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Involvement of STIM1 in the Proteinase-Activated
Receptor 1-Mediated Ca2þ Influx in Vascular
Endothelial Cells
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ABSTRACT
Thrombin increases the cytosolic Ca2þ concentrations and induces NO production by activating proteinase-activated receptor 1 (PAR1) in

vascular endothelial cells. The store-operated Ca2þ influx is a major Ca2þ influx pathway in non-excitable cells including endothelial cells

and it has been reported to play a role in the thrombin-induced Ca2þ signaling in endothelial cells. Recent studies have identified stromal

interaction molecule 1 (STIM1) to function as a sensor of the store site Ca2þ content, thereby regulating the store-operated Ca2þ influx.

However, the functional role of STIM1 in the thrombin-induced Ca2þ influx and NO production in endothelial cells still remains to be

elucidated. Fura-2 and diaminorhodamine-4M fluorometry was utilized to evaluate the thrombin-induced changes in cytosolic Ca2þ

concentrations and NO production, respectively, in porcine aortic endothelial cells transfected with small interfering RNA (siRNA) targeted to

STIM1. STIM1-targeted siRNA suppressed the STIM1 expression and the thapsigargin-induced Ca2þ influx. The degree of suppression of the

STIM1 expression correlated well to the degree of suppression of the Ca2þ influx. The knockdown of STIM1 was associated with a substantial

inhibition of the Ca2þ influx and a partial reduction of the NO production induced by thrombin. The thrombin-induced Ca2þ influx exhibited

the similar sensitivity toward the Ca2þ influx inhibitors to that seen with the thapsigargin-induced Ca2þ influx. The present study provides the

first evidence that STIM1 plays a critical role in the PAR1-mediated Ca2þ influx and Ca2þ-dependent component of the NO production in

endothelial cells. J. Cell. Biochem. 108: 499–507, 2009. � 2009 Wiley-Liss, Inc.
KEY WORDS: CA2þ INFLUX; ENDOTHELIUM; NITRIC OXIDE; PROTEINASE-ACTIVATED RECEPTOR; STROMAL INTERACTION MOLECULE 1; THROMBIN
S tore-operated Ca2þ influx, which is activated following the

depletion of the intracellular Ca2þ stores, is a major Ca2þ

influx pathway in non-excitable cells including vascular endo-

thelial cells [Parekh and Putney, 2005]. Recently, the molecular

mechanism underlying this type of Ca2þ influx has been emerging

[Putney, 2007b]. Stromal interaction molecule 1 (STIM1) was

identified to function as a sensor of the stored Ca2þ content

[Liou et al., 2005; Roos et al., 2005]. STIM1 is a single-pass

transmembrane protein, which exits on the endoplasmic reticulum

membrane as well as on the plasma membrane [Putney, 2007b;

Stathopulos et al., 2008]. The N-terminal luminal region contains

a Ca2þ-binding motif and coordinates a single Ca2þ ion [Stathopulos

et al., 2008]. The depletion of the stored Ca2þ causes a loss of Ca2þ
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from STIM1, which induces oligomerization and redistribution of

STIM1 at the proximity to the plasma membrane and thereby

activates the Ca2þ influx channels [Wu et al., 2006; Yuan et al.,

2007; Luik et al., 2008; Stathopulos et al., 2008]. The Orai proteins

have been shown to serve as Ca2þ influx channels regulated

by STIM1, and they mediate the Ca2þ selective type of store-

operated Ca2þ influx such as that seen in T lymphocytes [Feske et al.,

2006]. On the other hand, a canonical type of transient receptor

potential channel (TRPC) has been suggested to mediate the non-

selective type of store-operated Ca2þ influx such as that seen in

endothelial cells [Mehta and Malik, 2006; Putney, 2007b]. The

recent studies with exogenously expressed TRPC and STIM1 have

shown that TRPC was regulated by STIM1 [Huang et al., 2006; Yuan
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et al., 2007]. Recently, it was demonstrated that the knockdown of

STIM1 was associated with the inhibition of the store-operated Ca2þ

influx and proliferation of endothelial cells [Abdullaev et al., 2008].

However, the production of nitric oxide (NO) and barrier function in

endothelial cells are also known to be regulated by Ca2þ signal

[Sessa, 2004; Mehta and Malik, 2006]. Therefore, the functional

role of STIM1 in these endothelial functions still remains to be

investigated.

