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FceRl-mediated mast cell degranulation requires
calcium-independent microtubule-dependent
translocation of granules to the plasma membrane

Keigo Nishida,'? Satoru Yamasaki,' Yukitaka lto,' Koki Kabu,'? Kotaro Hattori,* Tohru Tezuka,® Hirofumi Nishizumi,”

Daisuke Kitamura,® Ryo Goitsuka,® Raif S. Geha,” Tadashi Yamamoto,® Takeshi Yagi,* and Toshio Hirano

1,23

'Laboratory for Cytokine Signaling, RIKEN Research Center for Allergy and Immunology [RCAI), Kanagawa 230-0045, Japan
?laboratory of Developmental Immunology (C7), Graduate School of Medicine, *laboratory of Developmental Immunology, and “KOKORO-Biology Group and CREST,

Graduate School of Frontier Biosciences, Osaka University, Osaka 565-0871, Japan

“Division of Oncology, Depariment of Cancer Biology, Institute of Medical Science, University of Tokyo, Tokyo 108-8639, Japan
®Division of Molecular Biology, Research Institute for Biological Sciences, Tokyo University of Science, Chiba 278-0022, Japan
“Division of Immunclogy, Children’s Hospital and Department of Pediatrics, Harvard Medical School, Boston, MA 02115

he aggregation of high affinity IgE receptors (Fce

receptor | [FceRI]) on mast cells is potent stimulus for

the release of inflammatory and allergic mediators
from cytoplasmic granules. However, the molecular mech-
anism of degranulation has not yet been established. It is
still unclear how FceRI-mediated signal transduction ulti-
mately regulates the reorganization of the cytoskeleton
and how these events lead to degranulation. Here, we
show that FceRl stimulation triggers the formation of mi-
crotubules in a manner independent of calcium. Drugs af-
fecting microtubule dynamics effectively suppressed the
FceRl-mediated translocation of granules to the plasma

Introduction

Mast cells and basophils are granulated cells that play a pivotal
role in allergy and inflammation. Their granules contain in-
flammatory mediators such as histamine, proteases, lipid me-
diators, and cytokines. The activation of mast cells induces
exocytosis and fusion of cytoplasmic granules with the plasma
membrane, followed by the release of inflammatory mediators
within minutes of stimulation. One potent stimulus is the ag-
gregation of high affinity receptors (Fce receptor I [FceRI]) by
the Ag-IgE complexes.

FceRI stimulation initiates a signaling cascade that in-
cludes activation of tyrosine kinases, such as Syk, Lyn, Fyn,
and BTK, and phosphorylation of numerous adaptor proteins
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membrane and degranulation. Furthermore, the translo-
cation of granules to the plasma membrane occurred in @
calcium-independent manner, but the release of mediators
and granule-plasma membrane fusion were completely
dependent on calcium. Thus, the degranulation process
can be dissected info two events: the calcium-independent
microtubule-dependent translocation of granules to the
plasma membrane and calcium-dependent membrane
fusion and exocytosis. Finally, we show that the Fyn/
Gab2/RhoA (but not Lyn/SLP-76) signaling pathway
plays a critical role in the calcium-independent microtu-
bule-dependent pathway.

(Eiseman and Bolen, 1992; Hata et al., 1998; Nadler et al.,
2000; Rivera, 2002; Siraganian et al., 2002). These adapters
include the linker for the activation of T cells (LAT), SH2
domain—containing leukocyte protein of 76 kD (SLP-76),
Grb2-associated binder 2 (Gab2), MIST/Clnk, 3BP2, and adhe-
sion- and degranulation-promoting adaptor protein (ADAP)
(Hamawy et al., 1997; Cao et al., 1999; Goitsuka et al., 2000;
Geng et al., 2001; Gu et al., 2001; Kimura et al., 2001; Sada
et al., 2002; Xie et al., 2002).

Gab2 is a member of the Gab family of adaptor proteins
and displays sequence similarity with Drosophila DOS, a sub-
strate for Corkscrew, a homologue of SHP2, a mammalian
protein tyrosine phosphatase (Hibi and Hirano, 2000; Liu and
Rohrschneider, 2002; Gu and Neel, 2003; Nishida and Hirano,
2003). The Gab family adaptor proteins are involved in signal
transduction through a variety of cytokine and growth factor
receptors including c-kit (Nishida et al., 1999, 2002). These
FceRI-associated adaptor proteins regulate the generation of
downstream second messengers, such as phosphatidylinositol-
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Figure 1. FceRl stimulation induces cytoskel-
etal rearrangement. (A-C) FceRl stimulation in-
duces microtubule formation. IgE-sensitized
BMMCs were stimulated with either vehicle
(A) or DNP-HSA (B) for 5 min and fixed, then
double stained with phalloidin-thodamine (red
fluorescence) and antibody to a-tubulin (green
fluorescence). Representative images by con-
focal microscopy are shown. C is a magnified
version of the region delineated by the dotted
line in B. Arrows indicate the structure of mi-
crotubules in BMMCs. Arrowheads indicate
the position of MTOC. Bar, 10 pm. (D-l) FceRl
stimulation induces F-actin ring disassembly.
IgE-sensitized BMMCs were stimulated with ei-
ther vehicle (D-F) or DNP-HSA (G-l) for 5 min.
Cells were stained with phalloidin-rhodamine
(red fluorescence). E and H show magnified
images for D and G, respectively. F and |
show intensity of F-actin by pseudo-3D analysis.
Bar, 10 pm. (J and K) Microtubule and F-actin
do not colocalize after stimulation. IgE-sensi-
tized BMMCs were stimulated with either vehi-
cle (J) and DNP-HSA (K). Cells were stained
with phalloidin-rhodamine (red fluorescence)
and antibody to atubulin (green fluores-
cence). Arrowheads indicate the position of
MTOC. Arrows indicate microtubules at the
cortical layer. Bar, 10 pm.

