibited poor survival (P=0.028)
(Figure 1C).

© Chinese Journal of Cancer Research. All rights reserved.

Store-operated Ca’+ channels and STIMI1 regulated
survival of osteosarcoma cells

To study the effect of SOCE on osteosarcoma cell survival,
we investigated the effect of an inhibitor of SOCE,
SKF96365, on osteosarcoma cell viability using MTS
assays. The results showed that SKF96365 at the
concentrations of 5, 10, 20, 30 and 40 umol/L decreased
the cell survival in 143B and U20S cells, respectively
(Figure 2A4). In addition, the SOCE inhibitor SKF96365
decreased the cell survival in HOB 1 and HOB 2 cells,
respectively (Figure 24). Also, SKF96365 treatment
decreased the colony numbers by 97.2% and 96.7% in
143B and U20S osteosarcoma cells, respectively (Figure
2B).

To determine the role of STIMI1 protein on osteo-
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Figure 2 Effect of store-operated calcium entry (SOCE) inhibitor and stromal interaction molecule 1 (STIM1) siRNA on osteosarcoma cell
growth. (A) Cell viability. Osteosarcoma cells (143B and U20S) and normal human osteoblast cells (HOB 1 and HOB 2) treated with
SKF96365 for 72 h at the indicated concentrations were analyzed by MTS assays; (B) Colony formation assays and quantitation. 143B and
U20S cells were treated with SKF96365 (5 pmol/L); (C) STIMI and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression
were analyzed by Western blot hybridization using cytoplasmic extracts from 143B and U20S cells treated with NC, control siRNA, or

STIMI siRNA for 48 h. The relative protein levels were determined by densitometry; (D) Colony formation assay and quantitation of

colonies in 143B and U20S cells treated with control siRNA or STIM1 siRNAs. Growth inhibition is presented relative to that of control

(absence of SKF96365) or control siRNAs. Data are presented as ¥+s from three independent experiments. *, P<0.05, compared with

control (absence of SKF96365) or control siRNA; (E) Fluorescence-activated cell sorting (FACS) measurements showed that down-

regulated STIM1 expression arrested more cells in G2M stage for 143B and U20S cells. NC, negative control without siRNA.

sarcoma cell proliferation, we have performed STIM1
knockdown by siRNA transfections. Our results showed
that STIM1 siRNA transfection reduced the protein levels
of STIMI1 to 30.4% and 33.6%, in 143B and U20S
osteosarcoma cells, respectively (Figure 2C). The results
confirmed that the control siRNA did not have any effect
on STIMI levels. Also, we observed that following siRINA-
mediated knockdown of STIM1, the number of colonies
decreased by 65.5% and 45.6% in 143B and U20S cells,
respectively (Figure 2D). Cell cycle distribution analysis was
detected by flow cytometry at 48 h after transfection.
Down-regulation STIM1 expression arrested more cells in
G2M stage for 143B and U20S cells (Figure 2E).

© Chinese Journal of Cancer Research. All rights reserved.

Store-operated Ca*+ channels and STIM1 were critical for
osteosarcoma cell migration

Cell migration is a crucial event during tumor progression
and metastasis. To assess the effect of SOCE on
osteosarcoma cell migration, we performed a wound
healing assay in the presence of SOCE inhibitor
SKF96365. Briefly, 143B and U2OS cells were grown to
confluence, and a “wound” was made in the middle of the
tissue culture plate with a pipette tip and further
maintained for 12 h in the presence and absence of
SFK96365. The results showed that after 12 h of
incubation with 20 pmol/L SKF96365, the relative
migration distances in 143B and U20S cells decreased by
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Figure 3 Effect of store-operated calcium entry (SOCE) inhibitor and stromal interaction molecule 1 (STIMI1) siRNA on osteosarcoma cell
migration. (A) Wound healing assays. Micrographs of 143B and U20S cells treated with SKF96365 (20 pmol/L) for 12 h. The migration
distance is presented relative to that of control (absence of SKF96365) in each cell line; (B) Cell viability. 143B and U20S osteosarcoma
cells treated with SKF96365 (20 pmol/L) for 12 h and analyzed by M'TS assays; (C) Transwell assays and quantitation of migrated cells in
143B and U20S cultures treated with SKF96365 (20 pmol/L) for 16 h; (D) Transwell assays and quantitation of migrated cells in 143B and
U20S cells treated with control or STIMI1 siRNAs for 16 h. The number of migrated cells is presented relative to that of control siRINA.
Data are presented as ¥=s from three independent experiments. *, P<0.05; NC, negative control.

