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Essential function for the calcium sensor STIM1
in mast cell activation and anaphylactic responses

Yoshihiro Babal, Keigo Nishida2, Yoko Fujiil, Toshio Hirano?, Masaki Hikida! & Tomohiro Kurosaki!

Mast cells have key functions as effectors of immunoglobulin E-mediated allergic inflammatory diseases. Allergen stimulation
induces Ca2* influx and elicits the secretion of inflammatory mediators from mast cells. Here we show that the Ca2+-binding
endoplasmic reticulum protein STIM1 is critical to mast cell function. STIM1-deficient fetal liver-derived mast cells had
impaired Ca2+ influx mediated by the high-affinity immunoglobulin E receptor FceRI and activation of the transcription factors
NF-kB and NFAT. Mast cells lacking STIM1 also had much less degranulation and cytokine production after FcsRI stimulation.
In addition, alterations in STIM1 expression affected the sensitivity of immunoglobulin E-mediated immediate-phase
anaphylactic responses in vivo. Thus, STIM1 is key in promoting the Ca2+ influx that is essential for FceRI-mediated mast cell

activation and anaphylaxis.

Mast cells are the main effector cells in immediate hypersensitivity
reactions and allergic diseases that are associated with immuno-
globulin E (IgE) and dependent on T helper type 2 (Ty2) cells, as
well as in certain innate immune responses'2. Mast cells express the
high-affinity IgE receptor FceRI, and binding of multivalent antigen to
FceRI-bound IgE induces receptor aggregation and triggers mast cell
activation’. Activated mast cells secrete preformed mediators, includ-
ing proteases and vasoactive amines such as histamine, that are stored
in cytoplasmic granules. In addition, mast cell activation results in the
de novo synthesis of proinflammatory lipid mediators and cytokines.
The signaling pathways that mediate the synthesis and release of such
mediators in response to FceRI aggregation involve multiple protein
tyrosine kinase cascades.

One important ‘downstream’ target of such cascades is phospholipase
C-y (PLC-y), which catalyzes the hydrolysis of phosphatidylinositol-
4,5-bisphosphate to diacylglycerol and inositol-1,4,5-trisphosphate
(Ins(1,4,5)P3). Ins(1,4,5)P; binds to its receptor in the endoplasmic
reticulum membrane, thereby causing a rapid but transient release
of Ca?* from endoplasmic reticulum stores. The second stage of
calcium mobilization involves a sustained influx of extracellular
Ca?* across the plasma membrane. Initiation of this second step has
been thought to result directly from the emptying of endoplasmic
reticulum Ca?*t stores, which activates Ca?t channels in the plasma
membrane; collectively these processes are called ‘store-operated
Ca?t (SOC) influx*®. However, other mechanisms of activat-
ing Ca’" channels in the plasma membrane independently
of the depletion of endoplasmic reticulum Ca?' stores have
been reported*®.

In mast cells, SOC influx is mediated by calcium release—activated
calcium (CRAC) channels®>”8, which have the unique characteristics

of high Ca?* sensitivity combined with low conductance. The identi-
fication of Orail (also called CRACMI1), a component of the CRAC
channel®!!, and STIMI, a sensor of endoplasmic reticulum Cat
concentrations that couples depletion of endoplasmic reticulum
Ca** stores with SOC influx'>!3, has provided long-awaited insight
into the molecular basis of CRAC currents. STIMI, a type I endo-
plasmic reticulum membrane protein, has an amino-terminal ‘EF-
hand’ Ca?*-binding domain that resides in the lumen of the endo-
plasmic reticulum. The depletion of endoplasmic reticulum Ca’*
stores results in the relocation of STIM1 into puncta under the plasma
membrane and subsequent activation of SOC channels'>18, The
initiation of SOC influx requires the sterile a-motif, coiled-coil and
serine-threonine—rich domains of STIM1 (ref. 14) and may involve the
formation of STIM1 multimers'®.

The importance of Ca?" influx in mast cell activation and degra-
nulation is widely accepted, mainly on the basis of pharmacological
experiments; treatment with the Ca>* chelator EGTA almost comple-
tely abolishes FceRI-mediated Ca?* mobilization and degranula-
tion?>?!. However, additional evidence indicates that despite their
defective Ca?* mobilization, mast cells lacking the Src tyrosine kinase
Lyn nonetheless undergo IgE-mediated degranulation®’~23, Thus, it
remains unclear whether the second stage of Ca?* mobilization (Ca?*
influx) is indeed essential for mast cell activation and degranulation.
Even if so, it remains unknown whether the SOC pathway is
important in mast cell responses, as both SOC-dependent and SOC-
independent pathways are thought to coexist*2,