Thrombin is known to induce NO production and impairment of

barrier function by activating proteinase-activated receptors (PARs)

in endothelial cells [Coughlin, 2000; Hirano, 2007]. Among the four

members of PARs, PAR1 and PAR4 serve as major signaling

receptors for thrombin in endothelial cells [Macfarlane et al., 2001].

PAR1 activation has been shown to induce NO production in a

manner partly dependent on and partly independent of Ca2þ in

porcine aortic and human umbilical vein endothelial cells, while

PAR4 activation induced NO production in a Ca2þ-independent

manner [Momota et al., 2006; Hirano et al., 2007a]. The store-

operated as well as receptor-operated Ca2þ influx have been

reported to mediate the thrombin-induced Ca2þ signal in endothelial

cells [Ahmmed et al., 2004]. However, the role of STIM1 in the

thrombin-induced Ca2þ influx still remains to be determined.

The present study thus investigated the involvement of STIM1

in the thrombin-induced, PAR1-mediated Ca2þ influx and NO

production in endothelial cells. Because human umbilical vein

endothelial cells exhibited a low viability after the transfection,

porcine aortic endothelial cells (PAEC) was utilized in the present

study. As a result, the present study provides the first evidence

that STIM1 plays an important role in the PAR1-mediated store-

operated Ca2þ influx and NO production in endothelial cells.

MATERIALS AND METHODS

DESIGN OF SMALL INTERFERING RNA (siRNA) TARGETED TO

PORCINE STIM1

A partial nucleotide sequence of the porcine STIM1 was determined

using a PCR product derived from a cDNA library of PAEC [Hirano

et al., 2001a]. The sense and anti-sense PCR primers were designed

according to the sequence of human STIM1 (accession # NM003156)

and they were 50-ggT gAT gTg gAT gTg gAA gA-30 and 50-CAA TgC

TgC TgT CAC CTC gC-30, respectively. A PCR was conducted with a

protocol consisting of an initial 2-min denaturation at 948C and a

following 30-cycle amplification step with 10-s denaturation at

988C, 30-s annealing at 558C and 1-min extension at 688C. The

nucleotide sequence data of the porcine STIM1, which corresponds

to the nucleotide region 830–1812 of human STIM1, have been

deposited to the DDBJ/EMBL/GenBank under accession number

AB374252 (Fig. S1). Based on this sequence data, siRNA targeted to

the region corresponding to nucleotide 1558–1576 of human STIM1

was synthesized with a 30-UU overhang by Dharmacon (Tokyo,

Japan), as siRNA targeted to this region has been reported to

effectively down-regulate the STIM1 expression in HEK293 [Wedel

et al., 2007]. The sequence of the sense strand of the siRNA for the

porcine STIM1 was 50-AGA AGG AGC UGG AGU CUC A-30 (Fig. S1).

The control siRNA (siControl Non-targeting siRNA pool #2) and the

pre-designed and pooled siRNA targeted to the four regions of the
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human STIM1 (siGenome smart pool M-011785) were purchased

from Dharmacon. Among four siRNA targeted to the human

STIM1, three had 2 mismatches with the porcine STIM1 and one had

3 mismatches (Fig. S1). All siRNA were dissolved at the stock

concentration of 20mmol/L in 6 mmol/L HEPES, pH 7.5, 20 mmol/L

KCl, 0.2 mmol/L MgCl2 and kept at �208C.

CELL CULTURE AND TRANSFECTION OF siRNA

PAEC were maintained in Dulbecco’s modified Eagle’s medium

(Sigma, St. Louis, MO) containing 10% fetal bovine serum, as

described previously [Hirano et al., 2007a,b], but no antibiotics.

PAEC of passages 9–16 were used for the experiments. HeLa cells

and HEK293 cells were also cultured in DMEM containing 10%

serum. The cells were transfected with siRNA 24 h after the plating at

7.8� 103 cells/cm2 for fura-2 fluorometry and 1.5� 104 cells/cm2

for DAR-4M fluorometry. On the day of transfection, the

growth medium was renewed and then the mixture of siRNA and

lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA) prepared in

Opti-MEM I (Invitrogen) were added to the growth medium. The

different concentrations of siRNA (0.01–20 nmol/L) were used in the

studies as indicated, while the amount of lipofectamine RNAiMAX

was fixed at 1ml/ml medium. The cells were then used for the

evaluation 3 days after transfection.

