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Characterization of defects in a variant subline of RBL mast cells has revealed a biochemical event
proximal to IgE receptor (FceRI)-stimulated tyrosine phosphorylation that is required for multiple
functional responses. This cell line, designated B6A4C1, is deficient in both FceRI-mediated
degranulation and biosynthesis of several lipid raft components. Agents that bypass receptor-
mediated Ca?" influx stimulate strong degranulation responses in these variant cells. Cross-
linking of IgE-FceRI on these cells stimulates robust tyrosine phosphorylation but fails to mobilize
a sustained Ca?* response. FceRI-mediated inositol phosphate production is not detectable in
these cells, and failure of adenosine receptors to mobilize Ca®* suggests a general deficiency in
stimulated phospholipase C activity. Antigen stimulation of phospholipases A, and D is also
defective. Infection of B6A4C1 cells with vaccinia virus constructs expressing constitutively active
Rho family members Cdc42 and Rac restores antigen-stimulated degranulation, and active Cdc42
(but not active Rac) restores ganglioside and GPI expression. The results support the hypothesis
that activation of Cdc42 and/or Rac is critical for FceRI-mediated signaling that leads to Ca?*
mobilization and degranulation. Furthermore, they suggest that Cdc42 plays an important role in

the biosynthesis and expression of certain components of lipid rafts.

INTRODUCTION

Immune cell receptor activation triggers cascades of bio-
chemical pathways that lead to diverse cellular responses
such as stimulated exocytosis, production of lipid mediators,
and transcriptional activation. For the multichain immune
recognition receptors (MIRR) which include FceRI and other
Fc receptors (Daéron, 1997), T cell receptors (Davis et al.,
1998), and B cell receptors (Reth and Wienands, 1997), crit-
ical roles for nonreceptor tyrosine kinases in initiating these
signaling cascades are well-established, and the mechanisms
by which stimulated tyrosine phosphorylation leads to the
activation of downstream signaling events are understood in
some detail (Weiss and Littman, 1994; Kinet, 1999).
MIRR-stimulated Ca®* responses are central to the func-
tional responses elicited by these receptors, and much is
known about the mechanism by which this process is acti-
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vated. For most of the receptors in this family, cross-linking
initiates tyrosine phosphorylation of receptor-containing
ITAM sequences by Src family tyrosine kinases, and deter-
gent-resistant, glycolipid-enriched membrane rafts have
been implicated in this process (Field et al., 1997; Sheets et al.,
1999; Xavier and Seed, 1999). ITAM phosphorylation allows
recruitment and activation of Syk or Zap-70 tyrosine kinases
which in turn phosphorylate multiple protein substrates,
including the phospholipase Cy (PLCvy) subfamily that hy-
drolyze phosphatidylinositol-4,5-bisphosphate (PIP,). Addi-
tionally, there is evidence for the involvement of a second
family of tyrosine kinases, the Tec family, in activation of
PLCvy (Kurosaki, 1999).

Previous studies demonstrated that Syk-dependent ty-
rosine phosphorylation of PLCy1 and PLC~2 is necessary for
antigen-stimulated production of IP; via FceRI on RBL mast
cells (Zhang et al., 1996). Recent studies have suggested that
MIRR-stimulated tyrosine phosphorylation of PLCvy is not
sufficient for stimulated inositol-1,4,5-trisphosphate (IPj)
production. For example, molecular genetic studies identi-
fied Vav, a guanine nucleotide exchange factor for Racl, a
Rho family GTPase, as an essential protein for T cell recep-
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tor-mediated activation of IP; production (Costello ef al.,
1999). In Vav-negative cells, cross-linking of T cell receptors
caused tyrosine phosphorylation of PLCy1 similar to wild-
type cells, but failed to stimulate IP, production. In RBL-2H3
mast cells, evidence for the involvement of Racl and/or
Cdc42 in FceRI-mediated IP; production and Ca?* mobili-
zation was recently described (Hong-Geller and Cerione,
2000).

In the present study, we have characterized signaling
deficiencies in an RBL mast cell subline that was selected
following chemical mutagenesis because of a deficiency in
the expression of a mast cell-specific ganglioside (Stracke et
al., 1987; Oliver et al., 1992). Our results identify a defect in
FceRI signaling downstream of tyrosine phosphorylation
but upstream of phospholipase activation that can be over-
come by expression of constitutively active mutants of the
Rho family members Cdc42 and Rac. Furthermore, the ca-
pacity of activated Cdc42 (but not wild-type Cdc42) to re-
store ganglioside biosynthesis as well as FceRI signaling
reveal activation of this Rho family GTPase as a critical
defect in these mutant cells.

MATERIALS AND METHODS

Cell Lines

Mutant RBL-2H3 cells designated B6A4C1 were generated by expo-
sure to ethyl methane sulfonate followed by subcloning and iden-
tification of a subline deficient in IgE-mediated degranulation and,
initially, in binding of the monoclonal antibody AA4 (Stracke et al.,
1987) that is specific for a-galactosyl GDy,, gangliosides (Guo et al.,
1989). The wild-type RBL-2H3 cells used for these experiments were
previously characterized (Barsumian et al., 1981). Both cell lines
were maintained as previously described for the RBL-2H3 cells
(Pierini ef al., 1996).