To directly assess the involvement of SOC influx in mast cell
activation, we generated STIMI-deficient mice. We found that
STIM1 critically regulated FceRI-induced Ca’" influx as well as
activation of the transcription factors NF-kB and NFAT, degranulation
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Figure 1 Development of StimI~~ mast cells. (a) Flow cytometry of the surface expression of FceRI and c-Kit (filled histograms) on FLMCs from Stim1*+
and StimI~- mice. Solid lines, unstained; dotted lines, isotype control. (b) Staining of cytospin preparations with nuclear fast red and alcian blue. Scale
bars, 2 um. (c) RT-PCR of mRNA encoding mMCP-5, mMCP-6 and B-actin in StimI** and Stim17~ FLMCs. (d) Histological analysis of tissue mast cells in
skin from StimI*+ and Stim17- E15.5 embryos. Sections were stained with nuclear fast red and alcian blue. Arrowheads indicate mast cells stained with
alcian blue. Insets (bottom left corners) show mast cells in boxes in main images. Original magnification, x60 (main images) or x 100 (insets); scale bars,
10 pm. Graph (right), absolute numbers of mast cells per mm? (mean + s.d.). (e) Mast cell differentiation in vivo of cells from StimI1*/+ and Stim17- E15.5
fetal livers (CD45.2%; 2 x 108 cells) injected into lethally irradiated congenic mice (CD45.1*%), then isolated from the peritoneal cavity after 10 weeks and
analyzed by flow cytometry. Numbers in plots indicate percent cells in each quadrant. Data are representative of at least two independent experiments.

and in vivo anaphylaxis responses. Our data provide direct genetic
evidence of the importance of STIM1 in mast cell activation.

RESULTS

Mast cell development in StimI~- mice

To investigate the physiological function of STIM1 in mast cells and
allergic responses, we disrupted Stiml in C57BL/6 mice with a Cre
recombinase—oxP gene-targeting strategy (Supplementary Fig. la
online). We confirmed homologous recombination and Cre-mediated
excision of exon 6, which encodes the transmembrane region of
STIM1, by Southern blot analysis (Supplementary Fig. 1b). We
confirmed ablation of STIMI1 protein expression in fetal liver cells
and fetal liver—derived mast cells (FLMCs) from Stiml™~ mice by
immunoblot analysis (Supplementary Fig. 1c,d). In addition, STIM1
protein was much lower in Stim1*/~ cells. StimI~~ mice died perina-
tally of unknown causes, but Stim1~~ embryos at embryonic day 18.5
(E18.5) had no obvious abnormalities. In a few cases, StimI1~~ mice
were born; they were slightly smaller than their StimI*/* littermates
but died of apparent respiratory failure within 1 d.

Because of the embryonic death of StimI™"~ mice, we collected cell
suspensions from the livers of E15.5 embryos and cultured the cells in
interleukin 3 (IL-3) to generate highly pure mast cell populations, as
assessed by surface expression of FceRI and c-Kit (Fig. 1a). Alcian blue
staining of cytospin slides showed that the morphology of StimI~~
mast cells was not different from that of StimI*/* mast cells (Fig. 1b).
Moreover, mast cell-specific genes, including those encoding the
serine proteases mMCP-5 and mMCP-6, were expressed in similar
amounts in Stim1~~ and Stim1*/* FLMCs (Fig. 1c).

To compare the differentiation of Stimi** and Stiml
in vivo, we counted tissue mast cells in StimI*/* and Stim1~/~ embryos.
The densities of skin mast cells on the backs of StimI*/* and Stimi~-
E15.5 embryos were similar (Fig. 1d). In addition, we transplanted
fetal liver cells of StimI™* and Stiml™~ embryos (CD45.2%)
into lethally irradiated congenic mice (CD45.17) and analyzed
hematopoietic reconstitution by flow cytometry. Chimerism in the

=~ mast cells
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peripheral blood of mice reconstituted with StimI*'* and Stimi~-
cells was almost equal (over 90%; data not shown), indicating that the
engraftment of hematopoietic stem cells from StimI~~ embryos was
normal. Flow cytometry of peritoneal cavity cells showed intact
development of Stim 1~ mast cells (Fig. 1e). These results collectively
suggest that mast cell differentiation is not impaired in the absence
of STIMI.

