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The protein prohibitin (PHB) is implicated in diverse cellular processes, including cell signaling, transcrip-
tional control, and mitochondrial function. We found that PHB was abundant in the intracellular granules of
mast cells, which are critical for allergic responses to antigens. Thus, we investigated whether PHB played
a role in signaling mediated by the high-affinity receptor for antigen-bound immunoglobulin E (IgE), FceRI.
PHB-specific small interfering RNAs (siRNAs) inhibited antigen-mediated signaling, degranulation, and
cytokine secretion by mast cells in vitro. Knockdown of PHB inhibited the antigen-dependent association
of the tyrosine kinase Syk with FceRI and inhibited the activation of Syk. Fractionation studies revealed
that PHB translocated from intracellular granules to plasma membrane lipid rafts in response to antigen,
and knockdown of PHB suppressed the movement of FceRIg and Syk into lipid rafts. Tyrosine phospho-
rylation of PHB by Lyn was observed early after exposure to antigen, and point mutations in PHB indicated
that Tyr114 and Tyr259 were required for the recruitment of Syk to FceRIg and mast cell activation. In mice,
PHB-specific siRNAs inhibited antigen-initiated mast cell degranulation, passive cutaneous anaphylaxis,
and passive systemic anaphylaxis. Together, these results suggest that PHB is essential for FceRI-mediated
mast cell activation and allergic responses in vivo, raising the possibility that PHB might serve as a
therapeutic target for the treatment of allergic diseases.
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INTRODUCTION

Prohibitin (PHB; also known as PHB1 and BAP32), a member of the Band-7
family of proteins, is highly conserved, is ubiquitously expressed, and local-
izes to the mitochondria, cytosol, nucleus, and plasma membrane (1–4).
PHB has a critical role in mediating apoptosis, cellular senescence, and
mitochondrial biogenesis (5, 6). PHB is required as a scaffold protein that
ensures the interaction between Ras and Raf at the plasma membrane, thus
leading to Ras-mediated activation of Raf, as well as downstream activation
of the extracellular signal–regulated kinase (ERK) pathway (7). PHB also in-
teracts with the insulin receptor, phosphatidylinositol 3,4,5-trisphosphate
(PIP3), and the serine and threonine kinase Akt (also known as protein ki-
nase B), and it plays a modulatory role in the phosphatidylinositol 3-kinase
(PI3K)–Akt pathway (8, 9). The ERK and PI3K-Akt pathways are also
engaged in mast cell activation through the high-affinity receptor for im-
munoglobulin E (IgE) (FceRI); however, whether PHB plays any role in
FceRI-mediated signals and allergic responses remains undetermined.

Mast cells are the major effector cells that mediate allergic responses
(10–12). After stimulation of mast cells by antigen, mast cells secrete a
large number of granules that contain histamine and other preformed in-
flammatory mediators, as well as newly formed mediators such as eicosa-
noids and cytokines. These mediators play central roles in allergic responses
(13). The multivalent binding of antigen to IgE bound to FceRI at the plas-
ma membrane results in the aggregation of FceRI complexes and the rapid
phosphorylation of tyrosine residues in the immunoreceptor tyrosine-based
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activation motifs (ITAMs) of the b and g chains of FceRI by the Src family
kinase (SFK) Lyn, or possibly by other SFK members. This leads to the
recruitment of additional Lyn molecules to the b chain and of another pro-
tein tyrosine kinase, Syk, to the g chains (14–16). Fully activated Syk is
essential for the activation of key proteins downstream of FceRI, including
the transmembrane adaptor protein linker for activation of T cells (LAT)
(17–20), phospholipase C (PLC) (21, 22), Src homology 2 (SH2) domain–
containing leukocyte protein of 76 kD (SLP-76) (23), and Gab2 (24). Sub-
sequent events include calcium (Ca2+) mobilization and activation of the
mitogen-activated protein kinases (MAPKs) ERK, c-Jun N-terminal ki-
nase (JNK), and p38, as well as the PI3K-Akt pathway. These signaling
events eventually lead to the release of inflammatory mediators to induce
allergic responses.

Here, we report the presence of PHB in mast cells and present evidence
of a role for PHB in FceRI-mediated signaling, degranulation, and cytokine
release in vitro, as well as in anaphylaxis in vivo. We found that PHB was
critical for the recruitment of Syk to the g subunit of FceRI (FceRIg), most
likely by acting as an adaptor protein to enable the phosphorylation of FceRIg
by Lyn, and as a consequence, PHB also appeared to be essential for the ac-
tivation of Syk and downstream signaling molecules, including PLC-g, Gab2,
Akt, ERK1/2, JNK, and p38. These results suggest that PHB, which translo-
cated from granules to the plasma membrane during stimulation, acts as an
essential adaptor molecule for FceRI-mediated signaling pathways.
RESULTS

PHB enhances mast cell degranulation and cytokine
release in response to antigen, but not to
lipopolysaccharide or stem cell factor
Our analysis of the location of PHB in mast cells by sucrose density gra-
dient centrifugation of mouse bone marrow–derived mast cells (BMMCs)
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indicated that PHB was located largely in granules, with little, if
any, PHB present in the plasma membrane or cytosolic frac-
tions (Fig. 1A). This finding was verified by confocal micro-
scopic analysis, which showed that PHB mostly colocalized
with typical granule marker proteins, synaptotagmin-1 and
tryptase, as well as histamine (Fig. 1B), a classic granule con-
stituent in mast cells.

We next investigated whether PHB regulated the FceRI-
dependent release of bioactive mediators from BMMCs in
experiments in which we transfected cells with small inter-
fering RNAs (siRNAs) specific for PHB or PHB2, which is
an isoform of PHB. We achieved selective knockdown of
PHB (Fig. 1C, inset) and PHB2 (Fig. 1D, inset) with their re-
spective siRNAs; however, we observed a substantial reduc-
tion in the extent of degranulation only in BMMCs transfected
with PHB-specific siRNAs (Fig. 1C), and not PHB2-specific

siRNAs (Fig. 1D). The antigen-dependent release of interleukin-4 (IL-4)
and tumor necrosis factor a (TNF-a) by BMMCs was substantially reduced
in cells transfected with PHB-specific siRNAs compared to that in BMMCs
transfected with control siRNAs (Fig. 1E). In contrast, knockdown of
PHB did not inhibit the release of TNF-a when BMMCs were stimulated
by stem cell factor (SCF) or lipopolysaccharide (LPS) (Fig. 1, F and G),
which typically stimulate the release of cytokines without inducing degran-
ulation in mast cells (25, 26). Two critical signals necessary for the pro-
duction of TNF-a, the phosphorylation and activation of (i) p38 MAPK
and (ii) ERK1/2, were similarly unaffected by PHB depletion in SCF- or
LPS-stimulated cells (Fig. 1, F and G). These results imply that granule-
localized PHB was critical for mast cell activation in response to FceRI-
www.S
mediated signaling, but not SCF or LPS signaling, which are presumed
to be mediated by the receptors c-Kit and Toll-like receptor 4, respectively.
Therefore, we examined in more detail the effects of PHB on FceRI-
generated signals.