Fluorescence Microscopy

Cells were labeled and analyzed by fluorescence confocal micros-
copy as previously described (Pierini ef al., 1996). Suspended cells
sensitized with FITC-IgE were fixed and permeabilized by cold
methanol for labeling with anti-Lyn and Cy3-conjugated secondary
antibody. For Cy3-AA4 mAb, Cy3-OX7 mAb (anti-Thy-1), and
FITC-cholera toxin B (Sigma Chemical Co., St. Louis, MO), cells
were either fixed with 3.7% formaldehyde and permeabilized with
0.1% Triton X-100 before labeling (as for Figure 1), or else labeled
with these antibodies at 4°C for 1 h, followed by washing and
formaldehyde fixation (as in Figure 10). For some experiments,
FITC-cholera toxin B-labeled cells sensitized with anti-DNP IgE
were also labeled with Cy3-conjugated DNP-BSA (Xu et al., 1998)
post fixation.

Degranulation and Ca** Measurements

Degranulation of RBL cells was measured by quantifying the release
of B-hexosaminidase activity as described (Harris et al., 1997). For
these experiments, cells were sensitized with biotinylated IgE (Field
et al., 1995) and allowed to adhere for 4-24 h in 24-well culture
plates. Cells were then triggered for 60 min in buffered salt solution
(BSS, pH7 .4; Harris et al., 1997) with 100 ng/ml DNP-BSA (Xu et al.,
1998), 10 nM streptavidin, 200 nM thapsigargin, 700 nM A23187, or
80 nM phorbol myristoyl acetate (PMA) and 700 nM A23187 (Sigma
Chemical Co).

Cytoplasmic Ca®>* responses were measured with indo-1 (Molec-
ular Probes, Eugene, OR) as previously described (Pierini et al.,
1997). Intracellular Ca?* is represented as the ratio of the observed
indo-1 fluorescence at each time point, minus background fluores-
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cence, to the maximal fluorescence obtained after lysing the cells
with TX-100, minus background fluorescence. Background fluores-
cence was determined following addition of 10 mM EGTA to sam-
ples in the presence of TX-100. Stimulants used were DNP-BSA,
thapsigargin, or the adenosine agonist 5'-(N-ethylcarboxamido)-
adenosine (NECA; Sigma Chemical Co.).

Anti-Phosphotyrosine Immunoblots

Cells sensitized with biotinylated IgE and suspended in BSS at 2 X
106 cells in 1 ml were stimulated with either 10 nM streptavidin, 100
ng/ml DNP-BSA or left unstimulated for 5 min at 37°C, then pel-
leted for 10 s at 5000 xg and resuspended in ice-cold lysis buffer
(Field et al., 1995) with 0.5% TX-100. After 15 min on ice the lysates
were cleared for 5 min at 5000 xg. For whole cell lysate immuno-
blots, 10* cell equivalents were analyzed, and the remainder of the
samples were used for immunoprecipitation. Samples were immu-
noprecipitated by incubating for 4 h on ice with 5 ug rabbit anti-IgE
(Menon et al., 1984), 2 pl rabbit anti-Syk antiserum (a gift from Dr.
J.-P. Kinet, Harvard Medical School), or 5 ug rabbit anti-PLC~y2
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA) followed by the
addition of 50 ul of Protein A Sepharose beads (Pierce Chemical Co.,
Rockford, IL) and incubation at 4°C for 1 h. The immunoprecipitates
were then washed twice in lysis buffer with 0.5% TX-100 and eluted
by boiling in SDS sample buffer. The whole cell lysates and immu-
noprecipitates were then run on 12.5% polyacrylamide gels in the
presence (anti-PLC%2) or absence of reducing agent (anti-IgE, anti-
Syk) and semidry transferred to Immobilon PVDF (Millipore Corp.,
Bedford, MA). The blots were blocked with BSA, probed with a
1:10,000 dilution of antiphosphotyrosine 4G10 conjugated to horse-
radish peroxidase (Upstate Biotechnology, Lake Placid, NY), and
developed with Enhance chemiluminescent substrate (Pierce Chem.
Co.).

Phospholipase Assays

Phospholipase C activity was assayed by measuring total inositol
phosphate production according to previously published methods
(Apgar, 1997). Briefly, RBL-2H3 and B6A4C1 cells were incubated
overnight in medium containing *H-myo-inositol to label the
polyphosphoinositides. The cells were activated with 50 ng/ml
DNP-BSA for 45 min at 37°C in the presence of 10 mM lithium
chloride. The cells were then extracted with chloroform/methanol
(1:1), and the radiolabeled inositol phosphates were isolated using
Dowex-1Cl~ (Berridge ef al., 1982; O’Rourke and Mescher, 1988) and
measured in a liquid scintillation counter.

Phospholipase A, activity was measured after culturing the cells
overnight in medium containing *H-arachidonic acid (Apgar, 1997).
RBL-2H3 and B6A4C1 cells were activated with 50 ng/ml DNP-BSA
or a combination of 500 nM A23187 and 50 nM PMA for 45 min at
37°C. Radiolabeled arachidonic acid and its metabolites released
from the cells upon activation were quantified in the cell superna-
tants by liquid scintillation counting.