Impaired SOC influx in StimI7~ FLMCs

Studies of Hela and Jurkat cells based on RNA-mediated interfer-
ence'>!® and gene-targeting experiments with DT40 B cells'# indicate
that STIM1 is required for SOC influx. To determine the effect of
STIM1 on SOC influx in primary mast cells, we monitored cytosolic
Ca®* in StimI*/* and Stiml~~ FLMCs. After treating the cells with
thapsigargin, a endoplasmic reticulum Ca’* pump inhibitor, in the
presence of 0.5 mM EGTA (to deplete Ca®* stores), we added 2 mM
Ca”" and monitored Ca?* influx. We noted considerable suppression
of Ca?" influx in StimI~~ FLMCs (Fig. 2a). We also noted impaired
Ca?* influx in Stiml17~ FLMCs stimulated with IgE and cognate
antigen, instead of thapsigargin, which suggested that STIM1-depen-
dent SOC influx is the main mechanism used during FceRI signaling
(Fig. 2a). To further assess the effect of STIM1 on Ca?" mobilization,
we stimulated FceRI with IgE and antigen in the presence of extra-
cellular Ca?*. Stim1*"* FLMCs showed a sharp Ca* spike followed by
a sustained Ca’' plateau (Fig. 2b). In contrast, cytosolic Ca®*
concentrations were much lower in StimI”~ FLMCs. Similarly,
whereas ionomycin-treated StimI*/* FLMCs had a continuously
high concentration of Ca?*, Ca?* flux was considerably impaired in
Stim1~'~ FLMCs (Fig. 2b). These results showed that in FLMCs,
ionomycin-triggered Ca’" influx was dependent on STIMI. Given
the published evidence that ionomycin is capable of activating SOC
channels in the plasma membrane by depleting endoplasmic reticu-
lum Ca?* stores?’, STIM1 probably functions as a sensor of this
ionomycin-dependent Ca?* depletion and relays signals to activate
Ca*" influx.
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Figure 2 Suppression of SOC influx in StimI~~ FLMCs. (a) Ca?*-mobilization profiles, monitored by Indo-1 AM imaging. Ca2* release was elicited in IgE
anti-DNP-sensitized FLMCs by stimulation with DNP-HSA (Ag) in Ca2*-free conditions (0.5 mM EGTA), and Ca2* influx was induced by restoration of the
extracellular Ca2* concentration to 2 mM in StimI**+ and Stim1~7~ FLMCs; unsensitized cells were stimulated with thapsigargin (TG) in Ca2*-free conditions
before the addition of extracellular Ca2*. (b) Ca2*-mobilization profiles in the presence of 2 mM Ca2* in IgE anti-DNP-sensitized StimI** and StimI~~
FLMCs after stimulation with DNP-HSA, and in unsensitized FLMCs after treatment with ionomycin (lono). (c,d) Ca2*-mobilization profiles of StimI7- FLMCs
retrovirally transduced with GFP alone (Mock) or GFP-STIM1, assessed as described in a,b. GFP* cells were gated and analyzed. All values are plotted as the

FL5/FL4 fluorescence ratio (FL4 = 500-520 nm; FL5 = 400-420 nm). Data

To confirm that the observed defects in Ca?* influx were due to the
absence of STIMI, we retrovirally expressed a green fluorescent
protein (GFP)-tagged STIMI1 construct (GFP-STIMI1) in StimI~~
FLMCs. StimI~~ FLMCs transduced with GFP-STIM1 but not those
transduced with GFP alone had restored Ca?* influx induced by FceRI
or thapsigargin stimulation (Fig. 2¢). Consistent with those results,
Ca?* mobilization mediated by IgE aggregation or ionomycin in the
presence of 2 mM Ca?* was also restored in Stimi”~ FLMCs
transduced with GFP-STIM1 (Fig. 2d). These results collectively
indicate that STIM1 is important in the Ca?" influx induced by the
stimulation of mast cells with FceRI and ionomycin.

STIM1 in mast cell effector functions

FceRI-mediated mast cell activation induces rapid degranulation and
de novo synthesis of metabolites and cytokines that are important in
allergic reactions. To determine whether such mast cell functions

[}
o

are representative of at least three independent experiments.

require STIM1, we measured the release of P-hexosaminidase, a
protein stored in preformed mast cell granules, from StimI*™* and
Stim1~'~ FLMCs after FceRI stimulation. STIM1 deficiency resulted in
substantial inhibition of antigen-elicited degranulation (Fig. 3a).
StimlI”~ FLMCs also had much less degranulation induced by
ionomycin, which is known to bypass FceRI-proximal signaling and
stimulate cells directly by mobilizing free Ca?" ions. The observed
differences in -hexosaminidase release were not due to differences in
total B-hexosaminidase content, which was similar in StimI*’* and
Stim1™~ FLMCs (data not shown). In addition, we confirmed that
expression of GFP-STIM1 partially restored the degranulation in
StimI~'~ FLMCs, as assessed by surface expression of the degranulation
marker CD63 (Supplementary Fig. 2 online). Thus, we concluded that
STIM1 was critically required for mast cell degranulation and that a
transient Ca?" increase in mast cells was not sufficient to effectively
mediate degranulation.
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Figure 3 STIM1 is required for FceRI-induced degranulation and cytokine production. (a) Degranulation of StimI*+
and StimI~~ FLMCs, assessed as the release of B-hexosaminidase (Hex) from IgE anti-DNP-sensitized cells after
stimulation for 30 min with DNP-HSA (dose, horizontal axis); unsensitized cells (right) were stimulated with 1 uM
ionomycin. Data are the mean + s.d. of triplicate samples and are representative of three independent experiments.
(b) Enzyme-linked immunosorbent assay of the production of IL-6, TNF and IL-13 after stimulation for 3 h with IgE
anti-DNP and DNP-HSA (dose, horizontal axis). <DL, below detection limit. Data (mean + s.d.) are representative
of three independent experiments. *, P < 0.05, **, P < 0.01, ***, P < 0.001, versus StimI*+ values (a,b).