FURA-2 FLUOROMETRY

The cells on 35-mm dish were loaded with fura-2 by incubating

them in DMEM containing 5mmol/L fura-2 acetoxymethyl ester

(Dojin, Kumamoto, Japan) and 1 mmol/L probenecid at 378C for 1 h,

as described previously [Hirano et al., 2007a]. After fura-2

loading, the cells were equilibrated in HEPES-buffered saline

(HBS; 10 mmol/L HEPES, pH 7.4, 135 mmol/L NaCl, 5 mmol/L KCl,

1 mmol/L CaCl2, 1 mmol/L MgCl2, and 5.5 mmol/L D-glucose) at

room temperature for 30 min before starting fluorometry. The

changes in fura-2 fluorescence of cell population (excitation

at 340� 10 and 380� 10 nm; emission at 500� 10 nm) were

monitored using a front-surface fluorometer CAM230-OF2,

as described previously [Hirano et al., 2007a]. The response to

50mmol/L ionomycin was recorded at the end of each recording as a

reference response to normalize the fluorescence data.

DAR-4M FLUOROMETRY OF NO PRODUCTION

PAEC was plated on Cell Desk LF1 (Sumitomo Bakelite, Tokyo,

Japan) in 24-well culture dish and then subjected to DAR-4M

fluorometry, as described previously [Hirano et al., 2007a]. In brief,

Cell Desk LF1 with cells was inserted into a quartz cuvette

containing 10mmol/L DAR-4M (Daiichi Pure Chemicals, Tokyo,

Japan) in 1 ml HBS. The cells were then stimulated by changing the

bathing solution to that containing 10mmol/L DAR-4M with agonist

or vehicle. The changes in DAR-4M fluorescence (excitation at

540� 5 nm; emission at 580� 10 nm) were continuously measured

at 258C with a fluorescence spectrophotometer 650–40 (Hitachi,

Tokyo, Japan). The NO production was evaluated 3 min after the

stimulation. The fluorescence data were expressed in arbitrary units,

as described previously [Hirano et al., 2007a]. A separate in vitro

experiment demonstrated the linearity of the DAR-4M fluorometry

within the range of measurement in the cells [Hirano et al., 2007a].
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Fig. 1. The specific knockdown of STIM1 by the transfection of STIM1-

targeted siRNA in PAEC. Immunoblot (a) and RT-PCR analyses (b) of the

expression of STIM1, STIM2 and b-actin in PAEC, 3 days after transfection of

control (siControl) or STIM1-targeted siRNA (siSTIM1) at the indicated con-

centrations. Since the upper band in panel a was apparently down-regulated by

the STIM1-targeted siRNA, the level of this band was therefore evaluated to

represent the level of STIM1. The data are the mean� SEM (n¼ 6 for STIM1,

n¼ 3 for STIM2). �P< 0.05 versus siControl. [Color figure can be viewed in the

online issue, which is available at www.interscience.wiley.com.]
WESTERN BLOT ANALYSIS

The cells on 60-mm culture dish were washed in ice-cold PBS and

then immediately lysed in 100ml of the buffer consisting of

50 mmol/L HEPES, pH 7.4, 150 mmol/L NaCl, 1 mmol/L EDTA, 0.5%

Nonidet P-40, 0.5 mmol/L Na3VO4, 10mmol/L 4-amidinophenyl-

methanesulfonyl fluoride hydrochloride, 10mg/ml leupeptin and

10mg/ml aprotinin, followed by a snap freeze in liquid N2, as

described previously [Hirano et al., 2001b]. After thawing on ice, the

cell lysate was clarified by centrifugation at 12,000 rpm, 15 min, on

a microcentrifuge in the cold room. The protein concentration of the

lysate was determined with a Coomassie protein assay kit (Pierce,

Rockford, IL) with bovine serum albumin as a standard. Thirty

micrograms protein samples were subjected to immunoblot

analyses. After incubation with the primary and secondary

antibodies in an immunoreaction enhancer solution named

Can-Get-Signal (Toyobo, Osaka, Japan), the immune complex

was detected with an enhanced chemiluminescence technique (ECL

plus kit, GE Healthcare Bioscience, Buckinghamshire, UK). The light

emission was detected and analyzed with ChemiDoc XRS-J and

Quantity One software (BioRad, Tokyo, Japan). After immunoblot

detection, the polyvinylidene difluoride membranes were stained

with naphthol blue black to detect the band of actin. The density of

actin was used to normalize the sample loading.