Production of radiolabeled phosphatidylethanol was used to
measure phospholipase D activity (Lin ef al., 1992; Apgar, 1997).
After the cells were grown overnight in medium containing *H-
myristic acid to label the phospholipids, IgE-sensitized RBL-2H3
and B6A4C1 cells were stimulated either with buffer, 50 ng/ml
DNP-BSA, or a combination of 500 nM A23187 and 50 nM PMA in
the presence of 0.5% ethanol. The reaction was stopped after 45 min
by extraction of the cells with chloroform/methanol. TLC, using a
double one-dimensional system (Gruchalla et al., 1990), was used to
isolate the *H-phosphatidylethanol which was quantified by liquid
scintillation counting.

Assay for Actin Polymerization

Total F-actin content in RBL-2H3 and B6A4C1 cells was measured
using a modification (Frigeri and Apgar, 1999) of the method de-
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Figure 1. Confocal fluorescence images of mutant
B6A4C1 (right panels) and wild-type RBL-2H3 mast
cells (left panels). Cells were sensitized with FITC-IgE
(A-D) or unlabeled IgE (E-]), then fixed, permeabil-
ized, and labeled as described in Methods. Cells with
receptor-bound FITC-IgE (seen in A, B) were also
labeled with rabbit anti-Lyn and Cy3-antirabbit sec-
ondary antibody (seen in C, D). Separate samples
were labeled with Cy3-AA4 antiganglioside antibody
(E, F), Cy3-anti-Thy-1 (G, H), or FITC-cholera toxin A
specific for GM1 (I, ]). Images shown are representa-
tive of at least 95% of the cells observed (>200 cells in
two or more experiments for each marker). Scale
bars = 10 um.
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Figure 2. Degranulation of RBL-2H3
(open bars) and B6A4C1 (filled bars)
mast cells. Adherent cells were sensi-
tized overnight with biotinylated anti-
DNP IgE and stimulated for 60 min at
37°C with no trigger (unstimulated),
10 nM streptavidin, 100 ng/ml DNP-

Antigen

Streptavidin

(@]
Unstimu|atedﬁ

PMA+A23187

Stimulus

veloped previously (Watts and Howard, 1992). IgE-sensitized RBL
cells were incubated with either buffer, 50 ng/ml DNP-BSA, 10 nM
PMA, or 10 uM NECA. The reaction was stopped by the addition of
formaldehyde (3.7% final vol/vol). The fixed cells were permeabil-
ized with buffer containing 1% TX-100, and F-actin was stained with
NBD-phallacidin for 1 h at room temperature. The fixed cells were
washed twice with PBS and bound NBD-phallacidin was extracted
with methanol. The extracts were centrifuged to remove any insol-
uble material, and the relative fluorescence was measured using an
AMINCO Bowman series 2 spectrofluorometer with excitation and
emission wavelengths of 465 nm and 535 nm, respectively.

Vaccinia Virus Constructs and Infection

Construction of wild-type Cdc42, constitutively active Cdc42V!? and
constitutively active Rac¥'? were previously described (Hong-Geller
and Cerione, 2000). B6A4C1 cells were infected with recombinant
vaccinia virus at 20 pfu/cell for 6 h for degranulation experiments
and 12 h for biosynthesis experiments as previously described
(Hong-Geller and Cerione, 2000).

RESULTS

The B6A4C1 cell line was derived from mutagenized RBL-
2H3 mast cells and originally selected for the loss of expres-
sion of the mast cell-specific ganglioside, a-galactosyl GDyy,,
which is recognized by the monoclonal antibody AA4
(Stracke et al., 1987; Guo et al., 1989). This phenotype is
confirmed in Figure 1, which also compares the labeling of
permeabilized wild-type RBL-2H3 cells with the mutant
B6A4C1 cells for several proteins and for ganglioside GM,.
Cells colabeled with FITC-IgE (Figure 1, A and B) and with
anti-Lyn and Cy3-modified secondary antibody (Figure 1, C
and D) show similar, primarily plasma membrane staining
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—  BSA (antigen), 700 nM A23187 plus 80
nM PMA, 700 nM A23187, or 200 nM
thapsigargin, as indicated. Cellular su-
pernatants were assayed for B-hex-
osaminidase released from the cells as
described in Methods. Degranulation
is expressed as a percent of the total
B-hexosaminidase activity released by
TX-100 lysis, which was similar for
both cell lines.

A23187
Thapsigargin

in both cell lines. This demonstrates that the signaling de-
fects characterized below are not due to the absence of one
of these critical proteins. Labeling of a-galactosyl GD;,, in
permeabilized cells with Cy3-AA4 (Figure 1, E and F) results
in bright surface staining of the wild-type cells, but no
significant staining of the B6A4Cl1 cells, confirming that this
ganglioside is not expressed in these mutant cells. The ab-
sence of significant intracellular staining indicates that the
lack of surface expression is not due simply to a defect in
post-Golgi trafficking of this antigen.

We previously showed that a-galactosyl GD,,, ganglio-
sides coisolate with detergent resistant membranes (i.e.,
lipid rafts) from RBL-2H3 cells (Field ef al., 1995). Therefore,
we examined the expression of two other raft components
present on these cells: GPI-linked protein Thy-1 (Figure 1, G
and H) and ganglioside GM, (Figure 1, I and ]). Similar to
that observed for a-galactosyl GD,,,, B6A4C1 cells express
much less of these components than the RBL-2H3 cells,
which exhibit abundant surface expression, as well as some
intracellular label. These results suggest a general defect in
the biosynthesis of outer leaflet raft components but normal
expression of the inner leaflet raft component Lyn.