(c) Semiquantitative RT-PCR of mRNA encoding IL-6, TNF, IL-13 and glyceraldehyde phosphate dehydrogenase
(GAPDH; loading control) in IgE anti-DNP-sensitized FLMCs stimulated for 1 h with DNP-HSA (5 ng/ml). Data are
representative of three independent experiments.
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The data presented above suggested that the

impaired Ca?* flux in StimI~/~ FLMCs might
lead to defective intracellular signaling events required for mast cell
function. Thus, we examined the activation of various intracellular
FceRI signaling pathways in StimI*/* and Stiml~~ FLMCs. We
sensitized FLMCs with IgE and stimulated them with antigen for
various time periods, then assessed by immunoblot the activation
status of FceRI-proximal molecules, including the tyrosine kinase Syk,

To assess the function of STIM1 in mast cell cytokine production,
we measured the secretion of IL-6, tumor necrosis factor (TNF) and
IL-13 by Stim1*/* and Stim1~~ FLMCs stimulated with IgE anti-DNP
and DNP-HSA. StimI”~ FLMCS produced much less of all three
cytokines, as measured by enzyme-linked immunosorbent assay
(Fig. 3b). Semiquantitative RT-PCR analysis showed that synthesis
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Figure 5 Activation of NF-kB and NFAT is inhibited in StimI~~ FLMCs. (a) Immunoblot analysis of IkBo phosphorylation and degradation in whole-cell
lysates of StimI*"* and StimI~~ FLMCs sensitized with IgE anti-DNP and stimulated with DNP-HSA (50 ng/ml; left) and in unsensitized StimI** and
StimI7~ FLMCs stimulated with 1 uM ionomycin (right). (b) Confocal microscopy of NF-kB p65 nuclear translocation in StimI*"* and StimI~- FLMCs
sensitized with IgE anti-DNP and stimulated for 10 min with DNP-HSA (100 ng/ml), then fixed and processed for immunofluorescence with anti-p65 (green)
and DAPI (4,6-diamidino-2-phenylindole; blue). Scale bar, 5 pm. Right, proportion of cells with p65 nuclear translocation (mean + s.d. of a total of

100 cells counted randomly in each sample). *, P < 0.001, versus StimI** values. (c) Immunoblot analysis of NFAT phosphorylated at Ser54 and NFAT1
in whole-cell lysates of FLMCs stimulated with DNP-HSA (50 ng/ml; left) or 1 uM ionomycin (right) as described in a. (d) Immunoblot analysis of NFAT1
nuclear translocation in nuclear extracts of cells stimulated with DNP-HSA (50 ng/ml; left) or 1 uM ionomycin (right) as described in a. B-actin, loading
control. Data are representative of at least three independent experiments.
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Figure 6 /n vivo anaphylaxis is lower in StimI*~ mice. Analysis of PCA in
StimI** mice (n = 10) and StimI*~ mice (n = 8) injected intradermally
in the right ears with IgE anti-DNP and in the left ears with saline (control);
after 16-18 h, DNP-HSA was administered intravenously together with
Evans blue dye, followed by measurement (mean + s.d.) of the extravasation
of Evans blue into the ears. *, P < 0.05, and **, P < 0.01, versus the
corresponding control. NS, not significant. Data are representative of

two experiments.

the adaptor molecule Lat, and PLC-y1. StimI ++ and StimI~~ FLMCs
had similar tyrosine phosphorylation of Syk, Lat and PLC-yl
(Fig. 4a). In addition, the absence of STIMI did not affect the
production of Ins(1,4,5)P3;, which is mediated by PLC-y (Fig. 4b).
These data indicate that FceRI-proximal signaling is not globally
affected by STIMI.