Red: F-actin

3,4,5-trisphosphate and the induction of calcium influx. The
deletion of adaptor proteins LAT, SLP-76, or Gab2 results in
decreased FceRI-mediated mast cell activation (Pivniouk et al.,
1999; Saitoh et al., 2000, 2003; Gu et al., 2001; Gonzalez-Espi-
nosa et al., 2003; Kettner et al., 2003). Collectively, these re-
ports indicate that adaptor proteins play important roles in mast
cell degranulation.

Recent studies suggest that FceRI-mediated signaling
occurs through two distinct adaptor complexes (Nadler and
Kinet, 2002; Parravicini et al., 2002; Blank and Rivera, 2004).
LAT forms a molecular complex that includes the adapters
SLP-76, Grb2, phospholipase Cy1, and the guanine nucleotide
exchange factor, Vavl. Assembly of the LAT complex requires
calcium signaling through PLCy1 and PLC~2. In addition, the
calcium response is partially impaired in Lyn-deficient mast
cells (Nishizumi and Yamamoto, 1997). On the other hand,
the adaptor molecule Gab2 has been shown to be critical for
mast cell signaling due to its ability to recruit PI-3 kinase
(Gu et al.,, 2001). Fyn is required for the FceRI-induced
phosphorylation of Gab2 and mast cell degranulation, but not
for calcium signaling (Parravicini et al., 2002). These reports

F-actinring

Green: tubulin

suggest the presence of a calcium-independent pathway in
mast cell degranulation, in addition to the well-known calcium-
dependent pathway.

The FceRI-mediated signal pathway controls cytoskeletal
rearrangements that influence and accompany mast cell de-
granulation. Two observations underscore the importance of
the microtubules in mast cell degranulation. First, tubulin poly-
merization-inhibiting agents can suppress FceRI-induced de-
granulation (Nielsen and Johansen, 1986; Tasaka et al., 1991;
Martin-Verdeaux et al., 2003). Second, FceRI-mediated move-
ment of granules is dependent on microtubules in the mast cell
line, RBL (Smith et al., 2003). These reports suggested that mi-
crotubules play an important role for mast cell degranulation.
However, the precise roles and molecular mechanisms of cy-
toskeletal rearrangements in the degranulation process were
not well known.

In this study, we demonstrated that the formation of mi-
crotubules is important for FceRI-induced granule transloca-
tion to the plasma membrane. Furthermore, we showed that
this process is dependent on the Fyn/Gab2/RhoA signaling
pathway, but independent of calcium, Lyn, and SLP-76.
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Microtubule and actin filament networks function cooperatively in
the process of vesicle and organelle transport (Goode et al., 2000).
We examined whether FceRI stimulation generates changes in cy-
toskeletal proteins such as tubulin or actin in bone marrow—derived
mast cells (BMMCs). After FceRI stimulation, we observed an en-
hancement of the intensity of tubulin staining (Fig. 1, A and B). We
also observed the microtubule structures between the cortical layer
and cytoplasmic region of the cells (Fig. 1 C). At the same time, we
noted disassembly of the cortical F-actin fluorescent ring (Fig. 1,
D-I). FceRI stimulation increased the number of cells displaying
fragmentation of the cortical F-actin rings (from 4.5 = 4.4% in un-
stimulated cells to 55.2 = 1.7% in stimulated cells, n = 300 cells;
Fig. 2 H). Microtubule and F-actin did not appear to colocalize af-
ter FceRI stimulation (Fig. 1, J and K). Microtubule was localized
to the area into which the F-actin ring had collapsed (Fig. 1 K).