PHB enhances FceRI-mediated activation
of Syk and Syk-dependent signaling
An increase in the concentration of cytosolic Ca2+ through the activation
of PLC-g is an essential signal for the degranulation of antigen-stimulated
mast cells (27). We found that degranulation was not affected in BMMCs
transfected with PHB-specific siRNA that were stimulated with thapsigargin
or ionomycin (Fig. 2A), which mobilize Ca2+ independently of PLC-g, which
Fig. 1. Analysis of the location of PHB in mast cells and the
effects of PHB knockdown on degranulation and cytokine

release in response to antigen, SCF, or LPS. (A) BMMC frac-
tions were separated by sucrose density gradient centrifuga-
tion and subjected to Western blotting analysis with antibodies
specific for flotillin-1 (a plasma membrane marker), tryptase
(a granule marker), and PHB. (B) Confocal microscopy im-
ages of the localization of PHB (in green) together with typical
granule markers, tryptase, synaptotagmin-1, and histamine
(in red). (C to G) BMMCs were transiently transfected with
PHB-specific (siPHB), PHB2-specific (siPHB2), or control siRNAs
(siCon). Inset: Western blotting analysis of the abundances of
PHB and PHB2. (C and D) IgE-sensitized cells were left un-
treated or were stimulated with antigen (Ag) for the indicated
times, and then samples were analyzed to determine the per-
centage of the granule constituent b-hexosaminidase that
was released into the culture medium. (E) IgE-sensitized cells
were left untreated or were stimulated with antigen for 6 hours
before the amounts of TNF-a and IL-4 secreted into the cul-
ture medium were determined by enzyme-linked immuno-
sorbent assay (ELISA). (F and G) BMMCs were left untreated
or were stimulated with SCF (100 ng/ml) or LPS (500 ng/ml)
for (Top) 3 min before being analyzed by Western blotting to
assess the extent of phosphorylation of p38 and ERK1/2, or
(Bottom) 6 hours before being analyzed by ELISA to measure
the amount of TNF-a secreted by the cells. All of the Western
blots and confocal images are representative of three indepen-
dent experiments. Data in (C) and (D) to (G) are means ± SEM
from three independent experiments. *P < 0.05, **P < 0.01;
n.s., not significant.
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suggested that PHB acted upstream of the Ca2+ signal. In-
deed, antigen-stimulated phosphorylation of Syk, PLC-g,
and Gab2 and of downstream signaling molecules, including
Akt, ERK1/2, p38, and JNK, was substantially suppressed
by knockdown of PHB (Fig. 2B). In contrast, transfection
of BMMCs with plasmid encoding PHB resulted in en-
hanced antigen-dependent phosphorylation (Fig. 2C) and ac-
tivity (Fig. 2D) of Syk compared to that in vector-transfected

BMMCs. An increase in PHB abundance also substantially augmented the
extent of antigen-stimulated degranulation of BMMCs transfected with plas-
mid encoding PHB compared to that of vector-transfected BMMCs (Fig. 2E).
Furthermore, transfection of BMMCs with plasmid encoding Syk Y623-
625F, a constitutively active mutant of Syk (28), but not with wild-type
Syk, restored degranulation lost as a result of PHB-specific siRNAs (Fig.
2F). Collectively, these results suggest that PHB enhances FceRI-mediated
signals before or at the level of Syk in the signaling pathway.

PHB is essential for the activation of Syk, but not Lyn,
Fyn, or Fgr
Because the initial events after aggregation of FceRI by antigen include
the activation of SFKs, such as Lyn, Fyn, or Fgr in addition to Syk (29),
www.S
we investigated the effects of PHB knockdown on the activation of these
kinases in antigen-stimulated cells. We found that siRNA-mediated knock-
down of PHB did not impair the activation of Lyn, Fyn, or Fgr in response
to antigen stimulation, but did result in the substantial suppression of
Syk activation (Fig. 3A), which suggests that PHB specifically acts at
the level of Syk.

PHB is critical for the recruitment of Syk to FceRIg
in antigen-stimulated mast cells
Aggregation of FceRI molecules stimulates the phosphorylation of
ITAMs within FceRIg by Lyn, or possibly by another SFK member (30),
and thus provides docking sites for Syk. The recruitment of Syk to the phos-
phorylated ITAMs results in a conformational change in Syk that unlocks
Fig. 2. FceRI-mediated activation of Syk and downstream
signals depends on PHB. (A and B) BMMCs were trans-
fected with PHB-specific siRNAs (siPHB) or control siRNAs
(siCon) 48 hours before each experiment. (A) BMMCs were
stimulated for 0, 3, 7, and 15 min with 300 nM thapsigargin
or 1 mM ionomycin before the cells were analyzed to deter-
mine the amount of b-hexosaminidase that the cells re-
leased. Inset: Western blotting analysis of the abundance
of PHB. (B) IgE-primed BMMCs were stimulated with anti-
gen (25 ng/ml) for 7 min before being analyzed by West-
ern blotting with antibodies specific for the indicated
proteins. (C to E) BMMCs were transfected with empty
vector (Vec; 20 mg) or with the indicated amounts of plas-
mid encoding wild-type PHB (PHB) 24 hours before the
following experiments were performed. (C) IgE-sensitized
BMMCs that were left untreated or were stimulated with
antigen for 7 min were subjected to Western blotting anal-
ysis with antibodies specific for the indicated proteins.
(D) BMMCs were stimulated with antigen for the indi-
cated times before the cells were lysed and subjected
to immunoprecipitation with anti-Syk antibody. The activ-
ities of immunoprecipitated Syk were measured by an
ELISA-based tyrosine kinase assay kit. (E) The extent
of release of b-hexosaminidase was determined after
BMMCs were stimulated with antigen for the indicated
times. (F) BMMCs were transfected with PHB-specific
siRNAs or control siRNAs. Forty-eight hours later, the
cells were transfected with 10 mg of empty vector or with
10 mg of plasmid encoding wild-type (WT) Syk or the Syk
Y623-625F mutant. Cells were then analyzed to deter-
mine the extent of release of b-hexosaminidase. Bottom:
Western blotting analysis of the abundances of Syk, PHB,
and actin. Data in (A) and (D) to (F) are means ± SEM from
three independent experiments. *P < 0.05, **P < 0.01.
Western blots in (A), (B), (C), and (F) are representative
of three independent experiments.
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Fig. 3. The translocation of PHB into lipid rafts correlates with the activa- antigen. Cells were incubated with antibodies specific for FceRIg (green)

tion of Syk, phosphorylation of FceRIg, and recruitment of Syk to FceRIg.
(A to D) BMMCs were transfected with PHB-specific siRNAs, plasmid
encoding WT PHB, or the appropriate controls before being stimulated
with antigen for (A to C) the indicated times or (D) 5 min. (A) Whole-cell
lysates (2 mg protein equivalents) were subjected to immunoprecipita-
tion with antibodies against Lyn, Fyn, Fgr, or Syk, and immunoprecipi-
tates were then assayed with an ELISA-based tyrosine kinase assay kit.
(B and C) FceRIg was immunoprecipitated (IP) from whole-cell lysates
and then analyzed by Western blotting with antibodies specific for the
indicated proteins. (D) Cell lysates from nonstimulated (NS) or antigen-
stimulated BMMCs were fractionated by sucrose density gradient cen-
trifugation as described in Materials and Methods. Each fraction was
then analyzed by Western blotting with antibodies specific for the indi-
cated proteins. (E) Confocal microscopic analysis of nonstimulated
BMMCs and antigen-stimulated BMMCs after 5 min of stimulation with
www.S
and PHB (red). (F to I) BMMCs were transfected with empty vector or
with plasmid encoding WT PHB or the PHB C69A mutant before being stim-
ulated with antigen for (F to H) 5 min or (I) the indicated times. (F) Cell ly-
sates were fractionated by sucrose density gradient centrifugation, and
each fraction was then analyzed by Western blotting with antibodies spe-
cific for PHB or the lipid raft marker flotillin-1. (G) PHB and flotillin-1 were
detected by confocal microscopic analysis. (H) FceRIg was immunoprecip-
itated from whole-cell lysates, and samples were analyzed by Western
blotting with antibodies specific for pY-FceRIg and Syk. (I) The extent of
release of b-hexosaminidase was determined after stimulation of cells with
antigen for the indicated times. Inset: Western blotting analysis of the abun-
dance of PHB proteins in transfected cells. Western blots in (B) to (D), (F),
(H), and (I) and confocal images in (E) and (G) are representative of three
independent experiments. Data in (A) and (I) are means ± SEM from three
independent experiments. *P < 0.05.
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its enzymatic activity. Therefore, we hypoth-
esized that the regulatoryeffect of PHBmight
be associated with the recruitment of Syk to
the phosphorylated ITAMs of FceRIg. In-
deed, our immunoprecipitation experiments
indicated that transfection of BMMCs with
PHB-specific siRNAs markedly suppressed
theassociationofSykwithFceRIg in antigen-
stimulated cells, as well as inhibited the phos-
phorylation of FceRIg (Fig. 3B). Conversely,
an increase in PHB abundance in transfected
BMMCs enhanced both events in response
to antigen stimulation (Fig. 3C).