Mitogen-activated protein (MAP) kinase cascades regulate cytokine
production in many cell types?®, but we found that FceRI-mediated
phosphorylation of the MAP kinases Jnk, p38 and Erk was not altered
by the absence of STIM1 (Fig. 4c). However, whereas a forced increase
in cytosolic Ca?* by ionomycin phosphorylated Jnk, p38 and Erk in
Stim1*/* FLMCs, phosphorylation of these MAP kinases was lower in
Stim1~~ FLMCs (Fig. 4c). Thus, STIMI is not required for the FceRI-
elicited activation of Jnk, p38 and Erk, but ionomycin-triggerd
activation of these MAP kinases is dependent on STIM1.

FceRI stimulation activates the transcription factors NF-kB and
NFAT, which regulate mast cell functions such as cytokine produc-
tion?°32, Because published studies have shown that NF-xB is
selectively activated by a large transient increase in Ca?", whereas
NFAT is activated by a low, sustained Ca’" plateau®>**, we evaluated
the contribution of STIMI to the activation of NF-kB and NFAT. The
phosphorylation and degradation of the NF-kB inhibitor IxkBo after
FceRI and ionomycin stimulation was much less in Stiml~'~ FLMCs
than in StimI*’* FLMCs (Fig. 5a). In addition, FceRI-mediated
nuclear translocation of the NF-xB subunit p65 was much lower in
StimI~/~ FLMCs (Fig. 5b). To examine NFAT activation, we measured
the phosphorylation of NFAT residue Ser54, because unlike other
residues, whose phosphorylation inhibits NFAT activity, Ser54 phos-
phorylation enhances NFAT activity>%. Stim1~~ FLMCs had substan-
tially impaired phosphorylation of NFAT after FceRI and ionomycin
stimulation (Fig. 5c). Furthermore, we noted much less dephosphor-
ylation of inhibitory serine residues and nuclear translocation of
NFAT1 in Stimi~~ FLMCs (Fig. 5c¢,d). We conclude that STIMI-
dependent Ca®" influx positively regulates the activation of both
NF-kB and NFAT in mast cells. Given that NF-kB promotes the
expression of IL-6 and TNF?>30 and NFAT enhances the production of
IL-13 and TNF?*"3 in mast cells, impaired NF-«kB and NFAT activa-
tion may contribute to the insufficient production of these cytokines
in Stim1~'~ FLMCs.
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STIM1 in anaphylactic responses in vivo

To evaluate whether STIM1 has a function in mast cells in vivo,
we elicited FceRI-mediated passive cutaneous anaphylaxis (PCA)
reactions in Stim1*/* and StimI*'~ mice. Because Stiml™~ mice die
in utero and FLMCs from Stim1*/~ mice expressed much less STIM1
protein than those from Stim1*/* mice, we used adult Stim1*~ mice as
a model of STIMI insufficiency. We elicited PCA by intradermal
injection of IgE antibody to dinitrophenyl (anti-DNP) into the pinna
of the right ear. As an internal control, we injected the left ear with an
identical volume of saline. After 16-18 h, we challenged the mice by
intravenous injection of the antigen DNP-human serum albumin
(DNP-HSA) and Evans blue dye. The extravasation of Evans blue dye
during the first hour after PCA induction is dependent mainly on the
degranulation of activated mast cells, with rapid release of histamine
and serotonin resulting in locally increased blood vessel permeability.
Extravasation can be quantified by measurement of the amount of dye
in tissue biopsies from IgE-treated ears relative to that in ears treated
with saline. In control saline-injected ears, Evans blue quantities were
not different in StimI*'* and StimI*'~ mice (Fig. 6). However,
extravasation in the IgE-treated pinnae of StimI™'~ mice was signifi-
cantly lower than that in Stim1*/* mice (Fig. 6), which suggested that
STIM1 is required for antigen-induced mast cell-mediated PCA
reactions in vivo.

DISCUSSION

Here we have shown, by genetic ablation, that STIMI is an essential
positive regulator of mast cell activation and effector function.
Although mast cells seemed to differentiate normally in the absence
of STIMI, this molecule was critically required for Ca?* influx and
subsequent activation of NF-kB and NFAT induced by ligation of the
high-affinity IgE receptor FceRI. Accordingly, loss of STIM1 impaired
mast cell degranulation, production of NF-kB- and NFAT-regulated
proinflammatory cytokines (IL-6, TNF and IL-13), and immediate-
type allergic reactions in vivo.