Figure 2. Calcium is dispensable for microtubule for-
mation, but essential for F-actin disassembly. (A-F)
Microtubule formation is calcium independent. IgE-
sensitized BMMCs were stimulated with either vehicle
(A), DNP-HSA in normal medium (B), DNP-HSA in
calcium-free medium (C), DNP-HSA in calcium-free
medium containing EGTA (D), DNP-HSA in normal
medium containing xestospongin C (XeC, 10 pM) (E),
or DNP-HSA in calcium-free medium containing EGTA
and XeC (F). 5 min after stimulation, cells were fixed
and processed for double staining with phalloidin-
rhodamine (red fluorescence) and antibody to a-tubulin
(green fluorescence). Representative images by confo-
cal microscopy are shown. Bar, 10 um. (G) Measure-
ment of intracellular calcium IgE-sensitized BMMCs
were stimulated with either DNP-HSA (red line), DNP-
HSA in calcium-free medium containing EGTA (blue
line), or DNP-HSA in calcium-free medium containing
EGTA and XeC (green line) for indicated periods. In-
tracellular calcium was measured as described in
Materials and methods. (H) F-actin disassembly is
dependent on calcium. IgE-sensitized BMMCs were
incubated with either vehicle (1), DNP-HSA in normal
medium (2), DNP-HSA in calcium-free medium (3), or
DNP-HSA in calcium-free medium containing EGTA
(4) for 5 min. The F-actin ring was detected by phal-
loidin-rhodamine. The number of cells showing F-actin
disassembly was estimated using a quantitative infen-
sity analysis of pseudo-3D image. The values indicate
means =+ SD of three separate experiments. Statistical
analysis was performed using the ttest. Double asterisk
indicates P < 0.01 vs. antigen (Ag)-stimulated BMMCs
in normal medium. (I) Intracellular calcium is essential
for mast cell degranulation. IgE-sensitized BMMCs
were stimulated with either vehicle (1), DNP-HSA in
normal medium (2), DNP-HSA in calcium-free medium
(3), or DNP-HSA in calcium-free medium containing
EGTA (4) for 30 min. B-Hexosaminidase release was
measured for indication of mast cell degranulation.
The values indicate means = SD of three separate ex-
periments. Statistical analysis was performed using
the t test. Double asterisk indicates P < 0.01 vs. Ag-
stimulated BMMCs in normal medium.

Because intracellular calcium is important for mast cell
degranulation, we examined whether intracellular calcium was
required for the formation of microtubules and F-actin ring
disassembly. As shown in Fig. 2 (H and I), intracellular calcium
was essential for the FceRI-mediated F-actin ring disassembly
and degranulation. However, the FceRI-mediated microtubule
formation was observed in BMMCs in calcium-free medium or
medium containing EGTA (Fig. 2, A-D). Furthermore, we
showed that EGTA/xestospongin C (IP; receptor inhibitor) treat-
ment, which completely inhibited the increase of intracellular
calcium in BMMC:s (Fig. 2 G), did not inhibit FceRI-induced mi-
crotubule formation (Fig. 2, E and F). These results indicated that
the FceRI-mediated microtubule formation was calcium inde-
pendent, but the F-actin disassembly was dependent on calcium.

We next demonstrated the need for both microtubule formation
and F-actin ring disassembly in FceRI-mediated degranulation
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Figure 3. Microtubule dynamics are required for mast cell degranulation. (A-J) The effect of cytoskeletal inhibitors on microtubule formation and F-actin
disassembly. IgE-sensitized BMMCs were pretreated with either vehicle (A and F), latrunculin B (B and G), jasplakinolide (C and H), nocodazole (D and ),
or Taxol (E and J) as described in Materials and methods. Then, cells were stimulated with either vehicle (A-E) or DNP-HSA (F-J) in the presence of each
inhibitor. Cells were visualized by confocal microscopy. Bar, 10 pm. (K-N) The effect of cytoskeletal inhibitors on mast cell degranulation. IgE-sensitized
BMMCs were pretreated with either latrunculin B (K), jasplakinolide (L), nocodazole (M), or Taxol (N) as described in Materials and methods. Then, cells
were stimulated with various concentrations of DNP-HAS as indicated for 30 min in the presence of each inhibitor. B-Hexosaminidase release was mea-
sured for indication of mast cell degranulation. The values indicate means = SD of three separate experiments. Statistical analysis was performed using
the t test. Single asterisk indicates P < 0.05 vs. without inhibitor. Double asterisk indicates P < 0.01 vs. without inhibitor.

using various cytoskeletal inhibitors. First, we tested drugs af-
fecting F-actin, latrunculin B (which disrupts F-actin), and jas-
plakinolide (which stabilizes F-actin). Latrunculin B treatment
induced the disassembly of the F-actin rings (Fig. 3, B and G)
and significantly enhanced (3-hexosaminidase release (Fig. 3 K).
In contrast, jasplakinolide suppressed F-actin ring disassembly
(Fig. 3, C and H) and slightly reduced 3-hexosaminidase release

(Fig. 3 L). These results are consistent with the idea that the dis-
assembly of the F-actin ring is required, at least in part, for mast
cell degranulation in a calcium-dependent manner.

