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Background: The protein kinase Pakl stimulates mast cell degranulation, but the role of the more abundant isoform Pak2

in these cells is unknown.

Results: Pak2, unlike Pakl, inhibits mast cell degranulation via a GEF-H1-RhoA pathway.
Conclusion: Pak2 mediates signals between FceRI and secretion through regulation of the GEF responsible for RhoA activation.
Significance: Pak2 has an opposing role to Pakl in mast cell degranulation.

p21-activated kinase-1 (Pakl) is a serine/threonine kinase
that plays a key role in mediating antigen-stimulated extracel-
lular calcium influx and degranulation in mast cells. Another
isoform in this kinase family, Pak2, is expressed at very high
levels in mast cells, but its function is unknown. Here we show
that Pak2 loss in murine bone marrow-derived mast cells, unlike
loss of Pakl, induces increased antigen-mediated adhesion,
degranulation, and cytokine secretion without changes to extra-
cellular calcium influx. This phenotype is associated with an
increase in RhoA-GTPase signaling activity to downstream
effectors, including myosin light chain and p38MAPX, and is
reversed upon treatment with a Rho-specific inhibitor. Pak2,
but not Pakl, negatively regulates RhoA via phosphorylation of
the guanine nucleotide exchange factor GEF-H1 at an inhibitory
site, leading to increased GEF-H1 microtubule binding and loss
of RhoA stimulation. These data suggest that Pak2 plays a
unique inhibitory role in mast cell degranulation by down-reg-
ulating RhoA via GEF-H1.

Mast cells are immune cells that reside in nearly all vascular-
ized tissues, particularly in tissues in close contact with the
outside environment. Mast cells are one of the first immune
cells to interact with foreign allergens, and it is therefore critical
that these cells respond immediately to antigen by secreting
biologically active mediators to promote or down-regulate
inflammation (1). Secretion or degranulation is regulated by
antigenic challenge to the high affinity receptor for the Fc frag-
ment of IgE (FceRI). Upon antigenic challenge, a signaling cas-
cade of phosphatases and kinases is activated that coordinates
dynamic changes in the cytoskeleton to promote immediate
release of preformed granules via vesicle translocation and

fusion to the plasma membrane (1, 2). Despite significant
knowledge of mast cell biology and allergen response, the
downstream effectors that link the complete signaling cascade
from FceRI to degranulation remain poorly understood.

p21-activated kinases (Paks)? are serine/threonine protein
kinases that are activated by small GTPases, Racl and Cdc42.
Paks are known to regulate a variety of important cellular pro-
cesses, including control of the cytoskeleton and proliferation
(3, 4). Paks comprise a family of six enzymes that are catego-
rized into two subgroups: Group A (Pakl-3) and Group B
(Pak4—6). Group A Paks, in particular Pakl, have been much
studied due to their role in processes that affect neoplastic
growth (5-8). Given that degranulation requires complete
cytoskeleton rearrangement, we examined the roles of Group A
Pak members 1 and 2 in mast cell secretion.

Currently, there is limited research on the biological differ-
ences among the Pak Group A isoforms. Pakl and Pak2 are
broadly expressed and share many substrates in common,
including c-Raf and Mekl (3). However, despite extensive
structural similarities, particularly in the protein kinase
domain, hints are beginning to emerge that these two isoforms
have distinct functions. Gene knock-outs in mice reveal that
loss of Pakl is well tolerated, with notable defects only in sub-
sets of immune cells, such as mast cells and macrophages,
whereas loss of Pak2 results in early embryonic lethality (9 —-12).
In a breast carcinoma cell line (T47D), Pakl and Pak2 regulate
invasion by distinct signaling mechanisms: Pak1 via regulation
of cofilin phosphorylation and Pak2 via regulation of RhoA
GTPase activity (13). Similar results were reported by Bright
et al. (8), who showed that in DU145 prostate carcinoma
cells, Pakl promotes the loss of cell-cell E-cadherin junc-
tions, resulting in enhanced migration, whereas Pak2 does
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not affect migration but instead regulates lamellipodia
extensions.

We previously reported that PakI loss in mouse bone mar-
row-derived mast cells (BMMCs) was associated with reduced
MAPK phosphorylation (Erk1/2 and p38), resulting in impaired
stem cell factor-mediated migration in vitro and in vivo (11).
Pakl was found to positively regulate IgE-mediated degranula-
tion via regulation of extracellular calcium influx through mod-
ulation of F-actin rearrangement (10). Recent data indicate that
Pakl regulates mast cell cytoskeleton rearrangement and
degranulation through a kinase-dependent interaction with the
phosphatase PP2A, which regulates Ezrin/Radixin/Moesin
(ERM) proteins that uncouple the plasma membrane from
actin prior to degranulation (14). These studies suggested that
Group A Paks play a positive role in mast cell secretion and
would be beneficial targets in asthma-related diseases.

In this study, we generated a conditional Pak2 knock-out
animal to investigate the function of other Group A Paks in
allergen-mediated secretion. Surprisingly, we found that Pakl
and Pak2 play distinct and, in some cases, opposing roles in
mast cell secretion. In contrast to Pakl, we found that Pak2 is a
negative regulator of secretion via phosphorylation and inacti-
vation of GEF-H1, leading to RhoA GTPase inhibition. These
studies establish vital but distinct roles for Pakl and Pak2 in
mast cell secretion.

