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A B S T R A C T

Calcium influx via store-operated calcium entry (SOCE) has an important role for regulation of vast majority of
cellular physiological events. MAPK signalling is also another pivotal modulator of many cellular functions.
However, the relationship between SOCE and MAPK is not well understood. In this study, we elucidated the
involvement of SOCE in Gαq/11 protein-mediated activation of p38 MAPK in an intestinal epithelial cell line HT-
29/B6. In this cell line, we previously showed that the stimulation of M3 muscarinic acetylcholine receptor (M3-
mAChR) but not histamine H1 receptor (H1R) led to phosphorylation of p38 MAPK which suppressed tumor
necrosis factor-α (TNF-α)-induced NF-κB signalling through ADAM17 protease-mediated shedding of TNF re-
ceptor-1 (TNFR1). First, we found that stimulation of M3-mAChR and protease-activated receptor-2 (PAR-2) but
not H1R induced persistent upregulation of cytosolic Ca2+ concentration through SOCE. Activation of M3-
mAChR or PAR-2 also suppressed TNF-α-induced NF-κB phosphorylation, which was dependent on the p38
MAPK activity. Time course experiments revealed that M3-mAChR stimulation evoked intracellular Ca2+-de-
pendent early phase p38 MAPK phosphorylation and extracellular Ca2+-dependent later phase p38 MAPK
phosphorylation. This later phase p38 MAPK phosphorylation, evoked by M3-mAChRs or PAR-2, was abolished
by inhibition of SOCE. Thapsigargin or ionomycin also phosphorylate p38 MAPK by Ca2+ influx through SOCE,
leading to suppression of TNF-α-induced NF-κB phosphorylation. Finally, we showed that p38 MAPK was es-
sential for thapsigargin-induced cleavage of TNFR1 and suppression of TNF-α-induced NF-κB phosphorylation.
In conclusion, SOCE is important for p38 MAPK phosphorylation and is involved in TNF-α signalling suppres-
sion.

1. Introduction

Store-operated calcium entry (SOCE) is ubiquitous calcium entry
pathway which is mainly studied in non-excitable cells. SOCE is in-
duced by depletion of calcium stores from endoplasmic reticulum (ER).
Stromal interaction molecule 1 (STIM1), localized on the ER mem-
brane, detects reduction of ER Ca2+ store, and then translocates to
plasma membrane to activate Ca2+ release-activated Ca2+ (CRAC)

channels including Orai1 [1]. Through this process, SOCE plays a
homeostatic role in providing Ca2+ from extracellular sources to refill
the ER with Ca2+. Furthermore, calcium influx via SOCE exerts many
signalling cascades including kinase signalling and gene regulatory
pathways [2]. SOCE is known to associate with tumor development,
growth and metastasis [3,4]. Therefore, the relationship between SOCE
and the mitogen-activated protein kinase (MAPK) pathway is of in-
terest. For example, thapsigargin-induced SOCE exerts CAMKII-
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mediated ERK1/2 phosphorylation in melanoma [5]. However, the
contribution of SOCE on MAPK family including p38 MAPK is still
largely unknown.

G protein-coupled receptors (GPCRs), especially Gαq/11 protein-as-
sociated receptors are known to mediate the induction of SOCE.
Activation of Gαq/11-coupled receptors leads to phospholipase Cβ
(PLCβ)-mediated hydrolysis of phosphatidyl-inositol 4,5-bisphosphate,
resulting in generation of inositol tri-phosphate (IP3) and diacylglycerol
(DAG). DAG directly activates protein kinase C (PKC). On the other
hand, IP3 binds to the IP3 receptor which exerts Ca2+ release from ER,
and then the emptiness of this Ca2+ storage induces SOCE. Gαq/11-
coupled receptors are also known to activate MAPKs including p38
MAPK. Many signalling factors, including PKC, src tyrosine kinase, Rho,
Rac and ROS, are reported to act upstream of p38 MAPK phosphor-
ylation [6–9]. However, contribution of Gαq/11-mediated intracellular
calcium upregulation, especially Ca2+ influx by SOCE to p38 MAPK
activation has still remained unclear.

In colonic epithelial cells, several Gαq/11-coupled receptors were
expressed, including M3-subtype of muscarinic acetylcholine receptor
(M3-mAChR), histamine H1 receptor (H1R) and protease-activated re-
ceptor-2 (PAR-2) [10–12]. p38 MAPK is involved in several events in
intestinal epithelium such as Cl− secretion and wound closure through
up-regulation of cell migration [13,14]. Previously, we have reported
that M3-mAChR activates p38 MAPK in a colonic epithelial cell line,
HT-29/B6 cells. Interestingly, activation of p38 MAPK suppressed
tumor necrosis factor-α (TNF-α)-induced NF-κB signalling through
ADAM17 protease-mediated shedding of TNF receptor-1 (TNFR1)
[15,16]. TNF-α and subsequent NF-κB signalling associate with dis-
ruption of intestinal barrier function, which could cause inflammatory
bowel diseases (IBD) like Crohn's disease and ulcerative colitis [17,18].
Therefore, downregulation of TNF-α signalling by p38 MAPK might
contribute to maintain the intestinal barrier function. However, the
upstream signalling event on M3-mAChR-induced p38 MAPK phos-
phorylation in intestinal epithelium remained unclear so far.