We next addressed the question of how
PHB, which is located largely in granules in
unstimulated cells, interacted with Syk and
FceRIg at the plasma membrane in antigen-
stimulated cells. We performed fractionation
studies and found that a substantial portion
of PHB translocated from the granule frac-
tion into lipid rafts of the plasma membrane
(as defined by the marker protein flotillin-1)
together with FceRIg and Syk after stimu-
lation of BMMCs with antigen (Fig. 3D).
Knockdown of PHB with siRNAs markedly
suppressed the translocation of FceRIg and
Syk to the lipid rafts (Fig. 3D). Confocal
microscopic analysis confirmed this redis-
tribution of PHB and its enhanced associ-
ation with FceRIg upon stimulation of cells
with antigen (Fig. 3E). Cys69 of PHB is crit-
ical for its translocation to lipid rafts in the
plasma membrane in adipocyte-like 3T3-L1
cells or mouse C2C12 myoblasts (31). In
cells transfected with plasmid encoding the
PHB C69A mutant, we found that most
mutant PHBs failed to translocate to lipid rafts
compared with wild-type PHB (Fig. 3F).
This failure of the PHB C69A mutant to
translocate to lipid rafts was further verified
by confocal microscopy (Fig. 3G). Further-
more, in contrast to antigen-stimulated
BMMCs transfected with plasmid encoding
wild-type PHB, antigen-stimulated BMMCs
expressing the PHB C69A mutant did not
exhibit enhanced phosphorylation of FceRIg,
recruitment ofSyk toFceRIg (Fig. 3H), or de-
granulation (Fig. 3I) in response to antigen,
suggesting that the translocation of PHB to
lipid rafts is critical formast cell degranulation.
Lyn stimulates phosphorylation of tyrosine residues of
PHB, leading to the association of PHB with FceRIg
PHB is phosphorylated at tyrosine residues in response to insulin (8); how-
ever, whether PHB is similarly phosphorylated in antigen-stimulated mast
cells is unknown. We investigated this by immunoprecipitation and Western
blotting experiments. We found that PHB in BMMCs cells was phosphoryl-
ated within 1 min of the addition of antigen, reaching maximal phosphoryl-
ation at 3 min, before subsiding at later time points (Fig. 4A). The physical
association of PHB and FceRIg followed an identical time course (Fig. 4A,
www.S
upper panels), which suggested that this interaction was dependent on the
tyrosine phosphorylation of PHB. Moreover, the enhanced association be-
tween PHB and FceRIg was inhibited by the SFK inhibitor PP2 (Fig. 4A,
lower panels), which further suggested that the phosphorylation of PHB
was mediated by an FceRI-proximal SFK.

Although other Src and Tec kinases, such as Hck and Btk, are impli-
cated in intermediate phosphorylation events downstream of FceRI, the
kinases Lyn, Fyn, and Fgr are thought to more closely interact with the
receptor (29). Therefore, our studies focused on these three kinases. Of
Fig. 4. Lyn, but not Fyn or Fgr, is critical for PHB phos-
phorylation in response to antigen and for the as-
sociation of Syk with PHB and FceRIg. (A) Top:
IgE-primed BMMCs were stimulated with antigen
CIENCESIGNALING.or
for the indicated times. Bottom: IgE-primed BMMCs were stimulated with antigen for 5 min in the presence
or absence of the indicated concentrations of the SFK inhibitor PP2. Whole-cell lysates were subjected to
immunoprecipitation with anti-PHB antibody, and samples were analyzed by Western blotting with anti-
bodies specific for the indicated proteins. (B to E) BMMCs were transfected with control siRNAs (siCon)
or with the indicated siRNAs, sensitized overnight with IgE, and then stimulated with antigen for the indi-
cated times before being subjected to immunoprecipitation with anti-PHB antibody and analyzed by West-
ern blotting with antibodies specific for the indicated proteins. In (C) to (E), whole-cell lysates were also
analyzed by Western blotting to demonstrate effective knockdown of the indicated proteins. All Western
blots are representative of three independent experiments.
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these, only Lyn appeared to be necessary
for the phosphorylation of PHB (Fig. 4B).
Because Lyn is critical for the phosphorylation
of FceRIg and Syk (29), it was notable that
Lyn was essential for the association of PHB
with FceRIg and Syk (Fig. 4C). A further in-
dicationof thesequenceofeventswas the find-
ing that whereas in antigen-stimulated cells
transfected with FceRIg-specific siRNAs, the
phosphorylation of PHBwas similar to that in
cells transfectedwith control siRNAs, the asso-
ciation between PHB and Syk was impaired
(Fig. 4D). Therefore, the phosphorylation of
PHB by Lyn was not dependent on the phos-
phorylation of FceRIg or on the association
of FceRIg with Syk. Similarly, knockdown of
Syk by transfecting BMMCswith Syk-specific
siRNAs inhibited neither the phosphorylation
ofPHBnor theassociationofPHBwithFceRIg
in response to antigen (Fig. 4E). Collectively,
these data suggest that the antigen-dependent
phosphorylationof PHBbyLynoccurs before
the phosphorylation of FceRIg and Syk.

Phosphorylation of Tyr114

and Tyr259 of PHB is critical
for the association of PHB with
FceRIg and Syk
To identify which among the five tyrosine
residues of PHB were required for its as-
sociation with FceRIg, we prepared mutant
PHBs containing individual tyrosine-to-
phenylalanine mutations of each of the tyro-
sines at positions 28, 107, 114, 249, and
259. Only the Tyr114→Phe (Y114F) and
Tyr259→Phe (Y259F) mutations impaired
the association of PHB with FceRIg and
Syk, as well as the phosphorylation of Syk,
in antigen-stimulated transfected BMMCs
(Fig. 5A). Furthermore, expression of the
Y114F, Y259F double mutant PHB protein
almost completely blocked these events in
transfected cells (Fig. 5B), indicating that the
phosphorylation of these two tyrosine residues
is required for thepropagationofFceRIg- and
Syk-mediated signals. Consistent with this
idea, transfection of cells with plasmid en-
coding wild-type PHB or with plasmids en-
coding the individual or dual PHB tyrosine
mutants respectively enhanced or inhibited
antigen-induced degranulation (Fig. 5C). The
mutations Y114F, Y259F, and Y114/259F im-
paired the antigen-induced translocation of

the mutant PHB proteins to the plasma membrane (Fig. 5D), but the mutants
were still largely observed in the vicinity of plasma membrane.