We next examined whether drugs affecting microtubules,
such as nocodazole (which disrupts microtubules) and Taxol
(which stabilizes microtubules), inhibited the FceRI-mediated mi-
crotubule formation and degranulation. As shown in Fig. 3 (D, I,
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Figure 4. Granule translocation does not require calcium, but does microtubule formation, Fyn, and Gab2. (A) FceRI stimulation induces the translocation
of granules to the plasma membrane. BMMCs expressing CD63-GFP were sensitized for 6 h with IgE and stimulated with either vehicle (left), DNP-HSA in
normal medium (middle), or DNP-HSA in calcium-free medium (right) for 10 min. Cells were fixed with 4% PFA for 30 min, and then attached to glass
slides by using cytospin. CD63-GFP was visualized by confocal microscopy. Representative images are shown. Bar, 10 um. Arrowheads show the struc-
ture of granules in the BMMC. (B) The fusion of CD63-containing granules to the plasma membrane is calcium dependent. IgE-sensitized BMMCs were
stimulated with either vehicle (leftf), DNP-HSA in normal medium (middle), or DNP-HSA in calcium-free medium (right) for 10 min. Cell surface expression
of CD63 was detected by FACS using anti-CD63. The number in the figures indicates the percentage of CD63-positive cells. (C) Calcium is not required
for FceRl-induced granule translocation. BMMCs expressing CD63-GFP were sensitized for 6 h with IgE and stimulated with DNP-HSA (Ag) in various con-
ditions as indicated for 10 min. Cells were fixed with 4% PFA for 30 min, and attached to glass slides by using cytospin. Cells were stained with phalloi-
din-thodamine (red fluorescence) to detect F-actin. Both F-actin and CD63-GFP were visualized by confocal microscopy. We calculated the frequency of
cells showing granule translocation to the plasma membrane according to the following criteria. The first criterion was the increase of yellow-color fluores-
cence around the plasma membrane, which was a result of the merge of phalloidin-thodamine and CDé3-GFP signal. The second was the obvious de-
crease of the cytoplasmic area containing CD63-GFP as compared with that of nonstimulated cells. The cells that satisfied both criteria were considered to
be positive for granule translocation. Representative images obtained in various conditions were shown in the bottom panel. We counted at least 90 inde-
pendent GFP-positive cells for each experiment. Statistical analysis was performed using the t test. Double asterisk indicates P < 0.01 vs. antigen-induced
BMMCs in normal condition. Bar, 10 um. (D) Fyn and Gab2 are required for FceRl-induced granule translocation. Either wild-type, Gab2-, Fyn-, Lyn-, or
SLP-76—deficient BMMC:s introduced with CD63-GFP were sensitized for 6 h with IgE and stimulated with DNP-HSA for 10 min. The frequency of cells
showing granule translocation to the plasma membrane was determined as described in the figure legend for panel C. The values are shown as means = SD
of three separate experiments. Statistical analysis was performed using the t test. Double asterisk indicates P < 0.01 vs. wild-type mast cells. (E-J) Partial
colocalization of CD63-containing granule with microtubules. IgE-sensitized BMMCs expressing CD63-GFP were stimulated with either vehicle (E-G) or
DNA-HSA (H-J) for 5 min. Cells were stained with antibody to a-tubulin (red fluorescence). Bar, 1 pum.
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and M), nocodazole inhibited not only microtubule formation but
also degranulation in BMMCs, indicating an important role for mi-
crotubule formation in mast cell degranulation. Furthermore, Taxol
stabilized microtubule formation and inhibited mast cell degranula-
tion (Fig. 3, E, J, and N). These results indicated that the dynamics
of microtubules play a critical role in mast cell degranulation.

Fc:sRI-mediated granule translocation
depends on microtubule dynamics, but
not calcium

To visualize the granules, we introduced a CD63-GFP fusion
protein into BMMCs. Before FceRI stimulation, we observed
that CD63-containing granule structures were retained in cyto-
plasm (Fig. 4 A, left) as reported by Nishikata et al. (1992). Af-
ter FceRI stimulation, the CD63-containing granules were trans-
located to the plasma membrane (Fig. 4 A, middle; Fig. S1 A,
available at http://www.jcb.org/cgi/content/full/jcb.200501111/
DC1). Consistent with this, FACS analysis showed the increase
of CD63 cell surface expression, indicating that granule—plasma
membrane fusion occurred (Fig. 4 B, middle).

Next, we investigated the role of microtubules in the
translocation of granules to the plasma membrane. As shown in
Fig. 4 C, treatment with nocodazole and Taxol decreased the
frequency of FceRI-induced granule translocation, revealing a
role for microtubules in this process. Consistent with this idea,
tubulin- and CD63-containing granules were partially colocal-
ized after stimulation (Fig. 4, E-J). Because microtubule forma-
tion was independent of calcium as described in Fig. 2, we
asked whether the translocation of granules to the plasma mem-
brane is also calcium independent. As shown in Fig. 4 A (right),
Fig. 4 C, and Fig. S1 B, the translocation of granules to the
plasma membrane still occurred in either calcium-free medium
or medium containing EGTA, conditions under which degranu-
lation was completely abolished (Fig. 2 I). Furthermore, we
showed that EGTA/xestospongin C treatment, which com-
pletely inhibited the increase of intracellular calcium in BM-
MCs (Fig. 2 G), did not inhibit the translocation of granules to
the plasma membrane (Fig. 4 C). In the absence of calcium, we
could not observe FceRI-induced increase of surface expression
of CD63 by FACS analysis (Fig. 4 B, right), indicating that
CD63-containing granules were translocated to the plasma
membrane without granule—plasma membrane fusion. Together,
these data clearly showed that the translocation of granules is
microtubule-dependent and calcium-independent, but the fusion
of granules to the plasma membrane is calcium dependent.

The Fyn/Gab2/RhoA- but not Lyn/SLP-76-
mediated pathway is required for the
Fc:sRIl-mediated formation of microtubules
and translocation of granules to the
plasma membrane

Fyn-deficient BMMCs are defective in degranulation, but they
have an intact calcium influx. The degranulation process is
known to be associated with phosphorylation of Gab2 in a Fyn-
dependent manner (Parravicini et al., 2002). Therefore, we ex-
amined the possibility that Fyn/Gab2 signaling is involved in
the translocation of granules to the plasma membrane.