REVERSE TRANSCRIPTION-POLYMERASE CHAIN REACTION

(RT-PCR) ANALYSIS OF STIM1 EXPRESSION

Total RNA was isolated from PAEC as described previously [Hirano

et al., 2001b], and subjected to a RT-PCR analysis with a High

Fidelity RT-PCR kit ReverTra-PlusTM, according to the manufac-

turer’s instructions (Toyobo). One microgram RNA was used in the

RT reaction with a random primer and then 2 and 1ml of RT product

were used in PCR for STIM1 and b-actin, respectively. The sense and

anti-sense PCR primers for the porcine STIM1 were 50-CTT ACA CCG

AGC CGA GCA GA-30 and 50-CCT CCT CCG CAT ACT TCT GG-30,

respectively. The primers for porcine b-actin were 50-GTG CGG GAC

ATC AAG GAG AA-30 and 50-TGT CCA CGT CGC ACT TCA T-30.

STIM1 cDNA (209 bp) was amplified with KOD plus DNA polymerase

(Toyobo) and a protocol consisting of a 2-min initial denaturation

at 968C and a following 30-cycle amplification step with 10-s

denaturation at 988C, 30-s annealing at 558C and 1-min extension at

688C. b-actin cDNA (241 bp) was amplified with Taq DNA

polymerase (New England Biolab, Ipswich, MA) and a protocol

consisting of 2-min initial denaturation at 948C and a following

25-cycle amplification step with 1-min denaturation at 948C, 1-min

annealing at 558C and 1-min extension at 728C.

OTHER MATERIALS

Anti-STIM1 antibody (#610954), anti-STIM2 antibody (#54681),

and anti-PAR1 antibody (sc-13503) were obtained from BD

Bioscience Japan (Tokyo, Japan), Anaspec (San Jose, CA), and

Santa Cruz (Santa Cruz, CA), respectively. The secondary antibodies

conjugated with horseradish peroxidase, a-thrombin (bovine

plasma, 2,539 U/mg protein), ionomycin, SKF96365 and thapsi-

gargin were purchased from Sigma. TFLLR-NH2 (PAR1-activating

peptide; PAR1-AP) and SFLLRNPNDKYEPF (thrombin receptor-

activating peptide 14; TRAP14) were obtained from Bachem
JOURNAL OF CELLULAR BIOCHEMISTRY
(Bubendorf, Switzerland). TRAP14 was used as an antigen peptide

to pre-absorb the anti-PAR1 antibody.

STATISTICAL ANALYSIS

An analysis of variance (ANOVA) followed by Bonferroni/Dunn’s

post hoc test and Student’s t-test was used to evaluate any statistical

significance. P< 0.05 was considered to be significantly different.

RESULTS

EFFICACY AND SPECIFICITY OF STIM1-TARGETED siRNA

The expression level of STIM1 protein was concentration-

dependently suppressed 3 days after transfection of STIM1-targeted

but not control siRNA in PAEC (Fig. 1a). The maximal suppression

was obtained with 1 nmol/L siRNA (Fig. 1a). A substantial

suppression of the STIM1 expression was obtained 2–3 days after

transfection (data not shown). The suppression of the STIM1 protein

expression was associated with the suppression of the mRNA

expression (Fig. 1b). On the other hand, STIM1-targeted siRNA had

no effect on the level of STIM2, a second isoform in mammals, which

has been shown to function as a store site Ca2þ sensor under resting

conditions and regulate the resting level of the cytosolic and

endoplasmic Ca2þ concentrations [Brandman et al., 2007] (Fig. 1a).
STIM1 IN PAR1-MEDIATED CA2þ INFLUX 501



These observations thus support the efficacy and specificity of the

siRNA designed for porcine STIM1. Accordingly, the 3-day

transfection of 1 nmol/L siRNA was used as a standard protocol.