Knockdown of PHB by siRNAs inhibits passive cutaneous
anaphylaxisandpassivesystemicanaphylaxisreactionsinmice
Anaphylaxis is an unusual or exaggerated allergic reaction of an organism
to a foreign protein or other substances, and mast cells are one of key effec-
www.S
tor cells of this response (10, 12). We next determined whether PHB had
an equally essential role in vivo in experiments in which we induced
passive cutaneous anaphylaxis (PCA) or passive systemic anaphylaxis
(PSA) in IgE-sensitized mice, given that mast cells are the critical cells
in IgE-mediated anaphylaxis in these animals (32). Because genetic loss
of PHB in mice leads to embryonic lethality, we used PHB-specific siRNAs
to generate PHB-deficient mice. The abundance of PHB, but not of PHB2
Fig. 5. Tyr114 and Tyr259 of PHB are critical
for the phosphorylation of FceRIg and Syk
and for mast cell degranulation. BMMCs
CIENCESIGNALING.org 10 Se
were transfected with 10 mg of empty vector control or with 10 mg of plasmid encoding WT PHB or the
indicated Tyr→Phe (Y→F) mutant PHB constructs. Twenty-four hours later, cells were sensitized with
IgE and then were left untreated or were stimulated with antigen for 5 min. (A and B) Western blotting
analysis was performed on (top) whole-cell lysates and (bottom) samples subjected to immuno-
precipitation with antibody specific for (A) FceRIg or (B) PHB. Specific antibodies were used to detect
the indicated proteins, and an antibody specific for phosphorylated tyrosine residues (4G10) was used to
detect tyrosine-phosphorylated proteins. (C) Transfected cells were stimulated with antigen for 15 min
before being analyzed to measure the amounts of b-hexosaminidase that were released into the culture
medium. Values are means ± SEM from three independent experiments. *P < 0.05, **P < 0.01. (D) Con-
focal microscopic analysis of BMMCs transfected with plasmids encoding GFP fusions of WT PHB or the
indicated PHB mutants that were nonstimulated or were stimulated with antigen for 5 min. Cells were
incubated with antibody against flotillin-1. Images in (A), (B), and (D) are representative of three inde-
pendent experiments. At least 10 cells were imaged for each condition per experiment.
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or other critical molecules in FceRI signaling, was reduced in the liver, lung,
and ear tissues by the intravenous injection of PHB-specific siRNAs in a dose-
dependent manner, with an effective dose of 10 mg per mouse (Fig. 6A).
These data indicate that knockdown of PHB by siRNAs was as specific in
vivo as it was in BMMCs in vitro.

In the PCA model, we found that injection of PHB-specific siRNAs
inhibited the extravasation of Evans blue dye (Fig. 6, B and C) as well as
the recruitment and degranulation of mast cells into the antigen-challenged
ear tissue (Fig. 6, D and E). We assessed PSA by measurement of rectal
temperature, which typically declines after systemic administration of an-
tigen in IgE-sensitized mice. This reduction in temperature was dimin-
ishedbyprevious injectionof PHB-specific siRNAs (Fig. 6F). In addition, the
serum concentrations of histamine and TNF-a were lower in mice treated
with PHB-specific siRNA than in mice treated with control siRNA (Fig. 6G).
Together, these data suggest that PHB is critical for the activation of mast cells
and for IgE-mediated anaphylaxis in mice.

DISCUSSION

PHB is an evolutionarily conserved, ubiquitously expressed, multifunc-
tional protein that serves to maintain tissue homeostasis and suppress in-
appropriate cell proliferation by regulating cellular senescence, cell cycle,
apoptosis, and cellular metabolism (2, 33, 34). These processes may be
regulated in part by PHB acting as a scaffold protein upstream of the
www.S
PI3K-Akt and Raf-ERK pathways through its interaction with the re-
ceptors for insulin, insulin-like growth factor 1 (IGF-1), epidermal growth
factor (EGF), and transforming growth factor–b (TGF-b) at the plasma
membrane (2). This regulation involves multiple phosphorylation of PHB
and its translocation to different cellular components in ways that are not
clearly understood. PHB is observed in various intracellular compart-
ments, such as mitochondria, as well as in the cytosol and at the plasma
membrane (1, 2, 31). Here, we found that PHB translocated from mast cell
granules (Fig. 1, A and B) to lipid raft microdomains of the plasma mem-
brane (Fig. 3D) where it associated with FceRI (Fig. 3E) upon stimulation
of BMMCs with antigen. Furthermore, we found that PHB was also es-
sential for the translocation of FceRIg into lipid rafts and for its phospho-
rylation. The phosphorylation of FceRIg enabled the activation of Syk, a
pivotal protein tyrosine kinase that mediates FceRI-dependent mast cell
activation and anaphylaxis. Palmitoylation of PHB at Cys69 facilitates
its membrane translocation for its function (31). We found that the trans-
location of PHB to lipid rafts in the plasma membrane of mast cells was
largely suppressed when Cys69 of PHB was mutated to alanine (Fig. 3, F
and G). The PHB C69A mutant protein failed to enhance the phospho-
rylation of FceRIg, the recruitment of Syk to FceRIg (Fig. 3H), and the
degranulation of mast cells in response to antigen stimulation (Fig. 3I).
Collectively, these results suggest that the translocation of PHB from in-
tracellular granules to lipid rafts in the plasma membrane is essential for
receptor-associated, early signaling events and mast cell activation.
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Fig. 6. PHB is critical for IgE-FceRI–mediated PCA and PSA anaphylaxis in
mice. PCA and PSAwere induced in mice after they were injected with siRNAs

(C) Representative photographs of ears in the PCA-induced mice analyzed
in (B). (D) Control or PHB-specific siRNAs (10 mg) were administered to mice
as described in Materials and Methods. (A) Western blotting analysis of ex-
tracts from the liver, lungs, and ear of mice that received the following combi-
nations of siRNAs: 1, control siRNAs (siCON, 10 mg); 2, PHB-specific siRNAs
(siPHB, 1 mg) and control siRNAs (9 mg); 3, PHB-specific siRNAs (3 mg) and
control siRNAs (7 mg); 4, PHB-specific siRNAs (10 mg). (B) Measurement of
the amounts of Evans blue dye extracted from IgE-injected ears. Five mice
from each group were analyzed. The antihistamine cetirizine (C.Z.) was orally
administered 1 hour before the mice were injected with antigen, as a control.
as described earlier, and ear tissues were examined histologically after
staining with toluidine blue (magnification, ×100). Red arrows indicate de-
granulated mast cells. (E) Histograms indicating the percentages of the
total number of mast cells that were degranulated in individual tissue
sections. (F) Rectal temperatures of mice after challenge with antigen for
PSA. (G) Serumconcentrations of TNF-a andhistamine 1 hour after themice
analyzed in (F) were challenged with antigen. Data in (C) and (E) to (G) are
means ± SEM from five mice per group. *P < 0.05.
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FceRI lacks any intrinsic tyrosine kinase activity, and it relies on non-
receptor protein tyrosine kinases for cellular activation. The phosphoryl-
ation of ITAMs within the FceRIg subunit by Lyn (30), or possibly by
other SFK members, such as Fyn or Fgr (24, 35), provides a binding site
for Syk. Such binding stimulates a conformational change within Syk that
increases its enzymatic activity (36). The translocation of PHB to the plasma
membrane was likely necessary for the phosphorylation of FceRIg and the
subsequent binding of Syk to FceRIg in lipid rafts (Fig. 3H). Our results
suggest that, as with other receptors, PHB at lipid rafts acts as a scaffold
protein to facilitate the phosphorylation of FceRIg by Lyn.