JCB « VOLUME 170 « NUMBER 1 « 2005

Gab2- or Fyn-deficient BMMCs showed a decreased
B-hexosaminidase release (Fig. 5 A). We further confirmed that
the FceRI-induced phosphorylation of Gab2 was decreased in
Fyn-deficient BMMCs (Fig. 5 B). More importantly, the
FceRI-induced formation of polymeric tubulin was decreased
in Fyn- and Gab2-deficient BMMCs, as shown in Fig. 5 C.
Consistent with this, the microtubule formation was impaired
in Fyn- or Gab2-deficient BMMCs, but was intact in Lyn- and
SLP-76—deficient BMMCs (Fig. 5, D-M).

Cytoskeletal organization is regulated by small G pro-
teins such as Rho, Rac, and Cdc42 (Etienne-Manneville and
Hall, 2002). We examined RhoA and Rac activation in wild-
type and Gab2-deficient BMMCs, by measuring the GTP-
bound (active) RhoA and Rac after FceRI stimulation. The
amount of GST-Rhotekin—bound RhoA was significantly de-
creased in Gab2-deficient BMMCs compared with wild-type
cells at 5 min after stimulation (Fig. 6 A). We did not, however,
observe any difference in the time course of Rac activation be-
tween Gab2-deficient and wild-type BMMCs (Fig. 6 A).

We next examined the need for RhoA activation in mast
cell degranulation. We established RBL cells and BMMC:s that
stably expressed a dominant-negative form of RhoA (DN-
RhoA), and found that they showed a decrease in FceRI-medi-
ated degranulation and surface expression of CD63, compared
with mock-transfected mast cells (Fig. 6, B and C). We also
showed that DN-RhoA inhibited FceRI-induced microtubule
formation, whereas F-actin disassembly was not affected (Fig. 6,
D and E; unpublished data). Collectively, these data indicated
that RhoA protein is required for FceRI-induced microtubule
formation and degranulation.

Finally, we showed that there was a decrease in granule
translocation in Fyn- and Gab2-deficient BMMCs, whereas
granule translocation still occurred in Lyn- and SLP-76—defi-
cient BMMC:s (Fig. 4 D). Together, all these data indicate that
the Fyn/Gab2/RhoA signaling pathway is required for the mi-
crotubule-dependent FceRI-induced translocation of granules
to the plasma membrane.

Discussion

The calcium-independent microtubule-
dependent pathway in FcsRI-mediated
mast cell degranulation

FceRI-mediated degranulation has been thought to be depen-
dent on calcium influx. Studies of exocytosis in mast cells have
demonstrated that members of the SNARE family, including
SNAP-23, synaptotagmin, syntaxin (t-SNARE), and molecules
of the VAMPs family (v-SNARE) regulate granule-to-plasma
or granule-to-granule membrane fusion in response to elevated
cytosolic calcium concentrations (Castle et al., 2002). In addi-
tion to the calcium-dependent pathway, we here showed that
the calcium-independent and microtubule-dependent pathway
play a critical role in mast cell degranulation. Furthermore, this
pathway is regulated by Fyn/Gab2/RhoA signaling and is re-
quired for granule translocation to the plasma membrane.
These conclusions were drawn from the following results: (1)
FceRI stimulation induced the formation of microtubules; (2)
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(red fluorescence) and antibody to a-tubulin (green fluorescence). Representative images are shown. Bar, 10 pm.

agents affecting microtubule dynamics inhibited FceRI stimu- only involved in microtubule formation but also was required
lation—induced degranulation and the translocation of granules for degranulation and the translocation of granules to the
to the plasma membrane; (3) neither the microtubule formation plasma membrane; and (5) Lyn and SLP-76 were neither in-
nor the translocation of granules to the plasma membrane was volved in microtubule formation nor the translocation of
dependent on calcium; (4) Fyn/Gab2/RhoA signaling was not granules to the plasma membrane.
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experiments is shown for each panel. (B) RhoA is involved in mast cell degranulation. RBL-2H3 cells were stably transfected with Flag-RhoA N19 (DN-
RhoA) and pcDNA3 (mock). DN-RhoA or mock-introduced cells were sensitized with 0.5 p.g/ml IgE for 12 h, and stimulated with various concentra-
tions of DNP-HSA (Antigen) as indicated for 30 min. B-Hexosaminidase release was measured for indication of mast cell degranulation. The values
indicate means = SD of three separate experiments. Statistical analysis was performed using the t test. Double asterisk indicates P < 0.01 vs. mock-
introduced RBL-2H3 cells. Expression of Flagtagged DN-RhoA in RBL-2H3 stable transfectants were visualized immunoblotting with anti-Flag antibodies
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The presence of a calcium-independent pathway was sug-
gested previously by a study showing that Fyn-deficient BMMCs
have an impaired FceRI-induced mast cell degranulation, but
an intact calcium influx (Parravicini et al., 2002). Taking this
and our findings together, we propose that the mast cell degran-
ulation process can be dissected into two steps: the calcium-
independent and microtubule-dependent process and the cal-
cium-dependent one. The former step is involved in the
translocation of granules to the plasma membrane, the latter in-
volved in the fusion of granule with the plasma membrane and
exocytosis (Fig. 7).