EXPERIMENTAL PROCEDURES

Mice—Syngeneic Pak2"/" mice on mixed background (sv129/
C57Bl/6) were used for experimentation. Animal care and
experimental procedures were conducted on a protocol
approved by the Fox Chase Cancer Center Institutional Animal
Care and Use Committee.

Genotyping by PCR—Tail DNA was digested with DirectPCR
lysis buffer (Viagen, Los Angeles, CA) for tails with proteinase K
and used for polymerase chain reaction (PCR) designed to
amplify DNA fragments from the WT and targeted Pakl and
Pak?2 alleles. For Pakl genotyping, a common forward primer
(5"-GCCCTT CACAGG AGC TTA ATG A-3') was used with
a PakI-specific reverse primer (5'-GAA AGG ACT GAA TCT
AAT AGC A-3’) to amplify a 240-bp product from the WT
allele and with a neo-specific reverse primer (5'-CAT TTG
TCACGT CCT GCACGA-3’) to amplify a 360-bp product
from the targeted allele.

For Pak2™” genotyping, the forward primer was 5'-ATC-
TTCCCAGGCTCCTGACA-3', and the reverse primer was
5'-TGAAGCTGCATCAATCTATTCTG-3". WT mice dem-
onstrate a 306-bp band, and floxed mice demonstrate a 391-bp
band.

Cre Activation—A retroviral vector for Cre recombinase
(MSCV-CRE-ERT2) under tamoxifen control was used to
excise Pak2 (Addgene plasmid 22776) (15). Cre-ERT2 contains
Cre-recombinase fused to the ligand-binding domain of a
mutated estrogen receptor, which recognizes tamoxifen or its
derivative 4-hydroxytamoxifen (4-HT). This construct permits
tamoxifen-dependent Cre activity. Recombinant virus was pro-
duced by retroviral packaging into 293-FT cells and co-trans-
fected using Lipofectamine 2000 with vectors pVPack gag-pol
and pVPack eco (Stratagene, La Jolla, CA). Viral supernatant
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was collected 48 and 72 h after transfection. Transduction of
bone marrow was performed within 1 week of extraction and
performed by spin infection with 4 ug/ml Polybrene. At least
two rounds of transduction were performed prior to the addi-
tion of puromycin for drug selection. 250 nm 4-HT was added to
mature mast cells 4 days prior to experimentation. Western
blot analysis confirmed deletion of Pak2 by 4 days.

Western Blotting—Whole-cell protein extracts after antigen
stimulation were prepared by the addition of lysis buffer (50 mm
Tris, pH 7.4, 150 mm NaCl, 2 mm EDTA, pH 8.0, 1% Triton
X-100, 1 mm PMSF, 1 mMm NaF, 1 mm Na;VO,, 10% glycerol,
and Complete protease inhibitor (Sigma), clarified by centrifu-
gation, and denatured with 1X SDS sample buffer. Samples
were separated by SDS-polyacrylamide gel electrophoresis
(PAGE) on a 4-20% gradient gel (Bio-Rad) and transferred to
PVDF membrane. Blots were probed with anti-Pak1, anti-Pak2,
anti-phospho-phospholipase Cvyl, anti-total phospholipase
Cv1, anti-phospho-myosin light chain 2, anti-total myosin light
chain 2, anti-phospho-stathmin, anti-phospho-p38, anti-p38,
anti-phospho-ERK1/2, anti-ERK1/2, and anti-GEF-H1 (all
1:1000, Cell Signaling, Danvers, MA). Anti-phospho-GEF-H1
(Ser-885) was a gift from Celine DerMardirossian. All blots
were then visualized with HRP-conjugated goat anti-rabbit or
anti-mouse IgG antibody (1:10000; Jackson ImmunoResearch
Laboratories, West Grove, PA). Films were developed using
enhanced chemiluminescence (ECL) (EMD Millipore). Phos-
phorylated proteins were quantified by subjecting autoradio-
graphs to densitometry (NIH Image] software) and calculated
relative to total protein. Bands were normalized to background,
and the ratio of background-corrected raw intensities of pro-
tein of interest/total protein was calculated.

Cell Culture and Activation—BMMCs were cultured in
RPMI (Invitrogen) supplemented with 15% fetal calf serum, 1%
glutamine, 1.5% 1 m HEPES, 2% penicillin/streptomycin, 5
ng/ml recombinant murine interleukin-3 (IL-3), and 10 ng/ml
stem cell factor (PeproTech, Rocky Hill, NJ). All cellular and
biochemical assays used BMMCs that had been in culture
between 4 and 10 weeks. All experiments were conducted using
at least three independent lines from each genotype. BMMCs
were sensitized in cytokine-free medium with 0.5 pwg/ml anti-
DNP IgE monoclonal antibody (clone SPE-7; Sigma-Aldrich)
overnight and stimulated with 10 and 30 ng/ml dinitrophenyl
conjugated to human serum albumin (DNP-HSA, 30-40 mol
of DNP/mol HSA; Sigma-Aldrich) for degranulation assays and
100 ng/ml dinitrophenyl in phosphorylation and pulldown
assays.