Lipid rafts are plasma membrane microdomains that are enriched in
cholesterol, glycosphingolipid, and sphingolipids. Lipid rafts are insoluble
in nonionic detergents (such as Triton X-100), and they contain numerous
signaling molecules, such as glycosylphosphatidylinositol-anchored proteins,
heterotrimeric guanine nucleotide–binding proteins (G proteins), and SFKs
(37, 38). It is generally accepted that lipid rafts function as focal points for
the consolidation of receptor signaling components. Our findings fit with
this concept, in that PHB, together with FceRIg and Syk, translocated into the
lipid rafts after mast cells were stimulated with antigen (Fig. 3D). Further-
more, knockdown of PHB resulted in a marked reduction in the amount
of FceRIg and Syk that translocated to the lipid rafts of the plasma mem-
brane (Fig. 3D). Also, as noted earlier, the incomplete translocation of the
PHB C69A mutant to lipid rafts (Fig. 3, F and G) was consistent with the
lack of effect of overexpression of the PHB C69A mutant on the phospho-
rylation of FceRIg and the recruitment of Syk to phosphorylated FceRIg
(Fig. 3H). Therefore, we suggest that PHB serves as a scaffold molecule
for the recruitment of FceRIg and Syk into lipid rafts to facilitate FceRI-
dependent signaling pathways required for mast cell activation.
www.SCIENCESIGNALING.org 10 S
The opposing effects of the knockdown
and overexpression of PHB in mast cells
provided further details on the interactions
between PHB, FceRI, and Syk. That PHB
was required for the phosphorylation of
FceRIg, the association of FceRIg with
Syk, and the activation of Syk was exempli-
fied by the inhibition of these events in cells
inwhich PHBwas knocked down (Fig. 3, A
and B), as well as by their enhancement in
cells transfectedwith plasmid encodingPHB
(Fig. 3C). Other data suggest the formation of
a ternary complex containing PHB, FceRIg,
and Syk in response to antigen stimulation
(Fig. 4A). Pointmutation of individual tyro-
sine residues in PHB also suggested that
tyrosine phosphorylation of PHB was a nec-
essary step for complex formation because
mutation of either Tyr114 or Tyr259 of PHB
prevented its association with FceRIg, the
phosphorylation of FceRIg and Syk, the ac-
tivation of Syk, aswell asmast cell activation
(Fig. 5, B and C). Similarly to FceRIg (29),
PHB was phosphorylated by Lyn (Fig. 4B),
and therefore, tyrosine phosphorylation of
bothmolecules by Lyn appears to be neces-
sary for their interaction and for mast cell
activation. It is likely that the association of
PHBwithFceRIg occurs beforeSyk interacts
with FceRIg because treatment of cells with
Syk-specific siRNAs inhibited neither the
phosphorylation of PHB nor the association
of PHB with FceRIg (Fig. 4E). This finding and the fact that the mutation
ofTyr114 orTyr259 of PHBdisrupted the recruitment of SykbyFceRIg (Fig. 5B)
suggest that the prior association of PHBwith FceRIg is critical for the sub-
sequent recruitment of Syk and for mast cell activation.

Several SFK members, including Lyn, Fyn, and Fgr, are highly local-
ized in the vicinity of FceRI molecules on the plasma membrane, and they
have distinct signaling functions in mast cells. Initially, FceRI-associated
Lyn transphosphorylates tyrosine residues in the ITAMs of the adjacent b
and g chains of FceRI, and phosphorylated FceRIg recruits Syk, leading to
its activation (29). Fyn also initiates signals that complement those of Lyn
(39). Although the phosphorylation of FceRIg is not impaired in Fyn-
deficient mast cells, Fyn can phosphorylate Syk (24, 35). Fgr is thought to
be critical for the FceRI-dependent phosphorylation of Syk (35). Here, we
identified PHB as an additional tyrosine kinase target because it was phos-
phorylated at tyrosine residues in a time-dependent manner, which was
inhibited by the general SFK inhibitor PP2 (Fig. 4A). PHBwas phosphoryl-
ated by Lyn, but not by Fyn or Fgr (Fig. 4B), indicating that Lyn phospho-
rylates PHB as well as the ITAMs of the b and g subunits of FceRI.

Of the five tyrosine residues in PHB (Tyr28, Tyr107, Tyr114, Tyr249, and
Tyr259), only Tyr114 and Tyr259 appeared to be critical for the formation of
a PHB-FceRIg-Syk signaling complex (Fig. 5A) because mutation of ei-
ther of these sites resulted in a substantial reduction in the extent of phos-
phorylation of FceRIg and Syk and in the association between FceRIg and
Syk (Fig. 5B). The double point mutation of Tyr114 and Tyr259 augmented
these effects (Fig. 5B). Note that degranulation was also substantially
suppressed by overexpression of either of the single tyrosine PHB mu-
tants, and more so by expression of the double mutant PHB (Fig. 5C).
The exact mechanism of the dominant-negative effect of PHBs mutated
Fig. 7. Suggested model for the interactions of PHB as it acts as an adaptor molecule in the initial FceRI-

mediated signaling events in mast cells. After aggregation of FceRIs by antigen, Lyn is thought to phos-
phorylate ITAMs in the b and g subunits of FceRI, and the phosphorylated FceRIg ITAMs then provide
the docking sites for Syk, which promotes its optimal activation and the subsequent activation of mast
cells. On the basis of our results, we propose that Lyn also phosphorylates PHB, which, when phos-
phorylated, enables the recruitment of FceRIg into membrane lipid rafts to form a signaling complex
consisting of PHB, FceRIg, and Syk. Formation of this complex results in the activation of Syk and of the
downstream signals that are necessary for mast cell activation and degranulation.
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at Tyr114 or Tyr259 is unknown, but possible explanations are that there is
competition between mutant and endogenous PHB in binding to the up-
stream tyrosine kinase Lyn at the plasma membrane, and that the trans-
location of additional endogenous PHBs to the plasma membrane in
response to antigen might be suppressed by PHB mutants that inhibit
downstream signaling (Fig. 2B).

In summary, previous studies have shown that after aggregation of
FceRIs by antigen in mast cells, Lyn or other SFKs phosphorylate FceRIg
to provide docking sites for Syk, thus enabling full activation of Syk. Al-
though a role for PHB in this process was unsuspected, we found evidence
that PHB was essential for the phosphorylation of FceRIg and the recruit-
ment of Syk to FceRIg (Fig. 3, B and C). However, knockdown of FceRIg
had no effect on the phosphorylation of PHB by Lyn, and knockdown of
Syk had no effect on the association of PHB with FceRIg. These findings
suggest that the possible sequence of signaling events might be as follows:
First, FceRI molecules on the mast cell surface are aggregated by antigen.
PHB is then phosphorylated by Lyn, which leads to the formation of an
initial signaling complex that contains PHB, FceRIg, and Lyn. The phos-
phorylation of FceRIg by Lyn leads to the recruitment of Syk to phos-
phorylated FceRIg, the optimal activation of Syk, and the activation of
downstream signals for degranulation and cytokine release (Fig. 7). We
propose that PHB acts as an adaptor or scaffold protein for the FceRI-
mediated signals required for mast cell activation. The mechanism of
the translocation of PHB from intracellular granules to the plasma mem-
brane remains unclear, although we note that some PHB is already asso-
ciated with FceRIg at the cell periphery in resting cells (Fig. 3E). The
fusion of granules with the plasma membrane may further facilitate the
formation of PHB-FceRIg complexes and thus amplify signaling. Our
findings add additional insight into proximal FceRI signaling events
and reveal a previously uncharacterized role for PHB after its translocation
from intracellular granules to the plasma membrane in mast cells.
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MATERIALS AND METHODS

Reagents
Antibodies against phosphotyrosine (pY) residues, FcRg, and histamine
were obtained from Upstate Biotechnology; antibodies against Lyn, Fyn,
Fgr, synaptotagmin-1, flotillin-1, Syk, tryptase, and PHB were from Santa
Cruz Biotechnology Inc.; and antibodies against phosphorylated forms of
Syk, Gab2, PLC-g1, ERK1/2, p38, JNK, and Akt were purchased from Cell
Signaling Technology Inc. Cell culture reagents were from GIBCO/Invitrogen.
Dinitrophenyl (DNP)–specific monoclonal IgE and DNP–bovine serum
albumin (BSA) were obtained from Sigma. PP2 was from Calbiochem.
siGENOME ON-TARGETplus SMARTpool including four specific siRNAs
for PHB, Lyn, Fyn, or Fgr and the ON-TARGETplus siCONTROLpool
were purchased from Dharmacon Inc.