Degranulation

B6AA4C1 cells were originally characterized as degranulating
poorly in response to antigen (unpublished results). Figure 2
compares the release of p-hexosaminidase for RBL-2H3
(open bars) and B6A4C1 (filled bars) cells that were sensi-
tized with biotinylated IgE and stimulated with various
secretagogues. RBL-2H3 cells degranulated in response to
streptavidin or antigen-mediated cross-linking of biotinyl-
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ated IgE bound to FceRI. In contrast, BbA4C1 cells showed
only marginal responses to these stimuli. To determine if the
defect in FceRI signaling in the mutant cell line is before, or
subsequent to Ca®" mobilization, we triggered the cells with
stimuli that bypass FceRI. The Ca?* ionophore A23187, to-
gether with the protein kinase C (PKC) activator PMA,
stimulated strong degranulation in both RBL-2H3 and
B6AA4C1 cells (Figure 2). This demonstrates that the signaling
defect in this mutant cell line does not prevent activation of
downstream events. Also shown in Figure 2, B6A4C1 cells
responded to Ca?* ionophore alone (700 nM) to a larger
extent than RBL-2H3 cells. Similarly, thapsigargin, an inhib-
itor of endoplasmic Ca®>* ATPase which activates Ca?* in-
flux by causing depletion of internal Ca®* stores (Ali et al.,
1994), stimulates some degranulation of RBL-2H3 cells, and
B6A4C1 cells are stimulated significantly more (Figure 2).
The results indicate that B6A4Cl1 cells are very sensitive to
these downstream stimuli; thus, the defect in FceRI signaling
in these mutant cells appears to be upstream of Ca?* influx.

Ca?* Mobilization

The signaling defect in the B6A4C1 cells was further inves-
tigated by measuring their antigen-stimulated Ca?" re-
sponse. RBL-2H3 and B6A4C1 cells loaded with the fluores-
cent Ca?* indicator, indo-1, were triggered with multivalent
antigen while monitoring indo-1 fluorescence. RBL-2H3
cells (Figure 3A) displayed a typical response characterized
by a short delay, an initial rise contributed by the release of
Ca?* from internal stores, and a sustained plateau phase
due to Ca?* influx across the plasma membrane (Millard et
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al., 1988). In contrast, B6A4C1 cells showed only a small,
transient response (Figure 3C), suggestive of some Ca?*
release from internal stores that does not trigger sustained
Ca?* influx. When thapsigargin is used to stimulate the
B6A4C1 cells (Figure 3D), the Ca®>* response was qualita-
tively similar to that observed for RBL-2H3 cells (Figure 3B).
This confirms that the B6A4C1 cells are able to undergo
calcium influx across the plasma membrane when depletion
of intracellular Ca?" stores is sustained.

Tyrosine Phosphorylation

Because FceRI-stimulated Ca?" mobilization is defective in

the B6A4C1 cells, we examined the upstream tyrosine phos-
phorylation events. Figure 4A compares streptavidin-stim-
ulated tyrosine phosphorylation for B6A4C1 and wild-type
RBL-2H3 cells sensitized with biotinylated IgE. Both cell
lines exhibit robust stimulated tyrosine phosphorylation of a
number of different proteins, and, although some differences
appear in relative intensities of several bands, no consistent
differences were noted in multiple experiments. To further
compare and characterize activation of tyrosine kinases, we
immunoprecipitated known substrates and examined their
phosphorylation levels. The top panel of Figure 4B shows
that streptavidin-induced tyrosine phosphorylation of FceRI
B and v, subunits by Lyn is similar for both RBL-2H3 and
B6A4C1 cells. IgE-FceRI cross-linking also caused similar
amounts of phosphorylation of Syk tyrosine kinase in both
cell lines (Figure 4B, center panel), indicating a similar
amount of Syk activation (Rowley et al., 1995; Shiue et al.,
1995). Furthermore, a known substrate of Syk, PLCy2
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Figure4. Antiphosphotyrosineim-
munoblots of whole cell lysates and
immunoprecipitates from RBL-2H3
(wt) and B6A4C1 cells sensitized
with biotinylated IgE. (A) Time
course of tyrosine phosphorylation
stimulated by 10 nM streptavidin
for whole cell lysates. (B) Stimulated

B6A4C1 tyrosine phosphorylation of FceRI

(Zhang et al., 1996; Kurosaki, 1999) is tyrosine phosphory-
lated to the same extent in the two cell lines upon IgE-FceRI
aggregation by streptavidin (Figure 4B, bottom panel). In
experiments analyzing PLCyl immunoprecipitates, a small
amount of stimulated tyrosine phosphorylation was detect-
able in both cells lines (data not shown). These results indi-
cate that the earliest signaling events stimulated by FceRI,
namely, tyrosine phosphorylation of this receptor and Syk-
dependent substrates, occur equally well in the B6A4C1 and
RBL-2H3 cells.