Studies have shown that STIM1 functions as a sensor of Ca?* in the
endoplasmic reticulum and ultimately activates plasma membrane
SOC channels after depletion of endoplasmic reticulum Ca®* stores. In
some tissues, SOC-independent Ca?" influx pathways are thought to
exist, thereby raising the issue of whether SOC influx is a key
mechanism active in mast cells. In our study, the sustained increase
in intracellular free Ca®" concentrations after FceRI stimulation was
almost completely abrogated in StimI~”~ mast cells. Moreover, in
agreement with previous evidence that ionomycin is able to activate
SOC channels by depleting endoplasmic reticulum Ca’" stores,
ionomycin was incapable of sustaining Ca’" influx in the absence of
STIM1 in mast cells. All of the Ca®* deficits noted in Stiml~~ cells
were corrected by retroviral expression of STIM1. These observations
provide direct evidence that mast cells exploit STIM1 for SOC influx,
which serves an essential function in FceRI-mediated Ca?" responses.

The residual Ca?* influx noted in Stin 1=~ FLMCs may be explained
by the expression of STIM2 (ref. 35) and/or by the coexistence of a
SOC-independent Ca?" influx pathway. Normal FceRI-mediated
PLC-y activation and Ins(1,4,5)P; production in StimI~~ mast cells
support a model wherein STIMI functions ‘downstream’ of PLC-y
and Ins(1,4,5)Ps receptors in the pathway of FceRI-mediated Ca%t
mobilization. However, it is noteworthy that the endoplasmic reticu-
lum store depletion—related transient Ca?" increase induced by antigen
and thapsigargin was notably lower in StimI~~ mast cells than in
StimI** mast cells. Because a chief function of SOC channels is
believed to be maintenance of adequate endoplasmic reticulum Ca?*
stores, one likely explanation for these results is that dysfunction of
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SOC activity in the absence of STIM1 resulted in insufficient replen-
ishment of endoplasmic reticulum Ca?" stores during the resting state
in StimI~~ FLMGs. Alternatively, it is possible that loss of STIM1 may
affect the function of Ins(1,4,5)P3 receptors or of the endoplasmic
reticulum Ca?* pump SERCA, thus leading to less release of Ca>* from
endoplasmic reticulum stores.

It has been shown that mast cells deficient in sphingosine kinase 2
(Sphk2) have a phenotype similar to that of Stin 1=/~ mast cells, with
defective SOC influx, degranulation and cytokine production®. The
diminished SOC influx in Sphk2~~ cells may be caused by defective
conversion of sphingosine to sphingosine 1-phosphate, because
Sphk2~~ mast cells have large amounts of sphingosine®® that are
known to inhibit SOC influx®’. Thus, it is possible that sphingosine
could prevent the functional association of STIM1 with SOC channels.

Mast cell degranulation was critically dependent on STIMI-
mediated Ca?* influx, and the initial release of Ca?t from the
endoplasmic reticulum stores was not sufficient to elicit degranula-
tion. Mast cell degranulation involves granule translocation, granule
docking and, ultimately, granule fusion with the plasma membrane?!.
The final fusion step requires Ca>™ (ref. 38). The SNARE family of
membrane-fusion proteins is important for the fusion of these
granules with the plasma membrane in mast cells’®3%. Although
SNARE proteins by themselves do not bind Ca?*, the SNARE complex
machinery contains Ca"-sensor proteins such as synaptotagmins and
calmodulin, which promote membrane fusion through binding with
Ca** (ref. 38). In addition, Ca?*-dependent protein kinase C (PKC)
may regulate membrane fusion through phosphorylation of the
SNARE complex’®.

Although many reports have indicated the importance of Ca?" flux
in mast cell degranulation?®?!38, Lyn-deficient mast cells show
enhanced or normal degranulation despite defective Ca>* mobiliza-
tion?22%, Of particular note, however, Lyn-deficient mast cells showed
delayed and prolonged but evident Ca?" responses induced by antigen
stimulation. In contrast, Stim 1™~ mast cells showed a notable transient
increase in Ca2*, but no sustained Ca®* increase. Thus, these observa-
tions suggest that a sustained Ca’" increase is essential for mast cell
degranulation. Alternatively, it is also possible that relatively high Ca?*
concentrations may be required in a local specialized region, such as
docking sites between the plasma membrane and granules. Perhaps
the Ca?" concentrations in such specialized regions are sufficient in
Lyn-deficient mast cells but insufficient in STIM1-deficient mast cells.

FceRI ligation activates signaling cascades linking Lat with the
adaptors Grb2 and SLP-76 that, by binding to the guanine nucleo-
tide—exchange factors Sos and Vav, activate the GTPases Ras and
Rac***2, Subsequently, activated Ras and Rac initiate a signaling
cascade that ultimately activates the MAP kinases Erk, p38 and
Jnk#143-45 Published reports have indicated that the PLC-y-Ca®"—
PKC pathway also contributes to the activation of MAP kinases*>%>.
Supporting that possibility, our data also indicated that ionomycin-
induced Ca** alone activated Erk, p38 and Jnk in StimI*/* but not
StimI™"~ FLMCs. After FceRI stimulation, however, STIM1 deficiency
had no effect on the activation of any of the MAP kinases, which
indicated that FceRI-induced MAP kinase activation occurs indepen-
dently of Ca" influx.