Detection of c-Kit/FceRI Receptors— c-Kit and FceRI expres-
sion were analyzed by fluorescence cytometry as described (16).
Cells were blocked with unconjugated anti-FcyRII/III (BD
Pharmingen) and stained with anti-DNP monoclonal antibody
IgE clone SPE-7 (Sigma-Aldrich), anti-mouse CD 117 (c-Kit)
phycoerythrin-conjugated antibody, and FITC-conjugated
anti-mouse IgE (both BD Pharmingen) secondary antibody.
Cells were washed and resuspended in 0.5% FBS, PBS buffer.
Cells were analyzed on a FACSCalibur (BD Biosciences).

Degranulation—BMMC degranulation was determined by
B-hexosaminidase release as described previously (17) with
minor modification. IgE-primed (see “Cell Culture and Activa-
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tion”) BMMCs were suspended at 5 X 10° cells/ml in HEPES-
BSA buffer (10 mm HEPES buffer, 130 mm NaCl, 5 mm KCl, 1.4
mMm CaCl,, 1 mm MgCl,, 5.6 mMm glucose, 0.05% BSA, pH 7.4)
and then stimulated with 10 or 30 ng/ml DNP-HSA (Sigma-
Aldrich) for 45 min at 37 °C. For receptor-independent stimu-
lation, unsensitized cells were incubated in HEPES-BSA buffer
and stimulated with 1 um ionomycin for 45 min. The cell pellets
were solubilized in HEPES-BSA buffer, 0.5% Triton X-100.
B-Hexosaminidase release was measured in both the superna-
tants and the cell pellets by incubating with 4-nitrophenyl
N-acetyl-B-p-glucosaminide (Sigma-Aldrich) in sodium citrate
(pH 4.5) for 1.5 hat 37 °C. Sodium carbonate/sodium bicarbon-
ate buffer (0.1 M, pH 10) was used to stop the reaction, and
absorbance was read at 405 nm. Degranulation was expressed
as a percentage of B-hexosaminidase released = supernatant
activity/total (supernatant plus pellet) activity X 100. Samples
were assayed in triplicate.

ELISA—BMMC cytokine secretion was determined using
ELISA for tumor necrosis factor-a (TNF-«) and IL-6 (eBiosci-
ence, San Diego, CA). Cells were sensitized overnight in cyto-
kine-free medium with 0.5 pg/ml anti-DNP IgE. Cells were
washed and stimulated with 30 ng/ml DNP-HSA for 6 h. Super-
natants were collected, and cytokine release was measured.
Cytokine release was normalized to phorbol 12-myristate
13-acetate and ionomycin treatment.

GTPase Pulldown Assays—Recombinant glutathione S
transferase (GST)-conjugated PAK CRIB domain was ex-
pressed from pGEX-CRIB, and Rhotekin RBD-GST beads were
acquired from Millipore. Cells were sensitized overnight in
anti-DNP IgE (Sigma) without cytokines and stimulated with
100 ng/ml DNP-HSA for 10 min at 37 °C. Lysates were incu-
bated with CRIB-GST or RBD-GST beads for 45 min rotating at
4 °C, washed, and run out on a 4-20% SDS-PAGE gel (Bio-
Rad). Immunoblots of lysates incubated with beads and input
were probed for anti-RhoA (Santa Cruz Biotechnology, Santa
Cruz, CA), anti-Racl (BD Transduction Laboratories), or anti-
Cdc42 (Cell Signaling). GTP-bound lane intensity was normal-
ized to input lane intensity and calculated relative to unstimu-
lated levels in wild-type cells using Image] (National Institutes
of Health).

BMMC Adhesion Assay—BMMCs were starved of cytokines
and sensitized overnight with anti-DNP-IgE (0.5 ug/ml). Cells
were washed in HEPES-BSA buffer and placed in wells of a
96-well black microtiter plate (5 X 10* cells/well). Wells were
precoated with 0.2% gelatin for 1 h and washed, and serum was
added for 1 h at room temperature. This procedure resulted in
afibronectin coating of the wells. After 30 min of rest, cells were
stimulated with DNP-HSA (1 or 10 ng/ml) for 45 min. 10 min
prior to the end of the assay, the membrane-permeable viability
dye calcein-AM (2 pg/ml) (eBioscience) was loaded onto the
cells. A PerkinElmer Life Sciences Envision plate reader was
used to measure fluorescence at 530 nm. First, wells were read
to obtain a total fluorescence, after which they were washed,
and bound cells were measured. Background fluorescence was
subtracted, and the percentage of adherence was calculated by
taking adherent cell fluorescence as a percentage of total well
calcein-AM fluorescence. At least three individual mice were
used per group, and assays were run in triplicate.
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Calcium Mobilization—IgE-primed BMMCs were resus-
pended at 10° cells/ml in HEPES-BSA buffer containing Indo-
1-AM (eBioscience) and probenecid at 37 °C for 1 h. Cells were
washed and resuspended at 10° cells/ml in HEPES-BSA buffer.
Samples were warmed to 37 °C, and base-line fluorescence was
measured for 1 min. 30 ng/ml DNP-HSA was added to the cells,
and the change in fluorescence (420 nm Ca**-bound, 510 nm
Ca®"-free) was monitored using the JSAN flow cytometer for 6
min. Positive controls were measured by stimulation with 1 um
thapsigargin. Data were graphed using FlowJo software (Tree-
Star, Ashland, OR) and also used to analyze peak calcium flux
normalized to base-line levels.