EFFECT OF STIM1 KNOCKDOWN ON THE THAPSIGARGIN-

INDUCED CA2R INFLUX IN PAEC

Thapsigargin, an inhibitor of sarcoplasmic/endoplasmic reti-

culum Ca2þ ATPase, is widely used as a standard stimulation to

activate the store-operated Ca2þ influx [Liou et al., 2005; Roos et al.,

2005; Putney, 2007b]. A Ca2þ add-back protocol was used to

examine the thapsigargin-induced Ca2þ influx (Fig. 2a). Preliminary

experiments determined 100 nmol/L thapsigargin to induce the

maximal elevation of [Ca2þ]i in the presence of extracellular Ca2þ

(data not shown). In the Ca2þ add-back protocol, cells were first

exposed to the Ca2þ-free media containing 2 mmol/L EGTA and then

they were stimulated with 100 nmol/L thapsigargin, which induced a
Fig. 2. Effect of STIM1 knockdown on the thapsigargin-induced Ca2þ influx in PA

experiments in the presence (upper traces) and absence (lower traces) of 100 nmol/L tha

STIM1-targeted siRNA (siSTIM1). b: Summary of the effect of STIM1 knockdown on th
�P< 0.05 versus siControl. [Color figure can be viewed in the online issue, which is av
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transient elevation of [Ca2þ]i (release component; Fig. 2a). After

[Ca2þ]i returned to the pre-stimulation level, the extracellular

Ca2þ was replenished, which induced a transient and subsequent

sustained elevation of [Ca2þ]i (influx component; Fig. 2a). The Ca2þ

influx was evaluated at the peak [Ca2þ]i elevation seen after the Ca2þ

replenishment. The extent of the Ca2þ influx increased as the

concentrations of Ca2þ in the replenishment were increased, while

the maximal Ca2þ influx was observed with the replenishment of

2 mmol/L Ca2þ (data not shown). The Ca2þ replenishment without

the stimulation with thapsigargin induced only a slight elevation of

[Ca2þ]i, thus returning [Ca2þ]i to the level similar to the resting level

seen in the presence of 1 mmol/L Ca2þ (Fig. 2a,b).

STIM1-targeted siRNA concentration-dependently inhibited

the thapsigargin-induced Ca2þ influx, but not the Ca2þ release

component (Fig. 2b). The inhibition of the thapsigargin-

induced Ca2þ influx was observed with the concentrations of
EC. a: Representative recordings of fura-2 fluorometry during the Ca2þ add-back

psigargin in PAEC, 3 days after transfection of 5 nmol/L control (siControl) or 1 nmol/L

e Ca2þ release and Ca2þ influx components. The data are the mean� SEM (n¼ 4–6).

ailable at www.interscience.wiley.com.]
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STIM1-targeted siRNA similar to those required to suppress the

STIM1 expression. Next, the pre-designed and pooled siRNA

targeted to human STIM1, which contained 2–3 mismatches to

porcine STIM1 (Fig. S1), was used as a second siRNA to

knockdown the expression of STIM1. As shown in Figure 3a,b,

the pooled siRNA was less effective, even at 20 nmol/L (5 nmol/L

for each siRNA duplex in the pool), in suppressing the STIM1

expression and inhibiting the thapsigargin-induced Ca2þ influx

in PAEC. However, in HeLa cells, a human cell line, the pooled

siRNA substantially suppressed the STIM1 expression and inhibited

the thapsigargin-induced Ca2þ influx at much lower concentrations

(Fig. 3c,d). The maximal suppression was obtained with 1 nmol/L

pooled siRNA (Fig. 3c). The pooled siRNA had no effect on the

expression of STIM2 in both PAEC and HeLa cells (Fig. 3a,c).

As a result, the degree of the suppression of STIM1 expression

correlated to the degree of inhibition of the thapsigargin-

induced Ca2þ influx.
Fig. 3. Effects of pooled siRNA targeted to human STIM1 on the expression of STIM1

immunoblot analysis of the expression of STIM1 and STIM2 in PACE (a) and HeLa cells (c),

control siRNA (siControl) at the indicated concentrations. The expression level of STIM1

evaluated by the sum of the level of the upper two bands, which were apparently down-r

release and Ca2þ influx induced by 100 nmol/L thapsigargin in PAEC (b) and HeLa cells

(n¼ 5 in a; n¼ 6–8 in b; n¼ 6 in c,d). �P< 0.05 versus siControl. [Color figure can b
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EFFECT OF STIM1 KNOCKDOWN ON THE PAR1-MEDIATED CA2R