The impaired production of IL-6, TNF and IL-13 by Stim1~'~ mast
cells is in agreement with the observed deficits in the activation of
NE-kB2%3% and NFAT?1%2, which regulate production of these cyto-
kines in mast cells. In T lymphocytes and B lymphocytes, PKC-6 and
PKC-B are important for NF-«B activation and function ‘upstream’ of
the complex of adaptor proteins Bcl-10 and MALT1, respectively*®4.,
In mast cells, the PKC isoform(s) responsible for NF-kB activation has
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(have) not been defined. However, evidence from a study of PKC-f-
deficient mast cells, in which IL-6 production was defective, suggests
that this isoform could be a potential candidate*3#°, Given that the
activation of PKC-B is Ca®* dependent, it is possible that NF-«xB
activation is regulated by STIM1-mediated Ca?* influx via PKC-B. In
addition to NF-xB, we also noted inhibition of the activation and
nuclear localization of NFAT1 in StimI~~ mast cells. In contrast to the
residual FceRI-mediated NF-kB activation in the absence of STIMI,
NFAT activation seemed to be critically dependent on STIMI-
mediated Ca?* influx. These results confirm and extend the finding
that NFAT requires a continuous increase in Ca?* to remain localized
in the nucleus®>!.

Our in vitro observations were consistent with the defective IgE-
mediated immediate-phase anaphylactic response in StimI~~ mice.
The functional importance of STIMI in mast cells was shown by the
impaired cutaneous allergic reaction measured by the PCA assay, as
this reaction represents the activation of tissue mast cells in the skin.
However, given the broad tissue distribution of STIMI mRNA
expression52, a contribution of cells other than mast cells to the
defective PCA responses remains possible. The SOC influx phenom-
enon was first described over 20 years ago*°, but the physiological
importance has remained undefined. Here we have identified STIM1
as a critical positive regulator of SOC influx in mast cells and mast cell
activity in hypersensitive reactions.

METHODS

Generation of StimI~'~ mice. Gene targeting and Cre-loxP-mediated recom-
bination were used to generate mice with a null Stiml allele (Stim177).
Additional details are in the Supplementary Methods online.

Antibodies. Antibodies specific for Syk (N-19; SC-1077), Lat (Q-20; SC-7548),
Jnk (C-17; SC-474), p38 (C-20; SC-535), IxBa (C-21; SC-371), p65 (C-20;
SC-372), B-actin (C-11; SC-1615) and NFAT1 (NFATc2; 4G6-65; SC-7269)
were all from Santa Cruz Biotechnology. Antibody to phosphorylated Jnk
(V793) and to phosphorylated p38 (V121) and anti-Erk1/2 (V114) were from
Promega. Antibodies specific for PLC-y1 (2822) and phosphorylated PLC-y1
(2821), Syk (2711), IxBo (5A5), Lat and Erk (p42/44; 9101) were from Cell
Signaling Technology; antibody to phosphorylated NFAT1 (ab5246) was
from Abcam. Anti-STIM1 has been described!“. Fluorescein isothiocyanate—
conjugated anti-CD45.2 (104) and phycoerythrin-conjugated anti-FcegRI
(MAR-1) were from BD Biosciences, and allophycocyanin-conjugated anti-
c-Kit (2B8) was from eBioscience.

Mast cell culture. For the preparation of FLMCs, cell suspensions of fetal livers
from E15.5 StimI*/* and Stiml™~ embryos were cultured in RPMI 1640
medium supplemented with 10% (vol/vol) FCS, B-mercaptoethanol, antibiotics
and recombinant mouse IL-3 (20 ng/ml; R&D Systems). The medium was
changed every 3—4 d during culture. After 4-5 weeks of culture, cells were
stained to confirm surface expression of FceRI and c-Kit, then were used for
experiments (over 98% mast cells).

Measurement of degranulation and cytokine production. Cells (1 x 10°
cells/ml) were sensitized for 6 h at 37 °C with IgE anti-DNP (1 pg/ml;
SPE-7; Sigma), then were stimulated for 30 min with polyvalent DNP-HSA
(Sigma) in Tyrode’s buffer (10 mM HEPES, pH 7.4, 130 mM NacCl, 5 mM KCl,
1.4 mM CaCly, 1 mM MgCl,, 5.6 mM glucose and 0.1% (wt/vol) BSA). For the
B-hexosaminidase reaction, 50 pl of supernatant or cell lysate was incubated
with 100 ul of p-nitrophenyl-N-acetyl-p-glucosamide (1.3 mg/ml in
0.1 M citrate, pH 4.5), and color was developed for 60 min at 37 °C. The
enzyme reaction was then stopped by the addition of 150 pl of 0.2 M glycine-
NaOH, pH 10.2, and the absorbance at 405 nm was measured with a
microplate reader (BioRad). Cells were lysed with Tyrode’s buffer containing
1% (vol/vol) Triton X-100, and B-hexosaminidase activity was measured. The
percent of B-hexosaminidase released was calculated with the following
formula: release (%) = supernatant / (supernatant + cell lysate) x 100.