In Vitro Kinase Assay—HEK293 were transfected with
pCDNA3-GEF-H1-GFP (gift from Celine DerMardirossian)
using Lipofectamine 2000. Protein was purified using anti-GFP
antibody (Santa Cruz Biotechnology) and conjugated to protein
A/G-Sepharose beads (GE Healthcare). Protein was treated
with A-phosphatase (New England Biolabs) prior to use in the
kinase assay. Immunoprecipitated GEF-H1 was incubated with
recombinant Pak2 (ProQinase, Freiburg, Germany) and ATP in
kinase buffer (40 mm HEPES, pH 7.5, 10 mm MgCl,, 20 um
ATP) for 30 min at 30 °C. The reaction was fractionated on a
4-20% SDS-PAGE gel (Bio-Rad) and transferred to PVDF
membrane. Membranes were probed for phospho-Ser-885
GEF-H1 (a gift from Celine DerMardirossian) and total
GEF-H1 (Cell Signaling).

RESULTS

Genetic Disruption of Murine Pak2—Previously, we reported
that Pakl was a positive regulator of antigen-mediated degran-
ulation in BMMC:s via regulation of extracellular calcium flux
(10). A closely related isoform, Pak2, is expressed at much
higher levels than Pak1 (Fig. 1A) in mast cells; thus, we assessed
the function of this kinase in antigen-mediated degranulation.
Because the deletion of the Pak2 gene is associated with embry-
onic lethality at approximately embryonic day 8 (12), we made a
conditional knock-out of this gene. A targeting vector was
designed to flank exon 2 of Pak2 with loxP sites.

To confirm that the Pak2 floxed alleles functioned as
expected, bone marrow from Pak2"*/"* mice was infected
with a tamoxifen-regulated Cre recombinase retrovirus
(MSCV-Cre-ERT2). After maturation to mast cells, the cells
were treated with 250 nm 4-HT for 4 days to excise Pak2. Pro-
tein extracts from these cells were immunoblotted and probed
with anti-Pak2 antibodies (Fig. 1B). As expected, 4-HT-treated
Cre-ERT2-infected cells showed near total loss of Pak2 protein.
For comparison, immunoblots from Pakl1~'~ BMMCs are also
shown. Deletion of either kinase did not affect protein levels of
the other Pak isoform (data not shown).

Mast Cell Maturation from Pakl- and Pak2-deficient
Mice—Bone marrow was cultured for 5 weeks with IL-3 and
stem cell factor to derive mature mast cells. The development
and maturation of these cells were measured using flow cytom-
etry analysis of the cell surface receptors FceRI and c-Kit
(CD117). Flow cytometry plots demonstrated over 90% FceRI ™
c-Kit* mature mast cells after 5 weeks of culture (Fig. 1C), irre-
spective of the presence or absence of Pakl or Pak2 protein.
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FIGURE 1. Effect of Pak1 and Pak2 on mast cell maturation and antigen-mediated secretion. A, WT MC-9 mouse mast cell line lysates were subjected to
immunoblotting and probed with either anti-Pak1 or anti-Pak2 antibodies. Membranes were exposed together on the same film for the same amount of time
for semiquantitative analysis. 10-s and 1-min exposures are shown, with loading control actin. B, BMMC lysates from Pak1 knock-out mice and Pak2™" infected
with MSCV-Cre-ERT2 and treated with 250 nm 4-HT with actin loading control. C, loss of Pak1 or Pak2 does not affect expression of mast cell maturation markers.
Mast cells were cultured for 4 weeks with cytokines, and expression of c-Kit and FceRI was measured by FACS. Double-positive cells (upper right quadrant) are
mature mast cells. Data shown are representative of six independent lines from each genotype. D, B-hexosaminidase release was measured in IgE-primed Pak1
and Pak2 knock-out BMMCs stimulated with 10 or 30 ng/ml DNP-HSA for 45 min. Average percentages of control of at least three independent experiments run
in triplicate are shown here with standard deviations. FceRl-independent degranulation is shown with ionomycin treatment. In all conditions, the extent of
degranulation is represented as the percentage of total B-hexosaminidase activity in cells. *, p value < 0.05, Wilcoxon signed-rank test. £, ELISA was performed
for TNF-a and IL-6 secreted by Pak1 knock-out and Pak2 knock-out BMMCs in response to 30 ng/ml DNP-HSA. Results are shown as average -fold change over

WT cells for at least three independent experiments run in triplicate. *, p value < 0.05, Wilcoxon signed-rank test.

Thus, neither Pakl nor Pak?2 is essential for full maturation of
bone marrow into mast cells in vitro.

Pak2 Is a Negative Regulator of Mast Cell Secretion—To
examine the physiological responses of Pak2-deficient mast
cells in vitro, we measured antigen-mediated degranulation and
cytokine secretion. Previously, Pakl was identified to regulate
antigen-mediated degranulation in vitro (10). To determine
whether Pak2 shares these properties, Pak2-deleted mast cells
were sensitized with 0.5 pg/ml anti-DNP IgE overnight. The
level of degranulation was measured by the amount of 3-hexo-
saminidase release (an enzyme present in mast cell preformed
granules). Surprisingly, Pak2-deleted mast cells showed a sig-
nificant increase in degranulation (p value < 0.05, Wilcoxon
signed-rank test) when compared with cells from the same
mouse without Cre activation (infected with MSCV-Cre-ERT2;
however, not given 4-HT) (Fig. 1D). Total enzyme content
measured in the cell pellet was similar between Pak2™" and
Pak2~'~ cells, indicating that Pak2 deletion had no effect on
the amount of B-hexosaminidase present, only on the release of
granules. This finding is in stark contrast to PakI-deleted mast
cells, which had reduced degranulation (p value < 0.05, Wilc-
oxon signed-rank test), as reported previously (10) (Fig. 1D). To
rule out nonspecific effects of Cre activation, Cre was activated
in WT BMMCs and measured for degranulation. In these cells,
no enhanced degranulation was observed (data not shown).