Phospholipase Activation

Our findings of stimulated tyrosine phosphorylation of PLC
in the B6A4C1 cells, together with substantial reduction in
Ca?* mobilization, prompted us to investigate whether ino-
sitol phosphate production is stimulated in these cells. Fig-
ure 5 compares total inositol phosphates produced in the
RBL-2H3 cells and B6A4C1 cells in response to antigen
stimulation of IgE-FceRI. RBL-2H3 cells exhibited an ap-
proximately sevenfold increase, whereas B6A4C1 cells show
no significant increase following stimulation with DNP-
BSA. In other experiments, B6A4C1 cells failed to stimulate
IP; as determined with a competitive binding assay that
detected stimulated IP; in RBL-2H3 cells (data not shown).
Thus, the lack of stimulated inositol phosphate production
by FceRI cross-linking in B6A4C1 cells can account for the
defect in stimulated Ca?* mobilization.

To determine whether the defect in receptor-stimulated
inositol phosphate production in the B6A4C1 cells is specific
for PLCy isoforms, we compared activation of PLCB in

3666

Ag: 0 5 0 5
“aBuN

(top), Syk (middle), and PLCy2 (bot-
tom) immunoprecipitated from cell
lysates. Numbers along right mar-
gins of immunoblots indicate posi-
tions of molecular mass markers in
kDa.

RBL-2H3 and B6A4C1 cells. In these cells, PLCB can be
activated by pertussis toxin-sensitive, G-protein-coupled re-
ceptors such as the A3 adenosine receptor (Ali et al., 1996).
Stimulation by an agonist of this receptor, NECA, is not
sufficient to cause degranulation, but it does stimulate a
transient Ca?* response and enhance the degranulation re-
sponse to FceRI (Ali et al., 1990). Figure 6 shows a represen-
tative experiment in which NECA stimulated a transient
Ca?* response in RBL-2H3 cells (Figure 6A) but did not
stimulate a detectable response in B6A4C1 cells (Figure 6B).
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Figure 5. Total inositol phosphate production for RBL-2H3 and
B6A4C1 cells. Radiolabeled cells were sensitized with IgE and acti-
vated with 50 ng/ml DNP-BSA (filled bars) or left unstimulated
(open bars) for 45 min at 37°C in the presence of LiCl. Inositol
phosphates were isolated and their radioactivity was quantified by
liquid scintillation counting.
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tored with indo-1 fluorescence as described for
Figure 3, and 10 uM NECA was added where
indicated by the arrows.

In the same experiment, antigen stimulated a transient Ca®*
response in B6A4C1 cells that was much smaller than the
sustained response to antigen in RBL-2H3 cells, similar to
Figure 3 (data not shown). These results indicate that
B6A4C1 cells are defective in Ca?* mobilization mediated by
both PLCy and PLCpB-activating receptors.

Because stimulated PLC activity is not detectable in the
B6A4C1 cells, we tested antigen-mediated stimulation of
two other lipases, phospholipase A, (PLA,) and phospho-
lipase D (PLD). Figure 7A shows that antigen-stimulated
PLA, activity, measured as production of *H-arachidonic
acid metabolites, was not detectable in B6A4C1 cells,
whereas RBL-2H3 cells showed a 3.6-fold increase. For both
cell lines, Ca?* ionophore plus phorbol ester stimulated
robust PLA, responses, consistent with the observed de-
granulation responses (Figure 2). This indicates that PLA, in
B6AA4C1 cells is functional but not activated by FceRI cross-
linking. Similar to these results, Figure 7B shows that DNP-
BSA stimulated a significant PLD response in RBL-2H3 cells,
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but not in B6A4C1 cells. A23187 plus PMA stimulated a PLD
response in both cell lines, but the magnitude of this re-
sponse was smaller in the B6A4C1 cells. Because both PLA,
(Garcia-Gil and Siraganian, 1986) and PLD (Lin et al., 1991)
require extracellular Ca?* for antigen-stimulated membrane
recruitment and cellular activity, the deficiencies in their
activation by antigen in B6A4C1 cells may be a result of the
loss of stimulated Ca?* influx.

Stimulated production of PIP, may be required for sus-
tained activation of PLC, and it has also been implicated
in stimulated actin polymerization as a sink for actin
capping proteins such as gelsolin, thereby promoting mi-
crofilament growth (Apgar, 1995; Hartwig et al., 1995). We
investigated the stimulation of actin polymerization in
B6A4C1 cells by several different reagents previously
shown to active this process in RBL-2H3 cells (Apgar,
1994). Figure 8 shows that DNP-BSA, PMA, and NECA all
failed to stimulate significant increases in polymerized
actin in B6A4C1 cells under conditions in which they
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Figure 7. Arachidonic acid production (A) and PLD activation (B)
in stimulated RBL-2H3 and B6A4C1 cells. Cells were grown in the
presence of *H-arachidonic acid (A) or *H-myristic acid (B) as de-
scribed in Methods. IgE-sensitized cells were incubated with buffer
(open bars), 50 ng/ml DNP-BSA (filled bars), or 500 nM A23187
plus 50 nM PMA (hatched bars) for 45 min at 37°C in the absence
(A) or presence (B) of 0.5% (vol/vol) ethanol. Liquid scintillation
counting was used to quantitate radiolabeled arachidonic acid me-
tabolites released into the supernatant (A) or phosphatidylethanol
isolated by TLC (B).

stimulated strong responses in RBL-2H3 cells. These re-
sults indicate that B6A4C1 cells have a defect in stimu-
lated actin polymerization which may involve decreased
PIP, production (see Discussion).