VOLUME 9 NUMBER 1 JANUARY 2008 NATURE IMMUNOLOGY



l@ © 2008 Nature Publishing Group  http://www.nature.com/natureimmunology

Degranulation was assessed by flow cytometry of surface expression of CD63.
Additional details are in the Supplementary Methods. For measurement of
cytokine release, IL-6, TNF and IL-13 in cell culture supernatants were detected
by enzyme-linked immunosorbent assay as described®>.

Cell stimulation and immunoblot analysis. Cells (1 x 10° cells/ml) were
sensitized for 6 h at 37 °C with IgE (1 pg/ml) and then were stimulated with
DNP-HSA (50 ng/ml) in Tyrode’s buffer. Alternatively, unsensitized cells were
stimulated with 1 pM ionomycin. After stimulation, cells were lysed in lysis
buffer containing 10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% (vol/vol)
Nonidet P-40, 0.1% (wt/vol) SDS, 0.5 mM EDTA and protease inhibitor
(Roche) and phosphatase inhibitor (Nakarai) ‘cocktails, and cleared cell
lysates were boiled in 5x SDS sample buffer. Samples containing 5 x 10° to
1 x 10° cells were transferred to polyvinyldifluoride membranes by electro-
phoresis and were analyzed by immunoblot with the appropriate antibodies.
Nuclear extracts were prepared with an Extraction Kit according to the
manufacturer’s protocol (Pierce) and were processed for immunoblot analysis.

Ca?* measurement. Cytosolic Ca’* concentrations were measured as
described!*. FLMCs were ‘loaded’ for 45 min at 37 °C with indo-1 acetoxyl-
methylester (Indo-1 AM) and Pluronic F-127 (Invitrogen) in RPMI 1640
medium containing 1% (vol/vol) FCS. For FceRI stimulation, FLMCs were
sensitized with IgE anti-DNP (2 pg/ml) simultaneously with the loading of
Indo-1 AM. Changes in fluorescence intensity were monitored on an LSRII
flow cytometer (BD Biosciences). Values were plotted as the ratio of fluores-
cence at FL5 (Ca?*-bound Indo-1 AM) to that at FL4 (Ca2*-free Indo-1 AM).
Data were analyzed with FlowJo software (TreeStar).

Retrovirus production and infection. GFP-STIM1 cDNA!* was cloned into
the pMX-puro retroviral vector. The resulting vector and a control GFP-alone
‘mock’ vector were transfected into EcoPack2 cells (BD Biosciences) with
FuGENE6 (Roche), and transfected cells were selected with puromycin
(1.5 pg/ml). Supernatants were collected 24 h after the medium was changed
and were immediately used for infection. For infection of FLMCs, cells were
prestimulated for 16-18 h in the presence of recombinant mouse IL-3
(20 ng/ml) and recombinant mouse stem cell factor (20 ng/ml; R&D Systems).
Cells then underwent ‘spin infection’ for 2 h at 32 °C and 800g after equal
volumes of virus supernatant and the cationic lipid DOTAP (N-[1-(2,
3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl-sulfate; 10 ng/ml;
Roche) were added, and plates were incubated at 37 °C overnight. Culture
medium was replaced the next day with fresh medium containing recombinant
mouse IL-3.

PCA. PCA was achieved in mice as described®®. Right ears were injected
intradermally with 0.5 pg IgE anti-DNP in 20 pl saline and left ears were
injected with 20 pl saline; 16-18 h later, mice were challenged by intravenous
injection of 250 pg of polyvalent DNP-HSA in 250 pl of saline containing Evans
blue dye (5 mg/ml; Sigma). Extravasation of Evans blue in the ear was
monitored for 30 min, and ear biopsies were incubated at 63 °C overnight in
700 pl formamide. Quantitative analysis of formamide extracts was determined
by measuring the absorbance of Evans blue at 620 nm.

Additional methods. Information on RT-PCR, histology, fetal liver transplan-
tation, Ins(1,4,5)P3 measurement, immunofluorescence and confocal micro-
scopy is available in the Supplementary Methods.

Note: Supplementary information is available on the Nature Immunology website.
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