In this study, we revealed that M3-mAChR and PAR-2 but not H1R
phosphorylated p38 MAPK through Ca2+ influx by SOCE in HT-29/B6
cells. SOCE induced by thapsigargin or ionomycin also phosphorylated
p38 MAPK. Finally, SOCE-mediated phosphorylation of p38 MAPK
suppressed TNF-α-induced NF-κB phosphorylation.

2. Materials and methods

2.1. Materials

SB203580 from AdooQ BioScience (CA, USA). YM-58483 from
Cayman Chemical (MI, USA). O,O′-Bis(2-aminophenyl)ethyleneglycol-
N,N,N′,N′-tetraacetic acid, tetraacetoxymethyl ester (BAPTA-AM) from
DOJINDO (Kumamoto, Japan). Fetal bovine serum (FBS) and Fluo-
4 AM from Invitrogen (CA, USA). Thapsigargin and gadolinium chloride
from Nakalai Tesque (Kyoto, Japan). Recombinant human TNF-α from
PEPROTECH (NJ, USA). 2-furoyl-Leu-Ile-Gly-Arg-Leu-Orn-NH2 (2-f-
LIGRLO) and TNF-α protease inhibitor-0 (TAPI-0) from Peptides
International (KY, USA). Ionomycin calcium from LKT Laboratories
(MN, USA). Carbachol (CCh) and ethylene glycol-bis(2-aminoethy-
lether)-N,N,N′,N′-tetraacetic acid (EGTA) from Sigma Aldrich (MO,
USA). Trypsin from porcine pancreas, histamine and YM-254890 from
Wako pure chemical (Osaka, Japan).

2.2. Cell culture

HT-29/B6 cells are selected from the human colon cancer derived
HT-29 cells [19]. Cells were grown in a humidified atmosphere with 5%
CO2 at 37 °C in RPMI 1640 medium supplemented with 2mM gluta-
mine, 15mM HEPES (pH 7.2), 10% FBS, 100 U/ml penicillin and
100 μg/ml streptomycin. Culture medium was changed every 2 days.
For the knock-down experiments, siRNA for human STIM1 gene

(HSS110309, Invitrogen), STIM2 gene (HSS183972) or control siRNA
were introduced to the HT-29/B6 cells. Each oligonucleotide was
transiently transfected at a final concentration of 10 nM using Screen-
Fect siRNA (Wako), according to the manufacturer's instruction, and
then cells were cultured for 3 days.

2.3. Western blot

Cells were maintained in serum free medium for 2 h prior to drug
treatment. Cells were stimulated with 100 μM CCh, 1 μM 2-f-LIGRLO,
100 μM histamine, 1 μM thapsigargin or 1 μM ionomycin for 5min with
or without the pretreatment of 1 μM YM-254890, 5mM EGTA, 20 μM
BAPTA-AM, Gadolinium or 10 μM YM-58483 for 15min. To examine
TNF-α-induced NF-κB phosphorylation, cells were treated with 10 ng/
ml TNF-α for 5min just before harvesting. In Figs. 4D and 5D, culture
medium were replaced with Ca2+ free Krebs-Hepes Buffer (140mM
NaCl, 5.4 mM KCl, 1.2 mM MgCl2, 10mM glucose, and 10mM HEPES,
pH 7.4). After 30min incubation, cells were stimulated with CCh, 2-f-
LIGRLO or thapsigargin for 2min, and then 2mM CaCl2 were re-
plenished to medium. At the end of reaction, the medium was removed
and cells were lysed by adding a SDS sample buffer (50mM Tris-HCl,
pH 6.8, 10% glycerol, 1% SDS, 1% β-mercaptoethanol, 0.1% bromo-
phenol blue). Cell lysates were collected into tubes and heated for
10min at 96 °C. Proteins were separated by SDS-PAGE and transferred
to polyvinylidene fluoride membranes (Wako). Membranes were
probed with appropriate concentrations of primary antibody against
NF-κB p65 (#4764), phospho-NF-κB p65 (Ser536, #3033), p38 MAPK
(#9212), phospho-p38 MAPK (Thr180/Tyr182, #4511), (Cell Signaling
Technology, MA, USA), β-actin (clone AC-74, Sigma Aldrich, MO, USA)
and STIM1 (610954, BD Transduction Laboratories, CA, USA). The
immunoreactive proteins were detected by horseradish-peroxidase-la-
beled secondary antibody with Clarity Western ECL substrate (BioRad,
CA, USA). The signal intensity was calculated using Image J software.