Role of cytoskeletal rearrangements in
mast cell degranulation

Several studies have suggested the involvement of cytoskeletal
rearrangements in mast cell degranulation. Actin polymeriza-
tion—inhibiting agents increase both the rate and extent of
FceRI-induced degranulation (Frigeri and Apgar, 1999; Oka et
al., 2002), and biochemical studies indicated that FceRI stimu-
lation causes a rapid increase in the level of F-actin in RBL cells
(Pfeiffer et al., 1985; Frigeri and Apgar, 1999). Furthermore,
activation-induced rearrangement of microtubules is observed
in rat peritoneal mast cells while tubulin polymerization-inhibit-
ing agents inhibit degranulation (Nielsen and Johansen, 1986;
Tasaka et al., 1991; Martin-Verdeaux et al., 2003). However,
the precise roles of the cytoskeletal rearrangements in the mast
cell degranulation process have not been established.

We found that FceRI stimulation triggers F-actin ring
disassembly in a calcium-dependent manner in mast cells, and
that disruption of the F-actin cytoskeleton by latrunculin B en-
hances the FceRI-mediated mast cell degranulation. Others
have described a similar effect in RBL cells and neuroblastoma
cell lines (Frigeri and Apgar, 1999; Holowka et al., 2000;
Ohnishi et al., 2001). Together, these data suggest that F-actin
disassembly is involved in a mast cell exocytotic step. One ex-
planation is that the removal of cortical F-actin permits gran-
ules greater access to the plasma membrane. Alternatively, as
shown in chromaffin cells, cortical F-actin may act as a barrier
between the reserve and the release-ready secretory vesicle
pools (Cheek and Burgoyne, 1986; Vitale et al., 1995). F-actin
disassembly may act to disrupt this actin barrier. At present, we
do not have conclusive data indicating the precise role of F-actin
disassembly in mast cell degranulation.

We demonstrated that FceRI stimulation triggers the for-
mation of microtubules in a calcium-independent manner in
mast cells. We observed a rapid increase in the polymeric form
of tubulin soon after FceRI stimulation and an enhanced rate of
polymer formation over the next 15 min. FceRI-induced micro-
tubule formation returned to the basal level at 20 min after
stimulation. We found that nocodazole, which induces the de-
polymerization of the microtubule, significantly inhibited the
FceRI-mediated mast cell degranulation. We obtained similar

FceRl
Ca 2+ Ca 2+
dependent pathway independent pathway
Lyn Fyn
A/
LAT-SLP76-PLCy Gab2
Ca Z*mobilization RhoA

M \

Microtubule
formation

\/

Granule
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\/
SNARE complex

Granule-membrane | g—ov-—
fusion

Degranulation

Figure 7. Calcium-independent microtubule-dependent pathway is re-
quired for FceRI-mediated degranulation in mast cells. The FceRl-mediated
signaling pathway can be dissected info calcium-dependent and calcium-
independent pathways. The calcium-independent pathway is critical for
microtubule-dependent translocation of granules to the plasma membrane,
and this pathway is regulated by Fyn/Gab2/RhoA signaling.

results with Taxol, a stabilizer of microtubules. These data in-
dicated that a dynamic microtubule network is required for
mast cell degranulation.

We observed that granules containing CD63-GFP trans-
located to the plasma membrane within 10 min after FceRI
stimulation. The translocation of CD63-containing granule to
the plasma membrane could be induced as a result of granule—
granule fusion. However, this is unlikely because (1) the trans-
location of granule to the plasma membrane is calcium indepen-
dent; (2) it is considered that the membrane fusion is calcium
dependent in general (Lin and Scheller, 2000); and (3) it is re-
ported that granule—granule fusion is calcium dependent, like
the fusion of granule with the plasma membrane (Guo et al.,
1998). Actually, we observed the translocation of CD63-con-
taining granules to the plasma membrane in the absence of cal-
cium, under the condition that we did not observe FceRI-induced
increase of cell surface expression of CD63 by FACS analysis.
Furthermore, the observed translocation of granules to the
plasma membrane was totally dependent on a dynamic micro-
tubule network. These results support the idea that FceRI stim-
ulation induces the translocation of granules to the plasma
membrane in a manner dependent on microtubule and indepen-
dent of calcium, although the involvement of granule—granule
fusion in a part of the translocation process is not excluded.
Anyway, this is consistent with recent studies showing that
granules are translocated to the plasma membrane in RBL cells
after stimulation (Amano et al., 2001; Smith et al., 2003).

sensitized with IgE for 6 h. Cells were stimulated with DNP-HSA for 5 min. Cells were stained with antibody to a-tubulin (red fluorescence). Mock or
DN-RhoA transfected BMMCs were selected and mean fluorescence intensity of them was measured by Leica confocal software version 2.5. Statistical
analysis was performed using the t test. Double asterisk indicates P < 0.01 vs. mock-infected BMMCs.
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The Fyn/Gab2/RhoA-mediated pathway
controls the FceRIl-induced polymerization
of tubulin and translocation of granules
to the plasma membrane