67% and 45%, respectively (Figure 34). Also, no detectable
level of cell migration was noticed when HOB 1 and HOB
2 cells were cultured in the presence and absence of
SKF96365 (data not shown). Our results showed that the
inhibition of cell migration by SKF96365 was not due to
decreases in cell viability, as SKF96365 did not have any
effect on cell viability at 12 h (Figure 3B). The inhibitory
effect of SKF96365 on cell migration was confirmed by
another method using Boyden chamber assays which
confirmed that SKF96365 blocked the migration of 143B
and U20S cells by 79% and 78.5%, respectively (Figure
30).

To further investigate the role of STIMI on cell
migration, we performed the migration studies using
Boyden chamber assays following STIM1 knockdown. The
results showed that the migrations were inhibited in 143B

© Chinese Journal of Cancer Research. All rights reserved.

and U20S cells transiently transfected with STIM1
siRNAs by 66% and 40%, respectively (Figure 3D). Thus,
these studies indicated that both pharmacologic and siRNA
inhibitors of STIM1 could block cell migration.

Blockade of store-operated Ca’* chanmnels inhibit
osteosarcoma cell functions was associated with down-
regulation of NFATcl

NFATs have been implicated in cancer cell proliferation.
Increased Ca?* can activate calcineurin, which
dephosphorylates cytoplasmic NFAT, resulting in its
translocation to the nucleus where it forms complexes with
other transcription factors and regulates gene transcription
(16). In this study, we examined whether blockade of store-

operated Ca?+ channels exert a negative effect on osteo-
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Figure 4 Blockade of store-operated Ca?+ channels inhibiting osteosarcoma cell growth is associated with down-regulation of nuclear factor
of activated T-cells cytoplasmic 1 (NFATcl). (A) Representative time course recording of store-operated calcium entry (SOCE) in the
presence of SKF96365 in osteosarcoma cells. Cells were treated with cyclopiazonic acid (CPA) to passively deplete the intracellular Ca?+
stores followed by application of 2 mmol/L Ca?*; (B) Quantification of CPA-induced SOCE peak value (delta R: Ratio,, ~Ratio, . ; N=45
cells for each group); (C) NFATcl luciferase activity. 143B and U2OS cells transfected with reporter plasmids were treated with SKF96365
20 umol/L, cyclosporine A (CsA) 10 pmol/L or VIVIT 5 pmol/L; (D) Autotaxin (ATX) protein levels in osteosarcoma cells. Cytoplasmic
extracts from cells treated with SKF96365 (20 pmol/L) for 24 h were analyzed by Western blot hybridization using anti-ATX and anti-
GAPDH antibodies; (E) Quantitation of protein levels by densitometry. Data are presented as ¥%s from three independent experiments. *,
P<0.05 (vs. Control).

sarcoma cell survival is associated with down-regulation of NFAT, and VIVIT, a specific inhibitor of NFAT,

NFATcl. Our results showed that the reduction of SOCE demonstrated significant decreases in NFATcl activities in
was confirmed by Fluo-2-based measurements (Figure 44). 143B and U20S cells (Figure 4C). The results indicate that
Store-operated channels are activated when internal Ca2* CsA decreased NFATcl-dependent luciferase activity by
stores are empty. The intracellular CaZ* stores were 46% in 143B cells and 31% in U20S cells. Similarly,

emptied by cyclopiazonic acid (CPA) in the absence of VIVIT decreased NFATc1-dependent luciferase activity by
extracellular Ca?*. Ca?* influx was then measured by adding 30% and 27% in 143B and U20S cells, respectively. To

2 mmol/L extracellular Ca?*. Compared with the control confirm the mechanism of inhibition of NFAT by
group, SKF96365 at the concentrations of 10 and 20 SKF96365, we evaluated the expression of autotaxin
umol/L decreased the level of Ca?* influx by 52.5% and (ATX), a product of NFATcl-dependent transcriptional
76%, respectively, in 143B cells, and by 65% and 81.4%, activity (17). Our results showed that ATX protein
respectively, in U20S cells (Figure 4B). expression was decreased by 65% in 143B cells and 45% in

We also determined the effect of SOCE inhibitor U20S cells following treatment with SKF96365 (Figure
SKF96365 on NFATcl-dependent transcriptional activity 4D, E). And ATX protein expression was not affected by

by transient transfection assays. The results showed that the treatment of SKF96365 in HOB 1 and HOB 2 cell lines
treatment with SKF96365 markedly decreased the (Figure 4D, E).