2.4. Measurement of intracellular Ca2+ concentration

HT-29/B6 cells were cultured in glass bottom dishes (Greiner Bio-
One, Frickenhausen, Germany). Just before Fluo-4 loading, medium
was replaced with Krebs-Hepes Buffer (140mM NaCl, 5.4 mM KCl,
1.2 mM MgCl2, 2.0 mM CaCl2, 10mM glucose, and 10mM HEPES,
pH 7.4) containing 0.7 mM probenecid. Then cells were loaded with
2 μM Fluo-4 AM (solubilized in 10% Pluronic F-127 just before use) for
30min at 25 °C and washed with probenecid containing Krebs-Hepes
buffer. Fluorescent images were obtained using confocal laser micro-
scopy (FV1000-D, Olympus, Tokyo, Japan). During imaging, cells were
maintained at 37 °C. Fluo-4 was excited using a diode laser (473 nm).
Data are given as fluorescence ratio F/F0, indicating relative cytosolic
Ca2+ concentrations.

2.5. Enzyme-linked immunosorbent assay (ELISA)

HT-29/B6 cells were cultured after seeding of 1.0× 105 cells per
well of a 24-well plate for 3 days. After 10min incubation with 600 μl of
fresh medium in presence or absence of SB203580, cells were stimu-
lated with thapsigargin for 30min. Then, cell culture supernatants were
collected and assayed by using human sTNFR1 Quantikine ELISA Kit (R
&D Systems, Abingdon, UK). Absorbance was measured at 450 nm
using a spectrophotometer (SpectraMax PLUS; Molecular Devices, CA,
USA). sTNFR1 concentration of culture medium without cells was also
measured and subtracted.
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3. Results

3.1. M3-mAChR and PAR-2 but not H1R could evoke persistent Ca2+

influx through SOCE

In HT-29/B6 cells, activation of M3-mAChR but not H1R leads to
suppression of TNF-α-mediated NF-κB signalling [16]. Therefore, it is
indicated that different intracellular signalling was evoked through M3-
mAChR from that through H1R respectively. First, we evaluated Ca2+

response which was induced by M3-mAChR, H1R or other Gαq/11-
coupled receptor PAR-2. PAR-2 was expressed in HT-29, a parental cell

line of HT29/B6 cells, which can be activated by a specific agonist, 2-f-
LIGRLO [20]. Intracellular Ca2+ concentration was monitored by a
fluorescent Ca2+ indicator Fluo-4. In HT-29/B6 cells, treatment with
CCh or 2-f-LIGRLO induced transient release of Ca2+ followed by
moderate reduction of Ca2+ concentration which continued for over
200 s to return to basal levels (Fig. 1A). In contrast, histamine evoked
transient Ca2+ upregulation and turned to basal level rapidly (within
60 s). Next, these receptors were activated in Ca2+ free condition
(Fig. 1B). Without extracellular Ca2+, M3-mAChRs and PAR-2 upre-
gulated intracellular Ca2+ concentration, though which the con-
centration returned to basal level within 150 s. Then, supplementation

Fig. 1. M3-mAChR and PAR-2 but not H1R could evoke persistent Ca2+ influx through SOCE.
Changes in cytosolic Ca2+ concentration are expressed as fluorescence ratio F/F0. (A) Representative traces of cytosolic Ca2+ levels in response to CCh (100 μM), 2-f-
LIGRLO (1 μM) or histamine (100 μM) in HT-29/B6 cells. Each agonist was administrated at 10–15 s as indicated by the arrow. Each trace of cytosolic Ca2+ levels
were averaged of 6–8 cells (mean ± S.E.M.) and representative of 3 similar experiments. (B) Cells were stimulated with CCh (100 μM, upper panel), 2-f-LIGRLO
(1 μM; middle panel) or Histamine (100 μM; lower panel) in extracellular Ca2+-depleted condition. After that, 2 mM Ca2+ was added to the extracellular pool in the
indicated time. Each trace of cytosolic Ca2+ levels were averaged of 10–17 cells (mean ± S.E.M.) and representative of 3 similar experiments. (C) (D) Cells were
stimulated with CCh (100 μM, upper panels) or 2-f-LIGRLO (1 μM, lower panels) in the presence or absence of Gd3+ (10 μM) (C), or YM-58483 (10 μM) or DMSO
(1:100, YM-58483 solvent) (D). Each trace of cytosolic Ca2+ levels were averaged of 17–24 cells (mean ± S.E.M.) Cytosolic Ca2+ levels of 180 s after agonist
stimulation were compared with bar graphs in each right panel. Values represent the means± S.E.M. of 4 independent experiments. *p < .05 (two-tailed Student's t-
test). (E) Cells were incubated with STIM1-targeted siRNA for 3 days. Then cells were stimulated with CCh (100 μM, upper panel) or 2-f-LIGRLO (1 μM, lower panels).
Each trace of cytosolic Ca2+ levels were averaged of 15–20 cells (mean ± S.E.M.). Cytosolic Ca2+ levels of 180 s after agonist stimulation were compared with bar
graphs in each right panel. Values represent the means± S.E.M. of 4 independent experiments. *p < .05 (two-tailed Student's t-test). After Ca2+ experiments, cell
lysates were subjected to immunoblot by using STIM1 antibodies to conform the effect of siRNA.
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of extracellular Ca2+ evoked persistent Ca2+ upregulation. In contrast,
H1R stimulation induced little Ca2+ influx after Ca2+ addition. These
results suggested that M3-mAChR and PAR-2 cause more sustained
Ca2+ influx compared to H1R, through the SOCE mechanism. To de-
monstrate the involvement of SOCE for persistent Ca2+ upregulation,
gadolinium ion (Gd3+) and YM-58483 were used as SOCE inhibitors. As
shown in Fig. 1C and D, pretreatment of Gd3+ or YM-58483 abolished
the persistent Ca2+ upregulation. In addition, acute application of YM-
58483 at persistent phase of Ca2+ upregulation decreased cytosolic
Ca2+ concentration (Supplementary Fig. 1A and B). The relevance of
SOCE was further evaluated by knock-down of a SOCE component
STIM1. Silencing of STIM1 led to suppression of M3-mAChR- and PAR-
2-mediated persistent Ca2+ upregulation (Fig. 1E). We also checked the
contribution of STIM2, which is another member of STIM family and is
a relatively weaker activator of CRAC channels compared to STIM1
[21]. Expression of STIM2 proteins were suppressed by gene silencing,
however, which had no effect on the persistent Ca2+ upregulation
(Supplementary Fig. 2A and B). Thus, STIM1 preferentially participates
to continuous Ca2+ influx by M3-mAChR or PAR-2 stimulation. These
results indicated that M3-mAChR and PAR-2 effectively induced per-
sistent Ca2+ influx through SOCE compared to H1R.