INFLUX AND NO PRODUCTION IN PAEC

In the Ca2þ add-back protocol, both thrombin and PAR1-AP (TFLLR-

NH2) induced a transient [Ca2þ]i elevation in the absence of

the extracellular Ca2þ and the subsequent replenishment of the

extracellular Ca2þ induced a sustained [Ca2þ]i elevation (Fig. 4a). In

case of the PAR1 stimulation, 5 mmol/L Ca2þ was required to

obtained the maximal Ca2þ influx (data not shown). However, even

with 5 mmol/L Ca2þ replenishment, the level of [Ca2þ]i elevation

observed with the PAR1 stimulation was lower than that seen with

thapsigargin and 2 mmol/L Ca2þ replenishment, thus indicating that

the PAR1 stimulation activated the Ca2þ influx to the extent much

lower than to that seen with thapsigargin. The lower level of

the Ca2þ influx seen with thrombin was associated with the lower

level of the Ca2þ release. Namely, once the Ca2þ release was induced

by thapsigargin, the subsequent stimulation with thrombin induced

no Ca2þ release. In contrast, thapsigargin induced a significant
and the thapsigargin-induced Ca2þ influx in PAEC (a,b) and HeLa cells (c,d). a,c: An

3 days after transfection with pooled siRNA targeted to the human STIM1 (siSTIM1) or

in PAEC was evaluated as in Figure 1. The expression level of STIM1 in HeLa cells was

egulated by the siRNA in HeLa cells. b,d: The effects of STIM1 knockdown on the Ca2þ

(d), according to the Ca2þ add-back protocol as in Figure 2. Data are the mean� SEM

e viewed in the online issue, which is available at www.interscience.wiley.com.]
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Fig. 4. Effect of STIM1 knockdown on the PAR1-mediated Ca2þ influx in

PAEC. a: Representative recordings of fura-2 fluorometry during the Ca2þ add-

back experiments with 1 U/ml thrombin or 30mmol/L PAR1-AP, 3 days after

transfection of control (siControl) or STIM1-targeted siRNA (siSTIM1) at

1 nmol/L. b: Summary of the effect of STIM1 knockdown on the Ca2þ release

and influx. The data are the mean� SEM (n¼ 3–5). �P< 0.05 versus siControl.

[Color figure can be viewed in the online issue, which is available at www.

interscience.wiley.com.]
degree of Ca2þ release after the preceding activation of the Ca2þ

release by thrombin (data not shown). Transfection of 1 nmol/L

STIM1-targeted siRNA significantly inhibited the Ca2þ influx

induced by thrombin and PAR1-AP, while having no significant

effect on the release components (Fig. 4a,b). The level of Ca2þ influx

obtained in the cells transfected with 1 nmol/L STIM1-targeted

siRNA was similar to the level obtained in the absence of

stimulation, thus indicating the complete inhibition of the PAR1-

mediated Ca2þ influx by the STIM1 knockdown (Fig. 4b).

The physiological significance of the STIM1-mediated Ca2þ

influx induced by thrombin was then evaluated under physiological

conditions. In the presence of 1 mmol/L extracellular Ca2þ,

thrombin induced a transient elevation of [Ca2þ]i followed by a

small sustained elevation. This transient [Ca2þ]i elevation was

significantly inhibited by the transfection of STIM1-targeted siRNA

(Fig. 5a). In contrast, the thrombin-induced transient [Ca2þ]i
elevation in the absence of extracellular Ca2þ was resistant to

STIM1 knockdown (Fig. 5b). This observation is consistent with that

shown in Figure 4. The thrombin-induced NO production in PAEC is

partly dependent on [Ca2þ]i elevation [Hirano et al., 2007a]. The

NO production was thus evaluated using DAR-4M fluorometry to

investigate the functional role of the STIM1-mediated Ca2þ influx
504 STIM1 IN PAR1-MEDIATED CA2þ INFLUX
in endothelial cells. The knockdown of the STIM1 expression

significantly, but only partly, inhibited the thrombin-induced NO

production (Fig. 5c).

The off-target effect of siRNA on the expression of PAR1 and its

contribution to the observed inhibition of the Ca2þ influx were ruled

out by an immunoblot analysis (Fig. 5d). The anti-human PAR1

antibody used in the study detected two bands with an apparent

molecular size of 60 and 71 kDa in both PAEC (Fig. 5d) and HEK293

(data not shown). The detection of these bands was abolished by pre-

absorbing the primary antibody with the antigen peptide in both cell

types (data not shown). The two bands may thus represent PAR1 with

different post-translational modification, such as glycosylation or

ubiquitination [Compton, 2003; Wolfe et al., 2007]. Nevertheless,

transfection of STIM1-targeted siRNA had no significant effect on

the levels of both bands (Fig. 5d).