Reconstitution of the Signaling and Biosynthesis
Defects in B6A4C1 Cells

Our characterization of the signaling defects in B6A4C1 cells
indicated that most of these could be accounted for by the
failure to activate PLCB and vy in these cells. A previous
study indicated that GTP-bound Cdc42 and Rac could acti-
vate PLCB2 in an in vitro assay with purified components
(llenberger et al., 1998). Furthermore, mutant forms of
Cdc42 and Rac, Cdc42V1? and RacV'?, which bind GTP in
stable complexes that constitutively activate effector proteins
were recently shown to enhance antigen-stimulated IP; pro-
duction and Ca** mobilization in RBL-2H3 cells (Hong-
Geller and Cerione, 2000). We therefore tested the capacity
of Cdc42V12 and RacV'? to reconstitute antigen-stimulated
degranulation in B6A4C1 cells.

For these experiments, B6A4C1 cells were infected for
6 h with vaccinia virus constructs expressing Cdc42V1?,
RacV!? or wild-type Cdc42. Figure 9 shows the results
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Figure 8. Polymerization of actin in RBL-2H3 and B6A4C1 cells
using different stimulants. Cells were sensitized with IgE and incu-
bated with buffer (open bars), 50 ng/ml DNP-BSA, 5 min (diago-
nally hatched bars), 10 nM PMA, 5 min (solid bars), or 10 uM
NECA, 1 min (horizontally hatched bars). Total F-actin content of
the cells was assayed by fixing the cells with formaldehyde, perme-
abilizing with detergent, and measuring the amount of bound NBD-
phallacidin. The data are expressed as the F-actin ratio which is
calculated as (F-actin in activated cells - background)/(F-actin in
unstimulated cells - background). The experimental error in all
cases is less than 8%.

from a representative experiment of this design. Infection
with the empty vaccinia vector causes a decrease in the
small response to antigen in B6A4C1 cells, similar to a
previously observed reduction with RBL-2H3 cells (Hong-
Geller and Cerione, 2000). Expression of Cdc42V!? restores
antigen-stimulated degranulation, whereas wild-type
Cdc42 does not. RacY'? causes a small increase in degran-
ulation in the absence of antigen, and a more substantial
increase in the antigen-stimulated response, similar to the
FceRI response in RBL-2H3 cells (Figure 2). Expression
levels for these vaccinia constructs were similar to each
other in the B6A4C1 cells and significantly greater than
the endogenous levels of Cdc42 and Rac expression in
these cells, as previously observed in RBL-2H3 cells
(Hong-Geller and Cerione, 2000; data not shown). A more
extensive characterization of the effects of these and re-
lated constructs reveals that Cdc42V'? and RacV'? also
restore sustained antigen-stimulated Ca?* responses in
B6A4C1 cells (E. Hong-Geller, D. Holowka, R. Siraganian,
B. Baird, and R.A. Cerione, submitted for publication).
These results, taken together, support the hypothesis that
activation of Cdc42 and/or Rac is a critical early event in
antigen-stimulated degranulation. Furthermore, they in-
dicate that the primary signaling defect in B6A4C1 cells is
at or upstream of this activation process.

We next characterized the effects of Rho family GTPases
on the defects in ganglioside and GPI protein biosynthesis
in B6A4C1 cells. Vaccinia infection of the mutant cells for
12 h with the Cdc42V'2 construct resulted in abundant cell
surface expression of GM; detected with FITC-cholera
toxin B subunit (Figure 10C), but infection with empty
vector did not induce GM, expression (Figure 10B). (The
right-hand side of Figure 10, F, G, H, I, and ] shows
Cy3-antigen bound postfixation to the same cells, identi-
fying those that are FITC-cholera toxin B-negative.) The
appearance of newly-biosynthesized surface label in the
Cdc42V12 -expressing cells is typically more punctate than
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Figure 9. Reconstitution of antigen-stimulated degranulation in
B6A4C1 cells by activated Cdc42 and Rac. Release of B-hexosamini-
dase was measured in IgE-sensitized, uninfected B6A4C1 cells or
B6A4C1 cells infected for 6 h with 20 pfu/cell of vaccinia virus
vector only (V) or vaccinia virus containing Cdc42V1?, Cdc42 wild-
type, or RacV'?, all in the presence or absence of 100 ng/ml DNP-
BSA as in Figure 1. Error bars indicate the range of duplicate
samples in a single experiment that is representative of results from
three independent experiments for each construct.

the uniform plasma membrane distribution in RBL-2H3
cells shown in Figure 10A. Qualitatively similar expres-
sion of the a-galactosyl GD,, gangliosides and Thy-1 are
also detected in B6A4C1 cells infected for 12 h with vac-
cinia virus expressing Cdc42V'? (unpublished observa-
tions). The more punctate distribution of these newly
synthesized lipid raft components is consistent with re-
sults of Hannan et al. (1993), who found that newly syn-
thetized GPI proteins are clustered and immobile when
they first arrive at the plasma membrane.