3.2. Stimulation of M3-mAChRs and PAR-2 but not H1R evoked p38
MAPK phosphorylation and suppression of TNF-α signalling

PAR-2 evoked SOCE-mediated persistent Ca2+ upregulation like
M3-mAChR. Next, we examined whether PAR-2 could phosphorylate
p38 MAPK and suppress TNF-α signalling as M3-mAChR did.
Stimulation of PAR-2 with trypsin or PAR-2-specific agonist 2-f-LIGRLO
phosphorylated p38 MAPK in a concentration-dependent manner
(Fig. 2A). M3-mAChR- and PAR-2-induced p38 phosphorylation was
sensitive to the Gαq/11 protein inhibitor YM-254890 (Fig. 2B). In HT-
29/B6 cells, M3-mAChRs activation led to p38 MAPK-mediated sup-
pression of TNF-α-induced NF-κB phosphorylation [16]. As shown in
Fig. 2C, activation of PAR-2 or M3-mAChRs, but not H1R, attenuated
TNF-α-induced NF-κB phosphorylation. Furthermore, this effect was
prevented by p38 MAPK inhibitor SB203580 (Fig. 2D). Thus, in these
Gαq/11-coupled receptors, M3-mAChR and PAR-2, but not H1R, could
phosphorylate p38 MAPK and suppress TNF-α signalling.

Fig. 2. Stimulation of M3-mAChRs and PAR-2 but not H1R evoked p38 MAPK phosphorylation and suppression of TNF-α signalling. (A) HT-29/B6 cells were treated
with CCh (100 μM), Trypsin (10, 30, 100 U/ml), 2-f-LIGRLO (0.01, 0.1, 1 μM) or histamine (100 μM) for 5min. Cell lysates were subjected to immunoblot by using
phosphorylated p38 MAPK and p38 MAPK antibodies. The ratio of intensities of signal was quantified by densitometry (bellow). Values represent the means± S.E.M.
of 3 independent experiments. (B) Cells were treated with CCh (100 μM), trypsin (100 U/ml) or 2-f-LIGRLO (1 μM) for 5 min with or without the pretreatment of Gαq/

11 inhibitor YM-254890 (1 μM) for 15min. (C) HT-29/B6 cells were treated with TNF-α (10 ng/ml) for 5min with or without the pretreatment of CCh (100 μM), 2-f-
LIGRLO (1 μM) or histamine (100 μM), and YM-254890 (1 μM). Cell lysates were subjected to immunoblot by using phosphorylated NF-κB, NF-κB antibodies.
*p < .05, (one-way ANOVA with Tukey's post hoc test). ns, not significantly different. Values represent the means± S.E.M. of 3 independent experiments. (D) Cells
were treated with SB203580 (10 μM) for 15min, prior to the addition of CCh (100 μM) or 2-f-LIGRLO (1 μM), and TNF-α (10 ng/ml). *p < .05, (one-way ANOVA
with Tukey's post hoc test) of 3 independent experiments.
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3.3. Intracellular and extracellular Ca2+-dependent phase of p38 MAPK
phosphorylation

M3-mAChR and PAR-2, which can evoke SOCE-mediated persistent
Ca2+ upregulation, could also induce p38 MAPK-mediated suppression
of TNF-α signalling. We, thus, postulated that Ca2+ influx is implicated
in the phosphorylation of p38 MAPK. Time course of p38 MAPK
phosphorylation by M3-mAChR activation was examined with or
without EGTA or BAPTA-AM treatment (Fig. 3A and B). p38 MAPK
phosphorylation was initiated within 1min and persisted at least
10 min. Depletion of extracellular Ca2+ with EGTA predominantly
downregulated p38 MAPK phosphorylation at later phase (3 to 5min
from agonist stimulation). On the other hand, chelation of intracellular
Ca2+ with BAPTA-AM didn't disturb the later phase of p38 MAPK
phosphorylation whereas early phase (1 to 2min) was suppressed by
this treatment. These results indicated that the M3-mAChR stimulation
evoked intracellular and extracellular Ca2+-dependent p38 MAPK
phosphorylation. Histamine stimulation evoked weak p38 MAPK
phosphorylation with a peak around 2min (Fig. 3C). PAR-2 activation
induced robust p38 MAPK phosphorylation which persisted at least
5 min as in the case of, M3-mAChR activation (Fig. 3D).