NFATcl-dependent transcription in osteosarcoma cells.
The luciferase activities were down in 143B and U20S
cells by 50% and 45%, respectively (Figure 4C). Also,
treatment with cyclosporin A (CsA), an indirect inhibitor of The present study demonstrates that the expression of

Discussion
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STIMI protein in osteosarcoma specimens positively
correlate with poor prognosis. Also, we have found that 3
out of 5 osteosarcoma cell lines examined showed higher
levels of STIMI1 protein compared with the normal
osteoblast cells. The SOCE inhibitor and STIM1 siRNAs
inhibited the survival and migration of osteosarcoma cells.
Furthermore, it was observed that blockade of store-
operated Ca?+ channels involves NFATcl-dependent
pathway in osteosarcoma cells. Taken together, our results
indicate that STIM1 and SOCE contribute to tumori-
genesis and could serve as therapeutic targets in the control
of osteosarcoma.

Recent reports indicate that SOCE is essential for the
progression of several cancers (9,10,18). Our study reveals
that osteosarcoma cells have higher STIMI protein levels
compared with normal osteoblast cells. SIRNA-mediated
down-regulation of STIMI indicates that STIMI is
essential for osteosarcoma cell viability and motility. Also,
TMA results show that the expression levels of STIM1
positively correlate with the disease in a wide array of
osteosarcoma tissues examined. Thus, these studies suggest
that STIM1 expression is associated with the progression of
osteosarcoma.

Several studies reveal the involvement of STIM1 and
SOCE in regulating cancer cell proliferation. STIM1 and
SOCE were critical for cell proliferation in clear cell renal
carcinoma cells (19), and colorectal cancer cells (20).
Although one study contradicts that STIM1 down-
regulation did not affect the proliferation of human breast
tumor cells (21), others have reported the tumorigenic role
of STIMI in breast cancer cells (20). In this report, it has
been shown that down-regulation of STIM1 by trans-
forming growth factor-p led to suppression of cell
proliferation. Current results show that STIM1 siRNA and
SKF96365 treatment decrease cell survival in human
osteosarcoma cells. The inhibitory effect of STIM1 siRNA
was correlated with the treatment time and it did not
decrease the tumor growth within 24 h in both 143B and
U20S cells. The effects of STIM1 siRNA became evident
at48 and 72 h.

Other studies show that STIM1 and SOCE could
mediate cell migration. Blockade of SOCE and the siRNA-
mediated silencing of STIMI inhibited both migration and
invasion in hepatocarcinoma cells (10), cervical cancer cells
(9) and colorectal cancer cells (12). Our results corroborate
these findings and indicate that cell migration was
significantly decreased following the inhibition of SOCE

and STIM1 in osteosarcoma cells.

© Chinese Journal of Cancer Research. All rights reserved.
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The results show that SOCE inhibitor, SKF96365,
decreases osteosarcoma cell survival. Our studies reveal that
SOCE and NFATcl play important roles in the inhibition
of osteosarcoma cells by SKF96365 based on the following
results: First, we demonstrated the role of store-operated
calcium channels on Ca?+ influx in osteosarcoma cells. In
Fluo-2-based measurements, SKF96365 decreased the level
of Ca?+ influx. Second, we established that the
transcriptional activity of NFATcl was decreased in the
presence of SKF96365. This was further supported by
decreased expression of autotaxin. Although further studies
are needed to understand the molecular mechanisms, to
our knowledge, this is the first report that demonstrates the
involvement of NFATc1 on osteosarcoma cell regulation.

Conclusions

Our study demonstrates that STIM1 is associated with
osteosarcoma cell survival, and SOCE and STIM1 could be
further explored as therapeutic targets in the treatment of
osteosarcoma.
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