In contrast to the results with activated Cdc42, wild-type
Cdc42 expression does not cause the restoration of ganglio-
side expression (Figure 10D), consistent with the failure of
this form to restore antigen-stimulated degranulation (Fig-
ure 9). Somewhat surprisingly, RacV'? fails to reconstitute
biosynthesis of the outer leaflet lipid raft components (Fig-
ure 10E), contrary to its effective restoration of signaling
(Figure 9). These results were quantified as summarized in
Table 1. The difference between the large percentage of
GM; -expressing cells with Cdc42V'? (67%) and the low per-
centage of GM;-expressing cells with RacV!? (5%) indicates
that the function of Cdc42 in lipid raft biosynthesis probably
involves interactions with different effector proteins than
those involved in Cdc42/Rac-dependent signaling (see Dis-
cussion).
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Figure 10. Reconstitution of ganglioside biosynthesis and expres-
sion in B6A4C1 cells by activated Cdc42. Confocal fluorescence
images (greyscale) show representative IgE-sensitized RBL-2H3
cells or B6A4C1 cells infected for 12 h with the indicated vaccinia
virus constructs. Cells were labeled with FITC-cholera toxin B (A-E),
then fixed and postlabeled with Cy3-DNP-BSA (F-]) as described in
Methods. Some fluorescence bleedthrough of FITC into the Cy3
channel is noted. Scale bar = 10 um for all images.

DISCUSSION

The extensively studied RBL-2H3 mast cell line has permit-
ted detailed characterization of FceRI-mediated signaling,
and thereby has provided a useful system for understanding
the mechanisms of MIRR function in hematopoietic cells. In
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Table 1. Quantification of GM,; expression on RBL mast cells

GM1-positive®

Cells (%)
2H3 100
B6A4C1 + vector 11=*6
B6A4C1 + Cdc42V1? 67 + 18
B6A4C1 + Cdc42wt 13+1
B6A4C1 + RacV'? 5+2

?Percentage of cells labeled with FITC-cholera toxin B based on
scoring > 200 cells in two or more experiments * SD.

the present study, we describe a mutagenized RBL-2H3
cell line, B6A4C1, which fails to activate signaling path-
ways downstream of stimulated tyrosine phosphoryla-
tion, despite the apparently normal activation of Syk and
tyrosine phosphorylation of its substrates, including
PLCvy isoforms. Previous studies demonstrated that Syk
activation is necessary for downstream signaling and de-
granulation mediated by FceRI (Hirasawa et al., 1995;
Zhang et al., 1996), and the present results indicate that
there is a biochemical event downstream of stimulated
tyrosine phosphorylation that is also essential for FceRI-
stimulated Ca?* mobilization, degranulation, PLA, acti-
vation, and actin polymerization.

The capacity of constitutively active Cdc42 and Rac to
restore antigen-stimulated degranulation (Figure 9) and
Ca?" responses (Hong-Geller et al., submitted) suggest
that activation of endogenous Rho family GTPases is the
critical signaling event that is defective in the B6A4C1
cells. Consistent with this is the failure of wild-type Cdc42
or Rac expression to restore the signaling deficiencies in the
mutant cells (Figure 9 and Hong-Geller ef al., submitted). Based
on these results, we hypothesize that activation of Cdc42
and/or Rac is a pivotal event in FceRI-mediated stimulation of
Ca®" mobilization, degranulation, and other downstream sig-
naling by FceRI. However, it seems unlikely that activation of
Cdc42 /Rac is sufficient for Ca?* mobilization and other down-
stream signaling leading to exocytosis, as there is little or no
activation of these events by Cdc42V1? or RacY'? in the absence
of antigen stimulation. Recent evidence indicates that activated
Cdc42 and/or Rac participate in PLCy activation in RBL-2H3
cells (Hong-Geller et al., submitted), but the mechanism of this
effect is not yet clear. Stimulated tyrosine phosphorylation of
PLC is necessary for its activation by growth factors (Kim et
al., 1991) or antigen (Zhang et al., 1996) and appears to be
independent of the Cdc42/Rac-dependent step. It is possible
that a combination of tyrosine phosphorylation with a Cdc42/
Rac-dependent event is required for PLCy activation, and this
may account for all of the subsequent downstream events that
lead to exocytosis. In an analogous mechanism, activation of
PLCB by NECA may depend on Cdc42/Rac in addition to
heterotrimeric G- protein By interactions (Illenberger et al.,
1998).

Consistent with this hypothesis are recent descriptions
of T cells and B cells from Vav~/- mice, in which several
different signaling events downstream of tyrosine phos-
phorylation are diminished or absent (Fischer et al., 1998;
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Holsinger et al., 1998; O’Rourke et al., 1998; Costello et al.,
1999). Vav is known to be a guanine nucleotide exchange
factor with some preference for the Rho-family member
Racl (Crespo et al., 1997), but the mechanism by which
this protein participates in T and B cell receptor signaling
is not established. For Vav/- T cells, T cell receptor-
mediated IP; production (Costello et al., 1999), Ca?* mo-
bilization (Turner et al., 1997; Holsinger et al., 1998) and
F-actin polymerization (Fischer et al., 1998) are substan-
tially reduced or absent, as is stimulated IL-2 production
and proliferation (Fischer et al., 1998; Holsinger et al.,
1998; Costello et al., 1999). Similar to the signaling defects
in B6A4C1 cells, all of the responses that are downstream
of IP; production are observed in Vav/- T cells when
Ca?* ionophore and/or phorbol ester are used as the
stimulatory agent(s).