3.4. SOCE contributes to M3-mAChR- and PAR-2-mediated p38 MAPK
phosphorylation

Next, we investigated the role of SOCE on M3-mAChR and PAR-2
mediated p38 MAPK phosphorylation. Effect of SOCE inhibitor YM-
58483 on the time course of M3-mAChR-mediated p38 MAPK phos-
phorylation was evaluated (Fig. 4A). As same as EGTA treatment, YM-
58483 primarily inhibited later phase of p38 MAPK phosphorylation. In
addition, suppression of SOCE with Gd3+ inhibited p38 MAPK

phosphorylation elicited 5min after M3-mAChR and PAR-2 activation
(Fig. 4B). To verify the involvement of SOCE on p38 MAPK phosphor-
ylation, STIM1 was down-regulated by siRNA (Fig. 4C). Silencing of
STIM1 suppressed M3-mAChR- and PAR-2-induced p38 MAPK phos-
phorylation at 5min after the stimulation. Furthermore, to demonstrate
the importance of Ca2+ influx, cells were stimulated with CCh or 2-f-
LIGRLO in Ca2+ free condition followed by with or without Ca2+ re-
plenishment. As shown in Fig. 4D, Ca2+ replenishment induced p38
MAPK phosphorylation. Thus, SOCE contributes to M3-mAChR- and
PAR-2-mediated p38 MAPK phosphorylation.

3.5. Ca2+ influx by thapsigargin could induce p38 MAPK phosphorylation

To demonstrate that the Ca2+ influx is sufficient for p38 MAPK
phosphorylation, we used thapsigargin, a sarco/endoplasmic reticulum
Ca2+ ATPase inhibitor. Time course experiments showed that thapsi-
gargin initiated p38 phosphorylation at 2–3min and peaked around
5min (Fig. 5A). Depletion of extracellular Ca2+ with EGTA sig-
nificantly suppressed p38 MAPK phosphorylation excepting a small
peak around 2min. In contrast, BAPTA-AM had no suppressive effect on
the peak intensity at 5min (Fig. 5B). Thapsigargin induces two mode of
Ca2+ upregulation, firstly, leakage of Ca2+ from ER, secondly, Ca2+

influx by SOCE mechanism through ER Ca2+ depletion. In Ca2+ free
condition, thapsigargin induced transient Ca2+ upregulation derived
from internal-stored Ca2+, then, supplementation of Ca2+ to medium
increased intracellular Ca2+ concentration again through Ca2+ influx
through SOCE (Fig. 5C). Thapsigargin alone could not induce p38
phosphorylation in Ca2+ free medium, in contrast, thapsigargin treat-
ment followed by Ca2+ supplementation led to phosphorylation of p38
MAPK (Fig. 5D). Thus, thapsigargin induce p38 phosphorylation
through Ca2+ influx but not intracellular Ca2+ release.

Fig. 3. Intracellular and extracellular Ca2+-dependent phase of p38 MAPK phosphorylation. HT-29/B6 cells were stimulated with 100 μM CCh (A, B), 100 μM
Histamine (C) or 1 μM 2-f-LIGRLO (C) for indicated times, with or without 5mM EGTA, 20 μM BAPTA-AM or DMSO (1:100, BAPTA-AM solvent). Densitometries of
immunoblot from three independent experiments are shown in each lower panel.
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3.6. SOCE was also important for thapsigargin- and ionomycin-induced p38
MAPK phosphorylation

Next, the role of SOCE on thapsigargin-induced p38 MAPK phos-
phorylation was also examined. We also evaluated the effect of a cal-
cium ionophore ionomycin as another chemical agent for intracellular
Ca2+ upregulation. As shown in Fig. 6A, thapsigargin-induced p38
MAPK phosphorylation was inhibited by YM-58483. Interestingly, YM-
58483 also suppressed ionomycin-induced phosphorylation of p38
MAPK. YM-58483 inhibited the persistent Ca2+ upregulation by not
only thapsigargin but also by ionomycin (Fig. 6B). Although ionomycin
acts as calcium ionophore, by which extracellular Ca2+ is directly
transported to cytosol, a previous report had revealed that ionomycin
also induces Ca2+ influx through SOCE [22]. To demonstrate that the
ionomycin-induced p38 MAPK phosphorylation is mediated by ER
Ca2+ depletion followed by Ca2+ influx, cells were treated with thap-
sigargin for 1 h to deplete ER Ca2+, and then stimulated with iono-
mycin. As shown in Fig. 6C, long term thapsigargin treatment sup-
pressed ionomycin-mediated p38 MAPK phosphorylation, while
oxidative stress-induced p38 MAPK phosphorylation was not inhibited.
Thus, ER Ca2+ store was also critical for ionomycin-induced p38 MAPK
phosphorylation. STIM1 knock-down downregulated thapsigargin- or
ionomycin-induced p38 MAPK phosphorylation and persistent Ca2+

upregulation (Fig. 6D and E). Therefore, SOCE had also crucial role for
thapsigargin- and ionomycin-induced p38 MAPK phosphorylation.