Mast cell degranulation depends on the FceRI-induced forma-
tion of a complex consisting of several adaptor molecules and
catalytic enzymes, including src family kinases. However, lit-
tle is known about the molecular mechanism that relays the
early FceRlI-activated signals to cytoskeletal changes that oc-
cur subsequently. Our study provides the first direct evidence
for a critical role of adaptor proteins such as Gab2 in FceRI-
dependent microtubule organization. Using Gab2- and Fyn-
deficient BMMCs, we showed that the Fyn/Gab2-mediated
pathway controlled microtubule formation. We then found
that FceRI stimulation induced the activation of RhoA and
Rac, and that the activation of RhoA was decreased in Gab2-
deficient BMMCs. We also found that dominant-negative
RhoA, when introduced into mast cells, inhibited FceRI-
induced microtubule formation and degranulation. Consistent
with our findings, another group reported that Rho regulates
mast cell secretion (Price et al., 1995; Mariot et al., 1996).
These data indicated that the Rho GTPase activity is critical
for microtubule organization and degranulation in mast cells.
There are two potential effects of Rho on microtubule. One is
that Rho activation leads to microtubule stabilization. The
other is that Rho activation inactivates a microtubule-destabi-
lizing protein. Some reports have showed that Rho promotes
the stabilization of microtubule through its target mDia (Ish-
izaki et al., 2001; Palazzo et al., 2001). Further biochemical
analyses will clarify the mechanisms by which RhoA controls
microtubule organization.

In summary, our results in this paper showed that the
FceRI-mediated degranulation process can be dissected into
two steps: the calcium-independent microtubule-dependent
translocation of granules to the membrane, and the calcium-
dependent degranulation accompanied with granule—plasma
membrane fusion. We further showed that the Fyn/Gab2/RhoA
signaling pathway, but not the Lyn/SLP-76-mediated one,
plays a critical role in the calcium-independent microtubule-
dependent pathway (Fig. 7). These novel results inspire new
appreciation for the role of the microtubule cytoskeleton in
supporting secretory cell functions such as FceRI-mediated
degranulation in mast cells, and most likely in cells of other
lineages cells as well.

Materials and methods

Mice

The generation of Gab2-deficient mice from a C57BL6 and 129Sv mixed
background was reported by Nishida et al. (2002). Fyn- and Lyn-deficient
mice were derived from a C57BL/6 background (Yagi et al., 1993; Nish-
izumi et al., 1995). SLP-76—deficient mice were of a C57BL6 and 129Sv
mixed background. (Pivniouk et al., 1999).

Antibodies and reagents

Anti-Gab?2 antibodies were generated as described previously (Nishida et
al.,, 1999). Anti-Flag (M2) and anti-phosphotyrosine (4G10) antibodies
were purchased from Sigma-Aldrich and Upstate Biotechnology, respec-
tively. Latrunculin B, nocodazole, paclitaxel (Taxol), and xestospongin C
were purchased from Sigma-Aldrich. Jasplakinolide was purchased from
Molecular Probes, Inc.
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Primary mast cell cultures and cell lines

BMMCs were selectively grown in RPMI 1640 medium supplemented with
Il-3 (supernatant of a mil-3-producing cell line, CHOmIL-3-3-12M; a gift
from T. Sudo, Toray Industry, Inc.), 10% FBS, 10 mU/ml penicillin, and
0.1 mg/ml streptomycin for 4-8 wk. During culture the medium was
changed every 3-4 d, and the cells were transferred to new dishes to sep-
arate them from adherent cells. After 5 wk, culture BMMCs were ready for
in vitro experiments.

RBL-2H3 cells (a gift from T. Matsuda, University of Hokkaido, Hok-
kaido, Japan) were maintained in DME supplemented with 10% FBS.
cDNAs encoding Flag-RhoA (N19) were provided by Y. Ohba and M.
Matsuda (Research Institute for Microbial Diseases, Osaka, Japan). A total
of 10 ng linearized Flag-RhoA (N19) cDNA in a pcDNA3 vector was
transfected into RBL-2H3 cells by electroporation (950 wF, 250V). Clones
were selected with 1 mg/ml of G418 (Nacalai Tesque).

Degranulation assay

The degree of degranulation was defermined by measuring the release of
B-hexosaminidase. Cells (10%/ml) were preloaded for 6 h with anti-DNP
IgE (1 pg/ml, SPE-7) in medium (without IL-3). To measure B-hexosamini-
dase release, sensitized cells were stimulated with 100 ng/ml DNP-HSA
for 30 min in Tyrode’s buffer. Samples were placed on ice and then centri-
fuged at 1,500 rpm for 5 min. The enzymatic activity of B-hexosaminidase
in supernatants and cell pellets solubilized with 1% Triton X-100 in Ty-
rode’s buffer was measured with p-nitrophenyl N-acetyl-3-D-glucosaminide
(Sigma-Aldrich) in 0.1 M sodium citrate (pH 4.5) for 60 min at 37°C. The
reaction was stopped by the addition of 0.2 M glycine (pH 10.7). The re-
lease of the product, 4-p-nitrophenol, was detected by absorbance at
405 nm. The extent of degranulation was calculated by dividing the
4-p-nitrophenol absorbance in the supernatant by the sum of the absor-
bance in the supernatant and detergent-solubilized cell pellet.