Culture and stimulation of BMMCs
BMMCs were isolated from male BALB/cJ mice as previously described
(40) and were cultured for 4 weeks in 50% enriched medium (RPMI 1640
containing 2 mM L-glutamine, 0.1 mM nonessential amino acids, anti-
biotics, and 10% BSA) containing IL-3 (10 ng/ml). For each experiment,
BMMCs (2 × 105 cells per 1.5-ml tube) were sensitized (or “primed”)
with DNP-specific IgE (50 ng/ml) in complete medium overnight, washed
twice in phosphate-buffered saline (PBS), resuspended in Tyrode-BSA
buffer [20 mM Hepes (pH 7.4), 135 mM NaCl, 5 mM KCl, 1.8 mM CaCl2,
1 mM MgCl2, 5.6 mM glucose, and 0.05% BSA], and then left untreated
or stimulated with the antigen DNP-BSA (25 ng/ml) for 10 min, or as
indicated otherwise in the figure legends.
www.S
Measurement of degranulation and the release
of TNF-a and IL-4
Cells were stimulated as described earlier, and the extent of degran-
ulation was determined by measuring the amount of the granule marker
b-hexosaminidase that was released into the culture medium (41). The
amounts of TNF-a and IL-4 released into the medium 8 hours after cells
were stimulated with antigen were measured with specific ELISA kits
(Invitrogen-Biosource Cytokine & Signaling) according to the manufac-
turer’s instructions.

Immunoprecipitation and Western blotting analysis
Cells that were sensitized with IgE, as described earlier, were stimulated
with antigen for 7 min, or as indicated in the figure legends, washed twice
with ice-cold PBS, and then lysed with ice-cold lysis buffer (35). Lysates
were kept on ice for 30 min and then centrifuged at 13,000g for 10 min at
4°C. Equal amounts of protein were used for the immunoprecipitation of
PHB or FceRIg by overnight incubation (at 4°C with gentle rocking) with
specific antibodies and, in turn, protein G–agarose. The agarose beads were
washed five times with washing buffer (35), resuspended in 2× Laemmli
buffer, and then boiled for 5 min. For Western blotting analysis, equal
volumes of supernatants were separated by SDS–polyacrylamide gel elec-
trophoresis and then transferred onto polyvinylidene difluoride membranes
(Millipore). The membranes were blocked with 5% BSA in tris-buffered
saline–Tween 20 (TBS-T) for 1 hour and then incubated with primary anti-
bodies at 4°C overnight. Immunoreactive proteins were detected with
horseradish peroxidase–conjugated secondary antibodies.

Transfection of BMMCs with plasmids or siRNAs
BMMCs (5 × 106) were transfected with 100 nM siRNAs against specific
targets or with 100 nM control siRNAs with an Amaxa nucleofector (Lonza
Cologne AG) and program T-5 in Dulbecco’s modified Eagle’s medium
containing 20% fetal bovine serum and 50 mM Hepes (pH 7.5). Cells
were harvested 48 hours after transfection, and successful gene knockdown
was confirmed by Western blotting analysis. To overexpress proteins of in-
terest, BMMCs were transfected with DNA plasmids (10 mg per 5 ×
106 cells) with the Amaxa nucleofector, and cells were used within 48 hours
of transfection.

Confocal microscopy
BMMCswere fixed with 4% formaldehyde in PBS for 10 min, washed, and
permeabilized with 0.5% Triton X-100 for 15 min. The fixed cells were in-
cubated with 1% BSA in PBS for 60 min and then were incubated overnight
with gentle rocking at 4°C with antibodies against PHB, synaptotagmin-1,
tryptase, or histamine. Cells were washed five times with 1% BSA and then
incubated for 50 min with Rhodamine Red–conjugated goat anti-mouse
IgG to detect tryptase, histamine, or synaptotagmin-1, or with fluorescein
isothiocyanate–conjugated goat anti-rabbit IgG to detect PHB (Molecular
Probes).After coverslipswerewashedwith PBS andmountedwith ProLonged
Antifade Kit (Molecular Probes), confocal images were obtained with an
OlympusFV-1000 confocal laser scanningmicroscopewith anApochromat
60× objective lens.

Isolation of cellular fractions containing granules,
cytosol, or plasma membrane
BMMCs (2 × 107) were sonicated for 15 s in 0.25 M sucrose in 20 mM tris-
Hepes (pH 7.4). A stepwise sucrose gradient was created by the sequential
addition to centrifuge tubes of 1.6 ml of 40%, 0.8 ml of 15%, and 1.3 ml
of 11.5% (w/v) sucrose solution, and finally the sonicated cell lysate. After
ultracentrifugation at 27,000g for 2 hours at 4°C, the different fractions
were collected, including the cytosolic fraction (top layer), the plasma
CIENCESIGNALING.org 10 September 2013 Vol 6 Issue 292 ra80 9
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membrane fraction (middle opaque fraction), and the granules (pellet at
the bottom).

Separation of lipid rafts from the granule fraction
After 5 min of stimulation with antigen, BMMCs (1.5 × 107) were washed
twice with ice-cold PBS before being lysed in 2 ml of TNE buffer [50 mM
tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 50 mM NaF, 2.5 mM
sodium pyrophosphate, 1 mM sodium orthovanadate, 1 mM phenylmethyl-
sulfonyl fluoride, leupeptin (1 mg/ml), and aprotinin (1 mg/ml)] containing
0.5% Brij 58 for 30 min on ice. Lysates were mixed with an equal vol-
ume of 80% (w/v) sucrose in TNE buffer. A sucrose gradient was pre-
pared by the sequential addition of 1.5 ml of 80% sucrose, 2 ml of a 1:1
mixture of 80% sucrose and cell lysate, 4 ml of 35% sucrose, and fi-
nally 4 ml of 5% sucrose, which was processed by ultracentrifugation
at 27,000g for 18 hours at 4°C. One-milliliter fractions (for a total of
12 fractions) were collected from the top to the bottom of the gradient
for Western blot analysis.

In vitro kinase assay
Immunoprecipitates of Lyn, Fyn, Fgr, or Syk from whole-cell lysates (1 mg
of protein) were assayed for tyrosine kinase activity with an ELISA-based
Universal Tyrosine Kinase Assay Kit (Genway) according to the manufac-
turer’s instructions.