3.7. SOCE-mediated p38 MAPK phosphorylation was enough to suppress
TNF-α signalling

Finally, we elucidated the role of SOCE on TNF-α signalling. As
shown in Fig. 7A, thapsigargin suppressed TNF-α-induced NF-κB
phosphorylation. This effect was attenuated by depletion of extra-
cellular Ca2+ or inhibition of CRAC channel (Fig. 7A and B). Inhibition
of p38 MAPK with SB203580 also attenuated thapsigargin-induced
suppression of TNF-α signalling (Fig. 7C). Previously, we reported that
p38 MAPK-induced downregulation of TNF-α signalling is mediated by
shedding of TNFR1. Thapsigargin treatment led the augmentation of
cleaved soluble TNFR1, which was inhibited by SB203580 (Fig. 7D). To
demonstrate that SOCE-induced suppression of TNF-α signalling is
mediated by downregulation of TNFR, the activity of ADAM17, which
can cleave TNFR, was inhibited with the ADAM17 inhibitor TAPI-0. In
Fig. 7E, pretreatment of TAPI-0 abolished thapsigargin-induced sup-
pression of NF-κB phosphorylation by TNF-α. Taken together, SOCE is
sufficient to suppress TNF-α signalling through p38 MAPK-mediated
downregulation of TNFR1.

4. Discussion

In this study, we have shown that M3-mAChR and PAR-2 but not
H1R evoke persistent Ca2+ upregulation through SOCE in HT-29/B6
cells. M3-mAChR and PAR-2 also suppress TNF-α-induced NF-κB
phosphorylation through p38 MAPK. Activation of M3-mAChR and
PAR-2 shows early intracellular Ca2+-dependent and late extracellular
Ca2+-dependent p38 MAPK phosphorylation. Later phase p38 MAPK
phosphorylation is mediated by Ca2+ influx through SOCE. p38 MAPK

Fig. 4. SOCE was essential for M3-mAChR- and PAR-2-mediated p38 MAPK phosphorylation. (A) HT-29/B6 cells were stimulated with 100 μM CCh for indicated
times with 10 μM YM-58483. Densitometry of immunoblot from three independent experiments is shown in below. (B) Cells were stimulated with 100 μM CCh or
1 μM 2-f-LIGRLO for 5min with the indicated concentration of Gd3+. (C) Cells were incubated with STIM1-targeted siRNA for 3 days. Then cells were stimulated with
CCh (100 μM) or 2-f-LIGRLO (1 μM) for 5min. Effect of STIM1 siRNA was shown by immunoblot with STIM1 antibody. (D) Cells were stimulated with CCh (100 μM)
or 2-f-LIGRLO (1 μM) for 2min in extracellular Ca2+ free condition. After that, 2 mM Ca2+ was added to the extracellular pool, followed by 3min incubation. Top
panel shows experimental design. Results are representative of 3 independent experiments.
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phosphorylation is also induced by thapsigargin or ionomycin in a
SOCE-dependent manner. Finally we have shown that SOCE-mediated
p38 MAPK phosphorylation is sufficient to suppress TNF-α signalling.

First, we evaluated Ca2+ responses which induced by Gαq/11 pro-
tein-coupled receptors, M3-mAChR, PAR-2 and H1R in HT-29/B6 cells.
Transient Ca2+ upregulation was observed by activation of all of each
receptor which was released from internal Ca2+ store since it was not
suppressed by extracellular Ca2+ depletion (Fig. 1A and B). In these
receptors, M3-mAChR and PAR-2 but not H1R induced SOCE-mediated
persistent Ca2+ upregulation. SOCE could be elicited by the activation
of Gαq/11 protein-coupled receptors through production of IP3 which
evokes ER Ca2+ release. Sufficient downregulation of ER Ca2+ con-
centration is required for Ca2+ influx. In extracellular Ca2+ depleted
condition, it took about 100 s after M3-mAChR or PAR-2 activation to
return the cytosolic Ca2+ concentration to the basal level. In contrast,
activation of H1R evoked short term Ca2+ upregulation which took
about 30 s to return to basal concentration (Fig. 1B). Therefore, H1R
might fail to evoke sufficient Ca2+ release to deplete ER Ca2+ store,
although the underlying mechanism has remain unclear.