Confocal microscopy

Separate aliquots of 5 x 10° cells were each sensitized with 1 pg/ml
SPE-7 for 6 h. Cells were pretreated with different reagents: 1 uM latrun-
culin for 15 min, 10 pg/ml nocodazole for 30 min, 5 uM jasplakinolide
for 3 h, and 10 uM paclitaxel for 30 min. Cells were stimulated with 100
ng/ml DNP-HSA for 5 min at 37°C and fixed with 4% PFA for 30 min at
37°C. Cells were centrifuged at 1,500 rpm for 5 min and permeabilized
in Perm Buffer (BD Biosciences) containing 1% BSA for 15 min at RT. Cells
were washed with T ml of PBS (—) twice and resuspended in 100 pl of
PBS (—) and attached fo glass slides using cytospin (Thramo Shandon) at
600 rpm for 6 min. Primary and secondary stainings were performed on
the glass slides: anti-a-tubulin (B5-1-2; Sigma-Aldrich) at a dilution of 1:50,
FITC-conjugated anti-mouse IgG (Molecular Probes, Inc.) at 1:50, Alexa
594—conjugated anti-mouse IgG at a dilution of 1:150, and phalloidin-
rhodamine (Molecular Probes, Inc.) at 1:150. Staining was performed for
30 min in the dark; the slides were then washed with PBS (=) and cover-
slips were mounted with DAKO mounting solution (DakoCytomation).
Confocal microscopy was performed using an LSM510 system in conjunc-
tion with an Axiovert200 (Carl Zeiss Microlmaging, Inc.).

Polymeric tubulin assay

After the stimulation the cells were suspended in extraction buffer, which
contained the following: 0.1 M Pipes, pH 7.1, T mM MgSO,, 1T mM
EGTA, 2 M glycerol, 0.1% Triton X-100, and protease inhibitors (10 wg/ml
leupeptin, 10 pg/ml aprotinin, 5 ng/ml pepstatin A, and 0.5 mM phenyl-
methysulfonyl fluoride). After incubation on ice for 15 min, the cell lysates
were centrifuged at 15,000 rpm for 15 min and the supernatant (contain-
ing 0.1% Triton-soluble tubulin) was placed into another 1.5-ml tube. The re-
maining pellet was resuspended in lysis buffer (25 mM Tris-HCI, pH 7.4,
0.4 M NaCl, and 0.5% SDS) and boiled for 10 min. The sample was cen-
trifuged for 15,000 rpm for 5 min, and the polymeric tubulincontaining su-
pernatant was collected and placed gently into another 1.5-ml tube. The
0.1% Triton-soluble and -insoluble solutions were subjected to SDS-PAGE
and detected by immunoblotting with anti-a-tubulin antibodies.

Detection of GTP-bound RhoA and Racl

GTP-bound RhoA and Racl were detected by pull-down assays. In brief,
the cleared lysates were incubated with GST-Rhotekin RBD fusion protein
(a gift from N. Mochizuki, National Cardiovascular Center Research Insti-
tute, Osaka, Japan) and 10 pl of glutathione-sepharose (Amersham Bio-
sciences). The GST-Rhotekin RBD/Rho-GTP complex was collected by in-
cubation with glutathione-sepharose beads and separated on an SDS
polyacrylamide gel. The GTP-bound RhoA was visualized by immunoblot-
ting with anti-RhoA antibodies (Santa Cruz Biotechnology, Inc.). To mea-



sure the Racl activity, cell lysates were incubated with GST-PAK CRIB
agarose beads (Upstate Biotechnology). GTP-bound Rac precipitated with
the beads was subjected to SDS-PAGE and detected by immunoblotting
with anti-Rac1 antibody (Upstate Biotechnology).

Measurement of intracellular calcium

BMMCs were sensitized with 1 jug/ml SPE-7 for 12 h and incubated with
the calcium-sensitive dye indo 1-AM (Molecular Probes, Inc.) in the pres-
ence of F127 and 0.2% FBS at 37°C for 30 min. Cells were washed twice
and resuspended in 1 ml Tyrode’s buffer containing 1 mM CaCl,. Cells
were analyzed for calcium mobilization in BD-LSR (BD Biosciences). Val-
ues were plotted as ratio of fluorescence at FL4 (Ca?*free indo-1) and FL5
(Ca?*-bound indo-1).

Retroviral transfection

Retroviral transfection was performed as previously described (ltoh et al.,
2002). The CD63-GFP plasmid (a gift from M. Nakanishi, Nagoya City
University, Nagoya, Japan) was inserted into the retroviral vector pMX (a
gift from T. Kitamura, University of Tokyo, Tokyo, Japan). This was then
used to transfect the 293T-based packaging cell line phoenix (a gift from
G. Nolan, Stanford University, Stanford, CA) with Lipofectamine 2000
(Invitrogen) to generate recombinant retroviruses. Bone marrow cells were
infected with the refroviruses in the presence of 10 pg/ml polybrene

(Sigma-Aldrich) and IL-3.

Online supplemental material

Fig. S1 shows the GFP fluorescence time-lapse recording of antigen-stimu-
lated BMMCs expressing CD63-GFP. Online supplemental material avail-
able at http://www.jcb.org/cgi/content/full /icb.200501111/DC1.
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