Generation of PHB mutants
Nucleotides encoding tyrosine residues in the complementary DNA (cDNA)
encoding mouse PHB in the plasmid pCMV6-XL-4 (Origene Technologies)
or pEGFP-N1 (Clontech Laboratories Inc.) were mutated with the QuikChange
Site-Directed Mutagenesis Kit (Stratagene) with the following primers: PHB
Y28F, 5′-GTGAACTCTGCTTTGTTTAATGTGGATGCTGGA-3′ (forward)
and 5′-TCCAGCATCCACATTAAACAAAGCAGAGTTCAC-3′ (reverse);
PHB Y107F, 5′-CAGCTTCCTCGTATCTTCACCAGCATTGGCGAG-3′ (for-
ward) and 5′-CTCGCCAATGCTGGTGAAGATACGAGGAAGCTG-3′
(reverse); PHB Y114F, 5′-AGCATTGGCGAGGACTTTGATGAGCGGGTCCTG-
3′ (forward) and 5′-CAGGACCCGCTCATCAAAGTCCTCGCCAATGCT-3′
(reverse); PHB Y249F, 5′-GCCGAGGACATTGCGTTCCAGCTCTCCCGCTCT-
3′ (forward) and 5′-AGAGCGGGAGAGCTGGAACGCAATGTCCTCGGC-3′
(reverse);PHBY259F,5′-TCTCGGAACATCACCTTCCTGCCAGCGGGCCAG-3′
(forward) and5′-CTGGCCCGCTGGCAGGAAGGTGATGTTCCGAGA-3′
(reverse); PHB Y114/259F, 5′-CTCTCGGAACATCACCTCCCTG-
CCAGCGGGCCAG-3′ (forward) and 5′-CTGGCCCGCTGGC-
AGGGAGGTGATGTTCCGAGAG-3′ (reverse); PHB C69A, 5′-
GAAACCAATTATCTTTGACGCCCGCTCTCGACCACGGAAC-3′
(forward) and 5′-GTTCCGTGGTCGAGAGCGGGCGTCAAAGA-
TAATTGGTTTC-3′ (reverse). To make the gain-of-function rat Syk Y623-
5F mutant, the cDNA encoding rat Syk in pCMV was mutated with the
following primers: forward, 5′-GCGGCGCGCCGAATTCATGGCGGG-
CAATGCTGTG-3′, and reverse, 5′-CGAGGGATACTCTAGATTAGT-
TAACCACGTCGAAGAAGAAATTGCGAAGCCGCAGTTC-3′. The
DNA sequence of each plasmid was verified by sequencing.

Knockdown of PHB in mice by siRNAs
BALB/c mice (five mice per group) under mild anesthesia were injected
once a day for 3 days in the caudal veins with PHB-specific siRNAs or
with control siRNAs (10 mg in 200 ml of PBS). Knockdown of PHB was
confirmed by Western blotting analysis before each experiment.

Generation of mouse models of PCA and PSA
PCAwas induced as described previously (35) by intradermal injection
of DNP-specific IgE (0.5 mg per mouse) into the right ear 6 hours after the
www.SC
final injection of the siRNAs, as described earlier. The next day, 250 mg of
antigen in 250 ml of PBS containing 4% Evans blue was injected into the
caudal veins of the mice. The mice were euthanized 1 hour later, and the
IgE-treated ears were removed to extract extravasated dye by overnight
incubation in 700 ml of formamide at 63°C. The absorbance of the ex-
tracted dye was measured at 620 nm. For examination of PSA, siRNA-
treated mice were injected into the caudal vein with DNP-specific IgE
(200 mg in 200 ml of saline per mouse); control mice were injected with
saline. The following day, the mice were injected intravenously with 250 mg
of antigen in 250 ml of PBS, and rectal temperatures were monitored every
10 min with a digital thermometer (Natsume Seisakusyo Co. Ltd.). Sera
were collected 60 min after injection of the mice with antigen. Serum con-
centrations of TNF-a and histamine were measured with ELISA kits from
R&D Systems and IBL international, respectively.

Histological analysis
After PCAwas induced, ear tissues were fixed in 4% paraformaldehyde
in PBS for 24 hours, and 5-mm paraffin sections were stained with
0.1% toluidine blue and examined with an optical microscope (Olympus
DP 70) at ×100 magnification. Mast cells in the ear tissue were counted in
three mice (three ear sections per mouse, for a total of nine sections). The
percentage of degranulated mast cells in the ear tissue was calculated by
assessing the number of cells with >10% extrusion of granules, as previ-
ously described (42).

Statistical analysis
The data presented are means ± SEM from three or more independent ex-
periments. Statistical analysis was performed with one-way analysis of var-
iance (ANOVA) and Dunnett’s test. Statistical significance (*P < 0.05 and
**P < 0.01) was determined with SigmaStat software (Systat Software Inc.).
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             Prohibitin (PHB) is the fl agship member of 
a large family of proteins with a distinct, 
highly conserved stomatin/prohibitin/fl otil-
lin/Hfl K/C (SPFH) domain, which is also 
called the prohibitin domain. These proteins 
are often associated with lipid raft micro-
domains in various cellular membranes, 
and they contribute to diverse signaling 
pathways that control cellular processes 
ranging from proliferation and migration 
to infl ammation and cell death (1). Prohibi-
tin 1 (PHB1) and PHB2 normally exist as 
a heteromer, and they are also known as B 
cell receptor (BCR)–associated proteins 32 
(BAP32) and (BAP37), because they were 
identifi ed as interacting partners of the im-
munoglobulin M (IgM)–BCR complex (2). 
PHBs are predominantly localized to the 
mitochondrial inner membrane, where they 
contribute to cristae morphogenesis and mi-
tochondrial function (3). PHB1 is required 
for the activation of the kinase CRAF, the 
central member of the Ras-Raf–mitogen-
activated protein kinase (MAPK) cascade 
at the plasma membrane, and it also in-
teracts with the insulin receptor and phos-

phatidylinositol 3,4,5-triphosphate, as well 
as modulating activation of the serine and 
threonine kinase Akt (1, 4). An increase in 
the abundance of PHB1 associated with 
lipid rafts correlates with tumor growth and 
metastasis in cervical carcinoma (5).

Pathogenic viruses such as the Chi-
kungunya virus target plasma membrane–
associated PHBs to facilitate their entry into 
the host cells (6). The Vi capsular polysac-
charide, a major virulence antigen of Sal-
monella typhi, targets PHB1 and PHB2 
(hereafter, PHB1/2) in intestinal epithelial 
cells to suppress activation of extracellu-
lar signal–regulated kinase 1 (ERK1) and 
ERK2 (ERK1/2) and early immune re-
sponses (7). In B cells, PHBs are associated 
with CD86, a glycoprotein normally found 
on the surface of antigen-presenting cells, 
such as dendritic cells (DCs). In B cells 
activated (or “primed”) by CD40 ligand 
(CD40L) and interleukin-4 (IL-4), CD86 
signaling requires PHB1 for production of 
the transcription factor Oct-2, and produc-
tion of immunoglobulin G1 (IgG1) through 
the phosphorylation of phospholipase C-γ2 
(PLC-γ2) and activation of the protein ki-
nase C (PKC) isoforms PKCα and PKCβII 
(8). In T lymphocytes, the PHB1/2 complex 
is essential for mitochondrial homeostasis 
and survival. Furthermore, studies showed 
that PHBs are exposed at the cell surface in 
activated T cells, and act as a receptor for 
Siglec-9, an adhesion molecule found on 
DCs and macrophages. Cross-linking of 

PHBs by antibody to PHB inhibits T cell 
receptor (TCR)–mediated ERK1/2 signal-
ing (9). Platelets also have PHBs on their 
surface, where they associate with protease-
activated receptor 1 (PAR1). Additionally, 
antibodies to PHB inhibit PAR1-mediated 
platelet aggregation, activation of the αIIbβ3 
integrin, and secretion of intracellular gran-
ules (10). Together, these studies provide 
mounting evidence for a compelling role for 
the plasma membrane–associated fraction of 
PHBs in the regulation of immune respons-
es. Now, Kim et al. have uncovered a crucial 
role for PHB1 in IgE-mediated activation 
and degranulation of mast cells (11).