In our previous study, stimulation of M3-mAChR but not H1R pre-
vented TNF-α-induced NF-κB signalling through p38 MAPK-mediated
shedding of TNF-α receptor by ADAM17 [15,16]. In this study, we
showed that PAR-2 stimulation also suppressed TNF-α-induced NF-κB
phosphorylation, which was dependent on p38 MAPK activation. PAR-2
expressed in many cell types like epithelium, endothelium, immune
cells and neurons in gut [23]. For example, PAR-2 activation lead to
release of TNF-α in mast cells thereby which might contribute to the
pathogenesis of IBD [24]. However, the role of PAR-2 in TNF-α

signalling in epithelial cells had not been well understood. Our results
suggest that PAR-2, in addition to M3-mAChR, has protective role to
pro-inflammatory action of TNF-α in intestinal epithelium. Thus, acti-
vation of PAR-2 might have cell type specific effects on inflammatory
processes.

We revealed that p38 MAPK is important for M3-mAChR and PAR-2
to suppress TNF-α signalling. p38 phosphorylation by Gαq/11 protein-
coupled receptors had been revealed in many previous works. Gαq/11

protein-mediated p38 MAPK phosphorylation had been demonstrated
by transfection of dominant active form of Gαq/11 protein [25]. On the
other hand, there are several signalling factors which had been reported
as the downstream of Gαq/11 protein to phosphorylate p38 MAPK. For
example, transfection of Gα11 protein to HEK293 cells leads to p38
MAPK phosphorylation through PKC and src family kinase [6]. PKC is
also involved in gonadotropin-releasing hormone-induced phosphor-
ylation of p38 MAPK in αT3–1 cells [26]. Gαq/11 protein had also been
shown to activate Rho and Rac, which could contribute to phosphor-
ylation of p38 MAPK [7]. Ca2+ is also involved in p38 MAPK signalling.
In human polymorphonuclear neutrophils, p38 MAPK phosphorylation
by pituitary adenylate cyclase-activating protein (PACAP) is inhibited
by EGTA but not by BAPTA-AM [27]. Endothelin and noradrenaline-
induced p38 MAPK phosphorylation in rat small arteries is sensitive to
depletion of extracellular Ca2+ [28]. Interestingly, these studies in-
dicated that extracellular Ca2+ is important rather than intracellular
Ca2+. In this study, we showed that there are two phase of p38 MAPK
phosphorylation in HT-29/B6 cells, the early phase peaked at 2min
from agonist stimulation and the later phase peaked at 3 to 5min. There
was a different Ca2+ dependency for p38 MAPK phosphorylation, the

Fig. 5. Ca2+ influx by thapsigargin could induce p38 MAPK phosphorylation. (A) (B) HT-29/B6 cells were stimulated with 1 μM thapsigargin for indicated times,
with or without 5mM EGTA (A), 20 μM BAPTA-AM or DMSO (1:100, BAPTA-AM solvent) (B). Densitometries of immunoblot from 3 independent experiments are
shown in each lower panel. (C) Cells were stimulated with thapsigargin (1 μM) in extracellular Ca2+-depleted condition. After that, 2 mM Ca2+ was added to the
extracellular pool in the indicated time. The trace of cytosolic Ca2+ levels were averaged of 21 cells (mean ± S.E.M.) and representative of 3 independent ex-
periments. (D) Cells were stimulated with thapsigargin (1 μM) for 2min in extracellular Ca2+-depleted condition. After that, 2 mM Ca2+ was added to the extra-
cellular pool, followed by 3min incubation. Top panel shows experimental design. Data is a representative of 3 independent experiments.
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early phase is intracellular and the later phase is extracellular Ca2+-
dependent (Fig. 3). This later phase p38 MAPK phosphorylation was
suppressed with the blockage of SOCE (Fig. 4). This result is consistent
with the calcium experiments in which Ca2+ influx by M3-mAChR or
PAR-2 activation is dependent on SOCE (Fig. 1). Furthermore, SOCE
induced by chemical agents thapsigargin or ionomycin also evoked p38
MAPK phosphorylation (Fig. 6). These results demonstrate that SOCE is
sufficient for p38 MAPK phosphorylation. The underlying molecular
mechanism of SOCE-induced p38 MAPK remain unclear. One possible
hypothesis is that the local upregulation of Ca2+ concentration

contributes to p38 MAPK phosphorylation. Ca2+ which is transported
by plasma Ca2+ channels rapidly diffuses and is diluted into cytosolic
space. However, Ca2+ concentration in the vicinity of Ca2+ channel is
much higher, and this compartmentalized Ca2+ has special roles [29].
For example, postsynaptic caldendrin protein acts as a calcium sensor
for NMDA receptor-induced transient calcium influx for actin re-
modeling in dendritic spines [30]. L-type Ca2+ channels localized to
caveolae microdomains in cardiac myocytes specifically associate with
NFAT-mediated hypertrophic signalling [31]. STIM1 organizes clusters
in plasma membrane with CRAC channels, and form the puncta which