We also tested the response to ionomycin, a calcium iono-
phore used to activate store-operated calcium channels and
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initiate degranulation independent of antigen, and demon-
strated no differences between genotypes. (Fig. 1D). Thus, our
data show that Pak1 and Pak2 play opposing roles in IgE-medi-
ated degranulation in mast cells; Pakl positively regulates and
Pak2 negatively regulates degranulation.

Activated mast cells also synthesize and secrete cytokines in
response to antigen. We measured the release of IL-6 and
TNF-« in FceRI-activated mast cells by ELISA and found that
Pakl~'~ BMMCs were defective in secretion of IL-6 (p value <
0.05, Wilcoxon signed-rank test) and TNF-« (p value < 0.05,
Wilcoxon signed-rank test), consistent with the defect in
degranulation (Fig. 1E). Alternatively, Pak2 '~ BMMCs dem-
onstrated significantly enhanced cytokine secretion for IL-6 (p
value < 0.05, Wilcoxon signed-rank test) and TNF-« (p value <
0.05, Wilcoxon signed-rank test) (Fig. 1E). These results show
that, as with degranulation, Pakl and Pak2 play opposing roles
in IgE-mediated secretion of cytokines from mast cells.

FceRI-dependent Calcium Mobilization Is Dependent on
Pakl but Not Pak2—The profound differences in regulation of
degranulation between Pakl and Pak2 in mast cells led us to
examine differences along the signaling pathway leading to IgE-
mediated degranulation. Antigen-induced phospholipase-Cyl
(PLCv1) activation leads to inositol 1,4,5-trisphosphate-depen-
dent release of calcium from the endoplasmic reticulum, result-
ing in influx of extracellular calcium. Because neither loss of
Pakl nor loss of Pak2 was associated with alterations in phos-
phorylation of PLCy1 at Tyr-783 (Fig. 24), this lead us to exam-

JOURNAL OF BIOLOGICAL CHEMISTRY 977



Pak?2 Inhibits Mast Cell Function

A y Pak2™ + Cre-ERT2
WT Pak1 _ % ~ + DNP-HSA
- + - + DNP-HSA - - + +  4-HT
Pak1 Pak2
pPLCy1 (pY783) pPLCy1 (pY783)

£o £
= ‘W =185
:=: 0 | E \o‘)
20 . Pak1** E 1 -Pakz“"'
2o . Pak1+ £ -PakZ“"“Cre-ERTZ
e 0. ! Y . + & 0.5 T T T
0 200 400 600 0 109 2% =
Time Time
C IgE-induced Ca Flux
120 /_usﬁ
100 T
. 80 " /
= - 1 ,_. WT
- B Pak1+
401 — A Ppak2+
201

0- I

FIGURE 2. Effect of Pak1 and Pak2 on calcium signaling and PLCy1. A, representative immunoblots for activated PLCy1 in Pak1 and Pak2 knock-out BMMCs.
IgE-primed WT and knock-out BMMCs were stimulated with DNP-HSA (100 ng/ml) for 3 min, and lysates were subjected to immunoblotting with anti-phospho-
PLCy1 phospho-Tyr-783 (pPLCy1 pY783, middle panel) or anti-total PLCy1 (bottom panel). Experiments were done on three different mouse BMMCs. PakT and
Pak2 status is shown for each blot (top panel). B, IgE-primed WT, Pak1 knock-out and Pak2 knock-out BMMCs were loaded with Ca " -sensitive dye (Indo-1-AM)
and suspended in Ca?*-containing medium. After base-line collection on JSAN flow cytometer, FceRl was activated by the addition of 30 ng/ml DNP-HSA. The
second stimulation peak is from thapsigargin treatment. Representative experiments of WT (black) versus Pak1 knock-out (gray) (left panel) and Pak2™ (black)
versus Pak2 knock-out (gray) (right panel) BMMCs are shown. C, mean (+ S.D.) stimulation (peak of ratio minus base-line as the percentage of WT) of at least three
independent experiments for Pak 1 knock-out and Pak2 knock-out BMMCs. Pak1 knock-out, ¥, p value < 0.05, Wilcoxon signed-rank test. Pak2 is not statistically

different from WT. ns, not significant.

ine downstream events such as calcium influx. FceRI signaling
upon antigen stimulation results in calcium release from endo-
plasmic reticulum internal stores (first stage of Ca®>* mobiliza-
tion) and subsequent prolonged influx of extracellular calcium
(second stage of Ca®*" mobilization) through store-operated
calcium release-activated calcium (CRAC) channels in the
plasma membrane. Cells from all genotypes were sensitized
with anti-DNP IgE and loaded with calcium-binding dye Indo-
AM, and influx of extracellular calcium was measured by flow
cytometry analysis by measuring Ca®"-bound versus unbound
Indo-AM after stimulation with antigen. When compared with
their appropriate controls, Pakl-deleted BMMCs were signifi-
cantly impaired for second stage calcium influx (Fig. 2, Band C;
pvalue < 0.05, Wilcoxon signed-rank test), but had normal first
stage release from the endoplasmic reticulum with antigen
stimulation (10). Pak2-deleted BMMCs, however, were not
defective in calcium influx from antigen stimulation (Fig. 2, B
and C). These differences identify a key distinction in mast cell
regulation between Pakl and Pak2 in FceRI-stimulated mast
cells. These results collectively indicate that Pak1 and Pak2 play
distinct roles in regulating calcium influx in FceRI-stimulated
BMMCs.