The Ca2þ influx components seen with thapsigargin, thrombin,

and PAR1-AP exhibited a similar sensitivity toward the STIM1

knockdown, thus suggesting the involvement of the similar

mechanism of Ca2þ influx. The properties of Ca2þ influx were

further characterized by examining the effects of several Ca2þ influx

inhibitors on the Ca2þ influx components (Fig. 6). SKF96365, NiCl2,

and LaCl3 were used in the present study. SKF96365 has been used as

an inhibitor of the store-operated Ca2þ influx [Liou et al., 2005; Roos

et al., 2005], although it can inhibit other channels over similar

concentration ranges [Parekh and Putney, 2005]. Divalent and

trivalent cations act as a rather non-specific Ca2þ influx inhibitor,

while lanthanides can block the store-operated Ca2þ influx at the

micro molar concentrations [Parekh and Putney, 2005]. The Ca2þ

influx induced by thapsigargin, thrombin, and PAR1-AP exhibited a

similar sensitivity toward SKF96365, NiCl2, and LaCl3 (Fig. 6).

DISCUSSION

The store-operated Ca2þ influx is a major Ca2þ influx pathway in

endothelial cells, thereby contributing to the regulation of various

endothelial functions including the NO production [Parekh

and Putney, 2005; Putney, 2007b]. Recent studies have identified

STIM1 to function as a sensor of the content of the stored Ca2þ and

activate the store-operated Ca2þ influx [Liou et al., 2005; Roos et al.,

2005]. The observation of the present study that the degree of

suppression of the STIM1 expression correlated with the degree of

inhibition of the thapsigargin-induced Ca2þ influx suggests STIM1

to play an essential role in the store-operated Ca2þ influx in vascular

endothelial cells. This was consistent with the observations in other

cell types [Putney, 2007a,b]. However, the functional significance of

STIM1 in endothelial cells still remains to be established, especially

in a native setting. The present study thus provides the first evidence

that STIM1 is involved in the PAR1-mediated Ca2þ influx and Ca2þ-

dependent component of the NO production in endothelial cells.

The efficacy and specificity of siRNA in suppressing the

expression of STIM1 is a prerequisite for concluding the involve-

ment of STIM1. This was supported by the several lines of evidence:

(1) When the species-matched STIM1-targeted siRNA was used, the

expression of STIM1 was significantly suppressed at a level as low as

0.1 nmol/L, while the maximal and substantial (>90% suppression)
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 5. Role of STIM1 in the thrombin-mediated Ca2þ mobilization and NO production in PAEC. a,b: Summary of the effect of STIM1 knockdown on the thrombin-induced

[Ca2þ]i elevation in the presence (a) and absence (b) of 1 mmol/L extracellular Ca2þ. c: The NO production 3 min after the stimulation with 1 U/ml thrombin in PAEC, 3 days after

transfection of siControl or siSTIM1 at 1 nmol/L. d: Immunoblot analysis of the PAR1 expression. The data are the mean� SEM (n¼ 4 in a,b,d; n¼ 5 in c). �P< 0.05 versus

siControl. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Fig. 6. Effects of Ca2þ channel blockers on the Ca2þ influx induced by thapsigargin, thrombin and PAR1-AP in PAEC. The Ca2þ influx components obtained with 100 nmol/L

thapsigargin, 1 U/ml thrombin, and 30mmol/L PAR1-AP the during the Ca2þ add-back protocol with and without SKF96365, NiCl2, and LaCl3 are shown. The data are the

mean� SEM (n¼ 3–7). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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suppression was obtained at 1 nmol/L; (2) siRNA with 2–3

mismatches caused a less effective suppression of the STIM1

expression; (3) It has no effect on the expression of actin, STIM2 and

PAR1. Accordingly, the off-target effect of STIM1-targeted siRNA

was less likely.