Fig. 6. SOCE was also important for thapsigargin- and ionomycin-induced p38 MAPK phosphorylation. (A) HT-29/B6 cells were stimulated with 1 μM thapsigargin or
1 μM ionomycin for 5min with or without 10 μM YM-58483. (B) Representative traces of cytosolic Ca2+ levels. Cells were stimulated with thapsigargin (1 μM, upper
panels) or ionomycin (1 μM, lower panels) in the presence or absence of YM-58483 (10 μM). Each trace of cytosolic Ca2+ levels were averaged of 10–14 cells
(mean ± S.E.M.). Cytosolic Ca2+ levels of 180 s after drug stimulation were compared with bar graphs in each right panel. Values represent the means± S.E.M. of 3
to 4 independent experiments. *p < .05 (two-tailed Student's t-test). (C) Cells were treated with thapsigargin (1 μM) for 60min to deplete internal Ca2+ stores. Then
cells were stimulated with thapsigargin (1 μM), ionomycin (1 μM) or H2O2 (1mM). (D) Cells were incubated with STIM1-targeted siRNA for 3 days. Then cells were
stimulated with 1 μM thapsigargin or 1 μM ionomycin for 5 min. Effect of STIM1 siRNA was shown by immunoblot with STIM1 antibody. (E) Cells were incubated
with STIM1-targeted siRNA for 3 days. Then cells were stimulated with thapsigargin (1 μM, upper panels) or ionomycin (1 μM, lower panels). Each trace of cytosolic
Ca2+ levels were averaged of 15–20 cells (mean ± S.E.M.). Cytosolic Ca2+ levels of 180 s after drug stimulation were compared with bar graphs in each right panel.
Values represent the means± S.E.M. of 4 to 5 independent experiments. *p < .05 (two-tailed Student's t-test). After Ca2+ experiments, cell lysates were subjected to
immunoblot by using STIM1 antibodies to conform the effect of siRNA.
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is the hot spot of Ca2+ influx [32]. In our study, M3-mAChR or PAR-2
activation-induced later phase p38 MAPK phosphorylation was sup-
pressed by SOCE inhibition by specific inhibitors or STIM1 knock-down,
whereas cytosolic Ca2+ depletion with BAPTA-AM could not suppress
the later phase p38 MAPK phosphorylation. Furthermore, Ca2+ release
from internal store by histamine or thapsigargin treatment has low
potency to phosphorylate p38 MAPK. These results suggest that the p38
MAPK phosphorylation machinery closely associate with SOCE com-
ponents in plasma membrane. For example, the upstream regulator of
p38 MAPK, which has relatively low Ca2+ affinity not to react with ER
Ca2+ release, might associate with STIM1 or CRAC channels and re-
spond to Ca2+ influx by GPCR- or thapsigargin-induced SOCE.

p38 MAPK could directly activate ADAM17, which is a potent
sheddase for TNF-α receptors [33,34]. Therefore, activation of p38
MAPK contributes to maintain barrier function of intestinal epithelium
against TNF-α-induced inflammatory injury [16]. In this study, we
showed that SOCE, which was induced by thapsigargin, suppressed
TNF-α-induced NF-κB phosphorylation. This suppression was dimin-
ished by treatment with p38 MAPK inhibitor. Furthermore, thapsi-
gargin induced shedding of TNFR1 in p38 MAPK-dependent manner
(Fig. 7). Immunological regulatory function of SOCE has been studied

mainly in immune cells like T cells. Since functional loss of STIM1
causes immunodeficiency, SOCE has been known to contribute to the
immunological function of immune cells [35]. For instance, SOCE is
required for CD8+ T cells to produce inflammatory cytokines such as
TNF-α and IFN-γ [36]. By contrast, our results indicate that SOCE has
an immune suppressive effect through downregulation of TNF-α action
in intestinal epithelial cells. Therefore, SOCE might have opposite roles
in inflammatory response depending on the cell types.

In conclusion, activation of M3-mAChR or PAR-2, or treatment with
thapsigargin phosphorylates p38 MAPK through Ca2+ influx through
SOCE machinery in HT-29/B6 cells, a cell line which is a good model
for the intestinal epithelium. SOCE-dependent p38 MAPK activation
suppresses TNF-α signalling. TNF-α is a major pro-inflammatory factor
and a clinical target for IBD, especially for Crohn's disease [37,38].
Therefore, regulation of SOCE activity in intestinal epithelial cells
might be a potential new approach for the treatment of IBD.
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Fig. 7. SOCE-mediated p38 MAPK phosphorylation was enough to suppress TNF-α signalling. (A) (B) (C) HT-29/B6 cells were treated with TNF-α for 5min with or
without the pretreatment of thapsigargin (1 μM) and EGTA (5mM) (A), YM-58483 (10 μM) (B), or SB203580 (10 μM) (C). The ratio of intensities of signal was
quantified by densitometry (bellow). *p < .05, (one-way ANOVA with Tukey's post hoc test). Values represent the means± S.E.M. of 3 independent experiments.
(D) Cell monolayers were treated with thapsigargin (1 μM) and SB203580 (10 μM). After 30min incubation, the cell supernatants were collected and applied to ELISA
kit for sTNFR1. *p < .05, (one-way ANOVA with Tukey's post hoc test). n= 3–4 for each condition. Values represent the means± S.E.M. (E) HT-29/B6 cells were
treated with TNF-α for 5min with or without the pretreatment of thapsigargin (1 μM) and TAPI-0 (10 μM). *p < .05, (one-way ANOVA with Tukey's post hoc test).
ns, not significantly different. Values represent the means± S.E.M. of 3 independent experiments.
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