Activation of Cdc42 and Rac during FceRI-stimulated
signaling in RBL-2H3 cells may be mediated by a guanine
nucleotide exchange protein such as Vav, or by some
alternate mechanism. In some cells, phosphoinositide
3-kinase has been shown to participate in Vav-dependent
Rac activation (Rodriquez-Viciana et al., 1997; Han et al.,
1998), and it is possible that this step or some other step
upstream of Cdc42/Rac activation could be defective in
B6A4C1 cells. However, although phosphoinositide 3-ki-
nase is involved in antigen-stimulated IP; production in
RBL-2H3 cells, it does not appear to play a role in stim-
ulated actin polymerization in these cells (Barker et al.,
1995; 1998). This latter process is independent of extracel-
lular Ca2* (Pfeiffer et al., 1985) and can be activated by
phorbol esters or diacyl glycerol in the absence of Ca?*
ionophores (Figure 8 and Apgar, 1995).

Our results indicate that the mutant phenotype of
B6A4C1 cells can be accounted for by a single defect in
Rho-family activation. As described above, PLCvy activa-
tion by antigen may depend on Cdc42/Rac activation in
addition to stimulated tyrosine phosphorylation. In this
model, the absence of antigen-stimulated PLA, and PLD
activation in the mutant cells could then be attributed to
the absence of PLCy activation leading to sustained Ca®*
mobilization. A Cdc42/Racl-based defect in antigen-stim-
ulated PIP, synthesis may additionally play a role in the
signaling deficiences of the B6A4C1 cells. In Vav~/~ B cells,
coreceptor CD19-dependent enhancement of B cell recep-
tor activation is defective, and this defect correlates with
dependence on Vav for stimulated PIP, synthesis
(O'Rourke et al., 1998). Consistent with this model, we
observed that antigen-stimulated PIP, synthesis is sub-
stantially less in the B6A4C1 cells than in RBL-2H3 cells
(unpublished observations). Rho family members and
PIP, have been implicated in both actin polymerization
(Hartwig et al., 1995) and PLD activation (Brown et al.,
1993), so it is possible that the absence of stimulated actin
polymerization (Figure 8) as well as stimulated PLD (Fig-
ure 7B) in the mutant cells could be explained by defective
Cdc42/Rac activation separate from its effect on PLC
activation. Further studies will be necessary to determine
the relative contributions of Cdc42/Rac-dependent PIP,
synthesis and PLCvy activation on these downstream sig-
naling pathways.

The lack of expression of gangliosides GM, and a-galac-
tosyl GD,,,, and the GPI-linked protein Thy-1 in B6A4C1
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cells suggests a defect in lipid raft-associated biosynthe-
sis. These are all components of the plasma membrane
outer leaflet, and their expression at the cell surface de-
pends on trafficking from the Golgi complex via sphingo-
lipid / cholesterol-rich lipid rafts (Simons & Ikonen, 1997).
The capacity of active Cdc42 to restore this expression in
the mutant cells suggests that Cdc42 may play an impor-
tant role in this biosynthetic pathway. The incapacity of
activated Rac to restore this pathway indicates that ex-
pression of gangliosides and GPI-linked proteins may
depend on effector interactions that are specific to Cdc42.
Previous studies indicated that Cdc42 is highly localized
to Golgi in a brefeldin A-sensitive manner (Erickson et al.,
1996), and other studies have suggested participation of
this Rho-family member in membrane protein trafficking
in polarized epithelial cells (Kroschewski et al., 1999).

Restoration of lipid raft-mediated biosynthesis by ac-
tive Cdc42 but not wild-type Cdc42 further supports the
hypothesis that activation of Rho-family proteins is the
primary biochemical defect in B6A4C1 cells. Also consis-
tent with this hypothesis are the findings that expression
of 0-Dbl, a guanine nucleotide exchange factor for the Rho
family, partially restores both signaling (Hong-Geller et
al., submitted for publication) and GM, biosynthesis (un-
published results) in B6A4C1 cells. The differential capac-
ity of active Rac to restore signaling deficiencies but not
the biosynthetic defect indicates that this latter defect is
not critical for FceRI signaling in these cells. In this re-
gard, although certain lipid raft components are not ex-
pressed in B6A4C1 cells, we find that cross-link-depen-
dent IgE-FceRI association with detergent-resistant
membrane domains is preserved in these cells (data not
shown), consistent with lipid raft participation in antigen-
stimulated tyrosine phosphorylation.

In summary, analysis of mutant RBL mast cells pro-
vides evidence for a critical event in FceRI signaling
downstream of tyrosine phosphorylation that is necessary
for stimulated actin polymerization, sustained Ca®* mo-
bilization, and activation of phospholipases important for
mediator release. Restoration of antigen-stimulated sig-
naling leading to exocytosis by expression of constitu-
tively active Cdc42 or Rac implicates the activation of
these Rho-family GTPases as the critical signaling defect
in these cells. Restoration of ganglioside and GPI protein
expression in these cells by active Cdc42 suggests that this
Rho-family member also participates in the biosynthesis
of outer leaflet lipid raft components. Future studies will
explore the mechanisms by which these multifunctional
GTPases carry out these diverse roles.
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