These authors investigated the presence 
of PHB1 in mast cells, the key effector cells 
in allergic responses mediated by IgE, and 
they found that PHB1 was primarily local-
ized to the intracellular granules of these 
cells. FcεRI on the surface of mast cells and 
basophils serves as a high-affi nity recep-
tor for IgE. FcεRI is a tetrameric receptor 
that consists of an α subunit, which binds to 
IgE, as well as β and γ subunits, which are 
responsible for initiating signaling. Bind-
ing of antigen to IgE that is associated with 
FcεRI triggers a cascade of kinase activa-
tion and phosphorylation events that lead 
to mast cell degranulation and the release 
of histamines, eicosanoids, and cytokines. 
This cascade starts with the activation of 
the nonreceptor tyrosine kinase Lyn, which 
phosphorylates tyrosine residues in the im-
munoreceptor tyrosine-based activation 
motifs (ITAMs) of the β and γ subunits of 
FcεRI. The kinase Syk is recruited to the 
phosphorylated ITAMs, where it undergoes 
autophosporylation and activation. Syk in 
turn initiates a spectrum of downstream 
signaling events, including the activation 
of phospholipase C γ (PLC-γ), ERK1/2, 
phosphatidylinositol 3-kinase (PI3K)-Akt, 
Gab2, c-Jun N-terminal kinase (JNK), 
and p38 mitogen-activated protein kinase 
(MAPK) pathways, which contribute to in-
fl ammation and allergic responses.

Kim et al. found that PHB1, but not 
PHB2, was required for the degranulation 
of mast cells in response to stimulation with 
IgE. In most cell types, PHB1 and PHB2 ex-
ist together in a complex, and there is also 
evidence that they are probably functional as 
heteromers; loss of one isoform often leads 
to the destabilization of the other. However, 
in mast cells, the PHB proteins probably 
function as monomers, because PHB1, but 
not PHB2, was required for mast cell activa-
tion. Kim et al. found that upon stimulation 
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 Prohibitin 1 (PHB1) and PHB2 are evolutionarily conserved, ubiquitously ex-
pressed, pleotropic proteins that control various fundamental cellular processes, 
including proliferation, migration, metabolism, and death. Studies have unveiled a 
crucial role for plasma membrane–associated PHBs in regulating tumor metasta-
sis, viral entry, and immune cell activation. A study now identifi es a role for PHB1 
in the activation of mast cells and allergic reactions mediated by immunoglobulin 
E (IgE). PHB1 was primarily localized in mast cell granules; however, in response 
to stimulation with antigen, PHB1 translocated to plasma membrane lipid rafts to 
form a ternary complex with the high-affi nity IgE receptor FcεRIγ and the nonre-
ceptor tyrosine kinase Syk. Syk became activated, which led to the activation of 
downstream signaling that stimulated mast cell degranulation and the secretion 
of cytokines. PHB1 was phosphorylated by the Src family tyrosine kinase Lyn, 
and palmitoylation of PHB1 was required for its association with the plasma mem-
brane. These observations unveil a previously uncharacterized facet of prohibitin 
biology and shed further light on the proximal events that drive the activation of 
FcεRI by IgE in mast cells during allergic reactions.
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of mast cells with antigen, PHB1 was trans-
located from the intracellular granules to the 
plasma membrane, where it accumulated in 
lipid raft fractions. Under nonstimulated 
conditions, most of the PHB1 was associ-
ated with the granules, and its translocation 
to the plasma membrane upon stimulation 
was facilitated by palmitoylation at its only 
cysteine residue (Cys69).

An earlier study from Morrow et al. 
showed that palmitoylation of the conserved 
cysteine residue in the PHB domain is re-
quired for the traffi cking of fl ottilins to lipid 
rafts in the plasma membrane (12). Pro-
hibitin undergoes various posttranslational 
modifi cations, including phosphorylation, 
ubiquitylation, transamidation, tyrosine ni-
trosylation, and O-GlcNAc modifi cation, 
which contribute to various functions (1). 
Several laboratories have demonstrated that 
PHB1 can be phosphorylated (for example, 
at Thr258 by Akt) in response to insulin and 
other growth factors. A study by Ande and 
Mishra provided direct evidence for the 
palmitoylation of PHB1 at Cys69, which 
leads to its translocation to the plasma 
membrane, tyrosine phosphorylation, and 
interaction with Eps 15 homology domain 
protein 2 (13). Consistent with these obser-
vations, Kim et al. found that mutation of 
Cys69 prevented the translocation of PHB1 
to the plasma membrane in mast cells, thus 
preventing activation and degranulation. 
These data suggest the biological relevance 
of the palmitoylation of PHB1 to immune 
responses. Whether this lipid modifi cation 
is responsible for the association of PHB1 
with the plasma membrane in other cell 
types, such as T cells and migrating tumor 
cells, deserves further investigations.

Kim et al. found that loss of PHB1 
prevented the translocation of the FcεRIγ
subunit to lipid rafts, thus preventing its 
phosphorylation by the tyrosine kinase 
Lyn. Consequently, Syk was not recruited 
to the receptor-containing complex, even 
when cells were stimulated with antigen. 
These data suggest that PHB1 might func-
tion as a scaffold in lipid rafts to stabilize 
the complex formed between FcεRIγ, Lyn, 
and Syk. Whether PHB1 directly interacts 
with FcεRIγ is currently unclear; however, 
PHB1 is also phosphorylated by Lyn (at 
Tyr114 and Tyr259), and these phosphoryla-
tion events are required for the formation 
of a ternary complex consisting of PHB1, 
FcεRIγ, and Syk. Apparently, loss of FcεRIγ
did not affect the phosphorylation of PHB1 
by Lyn. Thus, the phosphorylation of PHB1 
is likely proximal to the phosphorylation of 
FcεRIγ and the recruitment of Syk to this 
receptor subunit. In this regard, it is worth 
noting that phosphorylated Syk binds to 
PHB1 in response to clustering of the BCR 
(14). Further, Thr258 is recognized as a tar-
get site for the O-GlcNAcylation of PHB1; 
thus, it would be interesting to investigate 
whether there is any crosstalk between 

these two posttranslational modifi cations 
in the regulation of mast cell activation. 
Basophils also have FcεRI on their cell sur-
face, and, upon activation, they undergo de-
granulation and they secrete infl ammatory 
mediators, similarly to mast cells. Thus, it 
is tempting to propose that PHB1 in baso-
phils may also contribute to FcεRI-Lyn-
Syk signaling.

Together, these fi ndings suggest that 
PHB1 may play a key role in the allergic 
response by mediating Lyn-Syk signaling 
in mast cells, basophils, and B lymphocytes 
(Fig. 1). Indeed, Kim et al. further present-
ed evidence that depletion of PHB1 with 
siRNAs reduced the extent of IgE-mediat-
ed anaphylaxis in mice. By using IgE-sen-
sitized mice and by inducing both cutane-
ous and systemic anaphylaxis, the authors 
demonstrated that PHB1 was required 
for mast cell recruitment, degranulation, 
and TNF-α secretion. These interesting 
observations should stimulate an investi-
gation of the role of plasma membrane–
associated prohibitins in other settings, and 
further work is needed to investigate wheth-
er PHB1 may be targeted therapeutically to 
combat allergic reactions.
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