Thrombin has been shown to activate store-operated as well as

receptor-operated Ca2þ influxes in human umbilical vein endothe-

lial cells [Ahmmed et al., 2004; Singh et al., 2007]. TRPC1 is

suggested to mediate the store-operated Ca2þ influx, while TRPC6 is

suggested to mediate the receptor-operated Ca2þ influx [Ahmmed

et al., 2004; Singh et al., 2007]. In the present study, (1) the PAR1-

mediated Ca2þ influx exhibited the similar sensitivity toward

three Ca2þ influx inhibitors to that seen with the thapsigargin-

induced Ca2þ influx; (2) the knockdown of STIM1 caused the

complete abolishment of the Ca2þ influx induced by thapsigargin

and PAR1 agonist. The thapsigargin-induced Ca2þ influx represents

the store-operated Ca2þ influx [Parekh and Putney, 2005]. These

observations thus suggested that the PAR1-mediated Ca2þ influx

was mainly attributable to the store-operated Ca2þ influx and the

STIM1-dependent mechanism. The relative contribution of the

store-operated Ca2þ influx in the agonist-induced Ca2þ influx could

vary depending on the type of agonist [Nilius and Droogmans,

2001]. Therefore, the dependence of the agonist-induced Ca2þ influx

on STIM1 could vary with the type of agonist in accordance with the

relative contribution of the store-operated Ca2þ influx.

The identity of the channels involved in the store-operated Ca2þ

influx in endothelial cells is still controversial [Beech, 2009]. TRPC1

has been suggested to be involved in the store-operated Ca2þ influx

in human pulmonary artery endothelial cells as well as in other cell

types [Brough et al., 2001; Parekh and Putney, 2005], and it was also

shown to be involved in the thrombin-induced Ca2þ influx

[Ahmmed et al., 2004; Singh et al., 2007] in human umbilical vein

endothelial cells. On the other hand, Orai1, but not TRPC1 or TRPC4,

has recently been shown to mediate the store-operated Ca2þ influx

in human umbilical vein endothelial cells [Abdullaev et al., 2008].

The identity of the channel involved in the thrombin-induced,

STIM1-mediated Ca2þ influx thus remains to be investigated.

Among four subtypes of PARs, PAR1 and PAR4 serve as major

signaling receptors for thrombin [Coughlin, 2000; Hirano, 2007].

PAR4 has been shown to induce NO production in a Ca2þ-

independent manner in PAEC as well as in bovine aortic endothelial

cells and human umbilical vein endothelial cells [Momota et al.,

2006; Hirano et al., 2007a]. However, PAR1 activation induced NO

production in a manner partly dependent on and partly independent

of Ca2þ in PAEC [Mizuno et al., 2000; Hirano et al., 2007a]. The

substantial inhibition of the thrombin-induced [Ca2þ]i elevation by

loading BAPTA was associated with a partial inhibition of the

NO production [Hirano et al., 2007a]. In the present study, the

knockdown of STIM1 significantly inhibited the thrombin-induced

[Ca2þ]i elevation seen in the presence of extracellular Ca2þ, while it

was associated with a partial inhibition of the NO production. These

observations are thus consistent with the previous observations

[Hirano et al., 2007a]. The present study also noted that the STIM1-

dependent mechanism, presumably the store-operated Ca2þ influx,

contributed differently to the thrombin-induced Ca2þ mobilization

according to the presence or absence of the extracellular Ca2þ. The
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significant part of the transient [Ca2þ]i elevation seen in the

presence of extracellular Ca2þ was thus suggested to be attributable

to the STIM1-dependent mechanism, while that seen in the absence

of extracellular Ca2þ was largely independent of STIM1.

The anti-STIM1 antibody used in the present study detected

doublet in PAEC (Figs. 1 and 3a) and triplet in HeLa cells (Fig. 3c).

The upper band in PAEC and the upper two bands in HeLa cells were

down-regulated by STIM1-targeted siRNA, thus suggesting these

bands to represent STIM1. The side-by-side immunoblot analysis

aligned the upper band in PAEC to the first band in HeLa cells, and

the lower band in PAEC to the third band in HeLa cells (data not

shown). The second band seen in HeLa cells could thus be some

additional isoform of STIM1 or a degradation production of the first

band. The lowest bands in both cell types, which were resistant to the

siRNA-mediated knockdown, are suggested to be non-specific bands

in immunoblot detection.

In conclusion, the present study demonstrated, for the first time,

the STIM1-mediated store operated Ca2þ influx to play an important

role in the PAR1-mediated Ca2þ influx, thus contributing to a Ca2þ-

dependent component of the NO production in vascular endothelial

cells.
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