Pakl and Pak2 Play Distinct Roles in IgE-mediated Adhe-
sion—FceRI receptor activation in mast cells not only leads to
changes in secretion of inflammatory mediators, but also leads
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to increased adhesion (18). Mast cell activation of FceRI recep-
tor stimulates an increase in cell adhesion, and this adherence is
required to facilitate localized synthesis of cytokines (19, 20).
Given the role of Paks in cell migration, adhesion, and cytoskel-
eton regulation, we sought to discover a role for Paks in mast
cell adhesion. Based on our data demonstrating altered secre-
tion between the two genotypes, we hypothesized that Pakl and
Pak2 would differ in their effects on cell adhesion in response to
antigen. Our findings demonstrated a significant reduction in
antigen-mediated adhesion in Pakl~'~ BMMCs (Fig. 34, p
value < 0.05, Student’s ¢ test) and a significant increase in adhe-
sion in Pak2~’'~ BMMCs (Fig. 3B, p value < 0.05 Student’s ¢
test). We conclude from these data that differences observed
between Pakl and Pak2 in antigen-mediated secretion stem
primarily from their opposing roles in adhesion.

Pak2 Regulates BMMC Secretion by Regulating RhoA GTPase
Activity—RhoA GTPase activation is required for mast cell
adhesion and secretion in response to IgE stimulation (21-23).
Because Pakl and Pak2 are thought to regulate RhoA by oppos-
ing mechanisms (13), we proceeded to investigate activation
differences of RhoA in Pak2-deficient mast cells as a potential
cause of enhanced secretion and adhesion. Using pulldown
assays with the RhoA-binding domain, Rhotekin, we found that
deletion of Pak2 significantly increased the level of active GTP-
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relative to total cells in each well using calcein-AM viability dye.

bound RhoA in antigen-stimulated cells (p value < 0.05 Stu-
dent’s t test) (Fig. 44).

RhoA, through its effector Rho-associated, coiled coil-con-
taining protein kinase (ROCK), phosphorylates and inactivates
myosin phosphatase, leading to phosphorylation and activation
of myosin light chain 2 (MLC2) (24). The active form of MLC2
was significantly elevated in Pak2 '~ cells (p value < 0.05, Stu-
dent’s t test) (Fig. 4B). This finding is consistent with previous
studies in breast cancer cells that showed elevated MLC2 phos-
phorylation when Pak2 was silenced with siRNA (13).

If activated RhoA is responsible for the enhanced degranula-
tion seen in Pak2~ '~ BMMCs, then pharmacologic inhibition
of RhoA should block these effects. Inhibition of RhoA GTPase
was achieved with Clostridium botulinum C3 exoenzyme
(Cytoskeleton, Denver, CO), which selectively catalyzes the
ADP-ribosylation and subsequent inactivation of RhoA, RhoB,
and RhoC (25). Treatment of Pak2 '~ BMMCs with C3
blocked the enhanced secretory phenotype in Pak2-null cells (p
value < 0.05, Student’s ¢ test) (Fig. 4C). The phenotype
observed in Pak2~'~ BMMCs was RhoA-specific, and not due
to elevated Racl or Cdc42, as deletion of Pak2 did not affect
Racl-GTP or Cdc42-GTP levels as assessed by pulldown assay
(Fig. 4D). Therefore, we conclude that Pak?2 is a specific nega-
tive regulator of RhoA-GTPase activity in BMMC:s.

Pak2 Negatively Regulates p38™"X through RhoA Inhibi-
tion—RhoA activates p38™ATX, and this MAP kinase is known
toregulate degranulation in mast cells (26). Pakl was previously
found to regulate p38™“"  in stem cell factor-c-Kit receptor
signaling (11). Based on this evidence, we asked whether Pak2
loss affected p38 activation by IgE engagement. We observed
that loss of Pak2 resulted in a pronounced activation of
p38™APX in response to antigen, with ~1.5-fold induction over
WT cells at 2 and 5 min after stimulation (Fig. 54, p value <
0.05, Student’s t test). The addition of the p38 inhibitor,
SB203580 (Millipore), reduced the enhanced degranulation
phenotype observed in Pak2~/~ BMMCs (Fig. 5B, p value <
0.05, Student’s t test). These results, along with the observed
effects on RhoA shown in Fig. 44, suggest that Pak2 affects
degranulation via a RhoA/p38-specific pathway as Pak2 loss
had no effect on Erk1/2 activity (Fig. 5C). These data are in
sharp contrast to those reported for Pakl, which, in BMMCs,
serves as an activator of p38 and Erk1/2 (11).
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Pak2 Regulates RhoA Activation via Phosphorylation and
Inactivation of GEF-H1—How does Pak2 suppress RhoA acti-
vation? To answer this question, we looked toward the phos-
phorylation status of a known regulator of RhoA GTPase activ-
ity, GEF-H1. GEFs (guanine nucleotide exchange factors)
convert RhoA-GDP to RhoA-GTP. The RhoA-specific GEF-H1
can only activate RhoA in the nonphosphorylated state. When
phosphorylated at Ser-885, GEF-H1 localizes to microtubules
and is inactivated, leading to inactive RhoA (27, 28). Pakl was
previously found to regulate GEF-H1 through phosphorylation
at Ser-885, which induces 14-3-3 binding to GEF-H1 and relo-
cation to the microtubules (29). As shown in Fig. 64, when Pak2
is deleted in BMMCs, phosphorylation of GEF-H1 is nearly
abolished (p value < 0.05, Student’s ¢ test). Pakl deletion, in
contrast, did not affect GEF-H1 phosphorylation (Fig. 6C). As
impaired phosphorylation at Ser-885 is associated with consti-
tutively active GEF-H1 and subsequent enhanced RhoA activity
(30), it is likely that the observed impairment of GEF-H1 phos-
phorylation in Pak2-deleted cells is driving enhanced secretion.
Interestingly, another Pak substrate associated with microtu-
bules, stathmin/Op18, was also underphosphorylated at Ser-16
in Pak2 ™'~ cells (Fig. 6B, p value < 0.05 Student’s ¢ test).
Underphosphorylated stathmin/Opl8 in Pak2 null cells
resulted in activated stathmin/Op18 and microtubule depo-
lymerization. PakI-null cells fail to show a defect in either
GEF-H1 or stathmin phosphorylation, indicating in mast cells
that these are specific downstream targets of Pak2. Finally, a
kinase assay to assess the ability of Pak2 to directly phosphoryl-
ate GEF-H1 at Ser-885 demonstrates that GEF-H1 can be phos-
phorylated by Pak2 in vitro (Fig. 6E). Together these data dem-
onstrate that Pak2 regulates RhoA-GTPase via regulation of
microtubule-associated proteins, and this regulation mediates
mast cell FceRI responses independent of the effects of Pakl1.

DISCUSSION

In this study, we describe the distinct functional roles of Pak1
and Pak2 in allergen-induced bone marrow-derived mast cell
degranulation. Previously, we reported that Pakl in mast cells
modulates allergen- and stem cell factor-induced F-actin rear-
rangement and degranulation (10, 11). Pakl was recently found
to regulate mast cell secretion by promoting assembly of a
PP2A phosphatase complex (14). This phosphatase complex
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loading. One representative Western blot of three experiments is shown, and densitometry of the -fold induction relative to unstimulated cells (all normalized
to input) of three independent experiments is shown (¥, p value < 0.05, Student’s t test). B, activation status of MLC2, a downstream RhoA effector, at
p-Thr-18/Ser-19in lysates from 10 min of DNP-HSA stimulation. The blot is representative of three separate experiments, and densitometry shows average -fold
(= S.D.) change over stimulated wild-type cells normalized to total MLC2 for three independent experiments (¥, p value < 0.05, Student's t test). pMLC2,
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Student's t test). D, Rac1 and Cdc42 activity (GTP-bound isoforms) of Pak2™" and Pak2~’~ BMMCs after DNP-HSA stimulation for 10 min (representative blot of
three independent BMMCs). Total Rac1 and Cdc42 proteins for each sample before performing pulldown are detected with monoclonal anti-Rac1 and
polyclonal anti-Cdc42.
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FIGURE 5. Effect of Pak2 on MAPK activity. A, IgE-primed Pak2™ and Pak2~’~ BMMCs were stimulated with 100 ng/ml DNP-HSA for 0, 2, 5, and 10 min, and
lysates were cleared and immunoblotted for anti-phospho-p38 (Thr-180/182), and anti-total p38. A representative blot is shown above, and below are shown
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blot is shown, run for three independent experiments. pERK, phospho-ERK.

dephosphorylates ERM, resulting in uncoupling of the actin response, opposing Pakl function. These results demonstrate
cytoskeleton from the plasma membrane and subsequent that Pak2 is a negative regulator of secretion. Pakl and Pak2
degranulation. Here we show that disruption of the Pak2 gene  share high structural homology within their catalytic domains.
in BMMCs increases the allergen-induced degranulation Pak2, however, is the predominant isoform in BMMCs, sug-
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FIGURE 6. Pak2 and MT protein phosphorylation. A, IgE-primed Pak2™" and Pak2~/~ BMMCs were stimulated with 100 ng/ml DNP-HSA for 10 min, and
lysates were cleared and immunoblotted for phospho-GEF-H1 (pGEFH1) (Ser-885), total GEF-H1, phospho-stathmin (pStathmin) (Ser-16), and actin (loading
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(*, pvalue < 0.05, Student’s t test). C, representative blot of IgE-primed Pak1~/~ BMMCs stimulated with 100 ng/ml DNP-HSA for 10 min. Lysates were cleared
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gesting that small molecule Pak inhibitors would most likely
demonstrate a Pak2 phenotype in mast cells, possibly resulting
in severe anaphylaxis (31-33). These findings also point to our
limited understanding of the differences between Pakl and
Pak2 in terms of regulation and substrate specificity.

Unlike Pakl loss, Pak2 loss resulted in elevated RhoA-
GTPase activity, leading to enhanced MLC2 phosphorylation,
adhesion, secretion, and p38 activity. Previously, Pakl and Pak2
inhibition with siRNA demonstrated that they play distinct
roles in focal adhesions, mediated in part through their differ-
ent regulation of MLC phosphorylation (13). Pak loss resulted
in decreased MLC phosphorylation and failure to form focal
adhesions, whereas Pak2 loss resulted in elevated MLC activity,
leading to significantly larger focal adhesions. As shown here,
Pak2-null, but not PakI-null, BMMCs had elevated MLC phos-
phorylation, most likely secondary to activation of the RhoA
signaling pathway. Consistent with this view, the addition of a
RhoA inhibitor, C3 exoenzyme, was sufficient to rescue the
Pak2-deficient mast cells to WT levels of degranulation. Down-
stream of RhoA, p38™4PX is required for degranulation (26),
and we found that drug inhibition of p38 in Pak2-deficient mast
cells rescued the enhanced degranulation phenotype to WT
levels (Fig. 5B). These data demonstrate that Pak2 is a negative
regulator of the RhoA/p38 signaling axis in mast cells.
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Regulation of RhoA activity by Pak2 could be mediated by
GTPase-activating proteins (GAPs), GEFs, and/or guanine
nucleotide dissociation inhibitors (GDIs). Because GEF-H1 was
previously shown to be inhibited by phosphorylation by Pakl
and Pak4, we evaluated the role of Pak2 on GEF-H1 phospho-
rylation (29, 32, 34). Phosphorylation of GEF-H1 was greatly
inhibited in Pak2-deficient BMMCs. Phosphorylation of
GEF-H1 at Ser-885 is known to promote its localization to
microtubules by binding 14-3-3, leading to inhibition of its
exchange activity (27-29). These results suggest that in the
absence of Pak2, GEF-H1 remains underphosphorylated and in
the active state, thereby activating RhoA. Activated RhoA pro-
motes enhanced degranulation in Pak2-deficient cells, as
shown by the finding that enhanced degranulation was abol-
ished by the addition of the RhoA inhibitor, C3 exoenzyme (Fig.
4C). An in vitro kinase assay demonstrated that Pak2 directly
phosphorylates GEF-H1 at Ser-885 (Fig. 6E). Together these
data suggest that Pak2 regulates GEF-H1 through phosphory-
lation to negatively regulate mast cell degranulation.

A previously identified target of Pakl, stathmin/Op18, func-
tions to destabilize microtubules when in the unphosphory-
lated state by sequestering a- and B-tubulin dimers (35). Stath-
min/Op18 also functions as a relay in various signal transduc-
tion pathways for extracellular signals and to regulate the MT
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network (36). Stathmin/Op18 requires proximity to assembling
MTs to become locally phosphorylated (37). Many kinases and
phosphatases, including ERK, are associated with microtubules
and therefore function only with intact MTs. Some kinases are
activated in response to a change in the cellular MT network. In
this context, it is interesting to note that Pakl is a known neg-
ative regulator of stathmin via phosphorylation at Ser-16, a site
critical for the microtubule-depolymerizing activity of stath-
min/Op18 (38). We found that this site was underphosphory-
lated in Pak2-deficient cells, but not in PakI-deficient BMMCs,
suggesting that stathmin is constitutively active in Pak2-defi-
cient mast cells, destabilizing MT's and driving degranulation.

These results suggest two hypotheses to explain Pak2 func-
tion in mast cells. First, Pak2 could regulate RhoA activity in
mast cells directly by phosphorylation of GEF-H1 at Ser-885,
resulting in inhibition of this GEF with subsequent reduction in
RhoA activity (Fig. 6E). In addition, Pak2 might affect GEF-H1
indirectly through phosphorylation of stathmin, resulting in
inhibition of stathmin, stabilization of MTs, and retention of
inactive GEF-H1 at these stabilized MTs (Fig. 7). In Pak2 ™/~
cells, underphosphorylated stathmin drives MT disassembly,
generating active GEF-H1, leading to elevated RhoA activity
and driving secretion. These two hypotheses are not mutually
exclusive.

What accounts for the opposing signaling effects of Pak1 and
Pak2 in mast cells? These two kinases have very similar N-ter-
minal p21-binding domains and C-terminal protein kinase
domains and have many binding partners and substrates in
common. However, the primary intracellular localization of
these two enzymes may differ (39, 40). For example, Pakl,
unlike Pak2, is localized to cytosolic vesicular structures in
unstimulated cells and translocates to the nucleus following
growth factor stimulation (41, 42). This unique feature may
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impart unique functions to Pakl. With respect to GEF-H1
phosphorylation, Pakl (and Pak4) has been reported to catalyze
Ser-885 phosphorylation, but perhaps due to its low abundance
when compared with Pak2 in mast cells, it plays little role in
regulating GEF-H1 in this cell type (Fig. 6, Cand D). In contrast,
despite its relative low abundance in mast cells, Pakl, but not
Pak2, is required for normal Erk activation (Fig. 5C) (11). Exper-
iments that employ chimeric versions of Pak1/2 hybrids may in
the future prove useful in mapping structural features within
these kinases that impart signaling specificity.
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