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1.2 DOWN REGULATION OF PROTEIN-TYROSINE PHOSPHATASES ACTIVATES
AN IMMUNE RECEPTOR IN ABSENCE OF ITS TRANSLOCATION INTO LIPID
RAFTS

J Biol Chem. 285(17):12787-802, 2010.

In this work we studied the FceRI signaling initiation upon inhibition of PTPs by pervanadate
(Pv). We found that FceRI subunits get phosphorylated even in the absence of extensive
aggregation and translocation to the lipid rafts, suggesting balance in PTP-PTK activities is a
crucial mechanism controlling FceRI triggering. Using monoclonal Ab specific for oxidized state
of PTPs we confirmed that PTPs undergo redox regulation after mast cell activation and identified
several redox-regulated PTPs in activated mast cells. We also identified contribution of actin
cytoskeleton as a potential regulator of balance in the activities of PTPs and PTKs in mast cells.
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The earliest known biochemical step that occurs after ligand
binding to the multichain immune recognition receptor is tyro-
sine phosphorylation of the receptor subunits. In mast cells and
basophils activated by multivalent antigen-IgE complexes, this
step is mediated by Src family kinase Lyn, which phosphorylates
the high affinity IgE receptor (FceRI). However, the exact molec-
ular mechanism of this phosphorylation step is incompletely
understood. In this study, we tested the hypothesis that changes
in activity and/or topography of protein-tyrosine phosphatases
(PTPs) could play a major role in the FceRI triggering. We found
that exposure of rat basophilic leukemia cells or mouse bone
marrow-derived mast cells to PTP inhibitors, H,O, or pervana-
date, induced phosphorylation of the FceRI subunits, similarly
as FceRI triggering. Interestingly, and in sharp contrast to anti-
gen-induced activation, neither H,O, nor pervanadate induced
any changes in the association of FceRI with detergent-resistant
membranes and in the topography of FceRI detectable by elec-
tron microscopy on isolated plasma membrane sheets. In cells
stimulated with pervanadate, H,O, or antigen, enhanced oxida-
tion of active site cysteine of several PTPs was detected. Unex-
pectedly, most of oxidized phosphatases bound to the plasma
membrane were associated with the actin cytoskeleton. Several
PTPs (SHP-1, SHP-2, hematopoietic PTP, and PTP-MEG2)
showed changes in their enzymatic activity and/or oxidation
state during activation. Based on these and other data, we pro-
pose that down-regulation of enzymatic activity of PTPs and/or
changes in their accessibility to the substrates play a key role in
initial tyrosine phosphorylation of the FceRI and other mul-
tichain immune receptors.
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Multichain immune recognition receptors (MIRRs),* such as
T- and B-cell receptors, NK receptors, and Fc receptors are
transmembrane multiprotein complexes that are activated by
binding of their ligands. The first detectable biochemical step
after ligand binding is phosphorylation of tyrosine residues in
the cytoplasmic domain of the receptor by protein-tyrosine
kinases (PTKs) of the Src family. Signal propagation and termi-
nation are spatiotemporally regulated by proper interplay
between a wide range of PTKs and protein-tyrosine phospha-
tases (PTPs). Even though the role of PTKs in the MIRRs sig-
naling has been intensively studied (1, 2), the exact involvement
of PTPs remains still enigmatic and only partially understood
(3-5).

Most members of the PTP family are characterized by a sig-
nature motif (I/V)HCXXGXXR(S/T) in their catalytic domain.
An invariant Cys residue present in this motif is essential for
catalysis. Because this Cys has low pK, value, it is present as a
thiolate anion at neutral pH, which strengthens its ability to act
in nucleophilic attack on the phosphate group in potential sub-
strates. However, the low pK, value also renders this residue
highly susceptible to oxidation, which is followed by sharp inhi-
bition of PTP activity (6), a part of which was found to be revers-
ible in vivo (7).

Application of oxidative agents was shown to induce cellular
activation independent of receptor triggering. In mast cells,
exposure to pervanadate (a mixture of vanadate and H,O, (8,
9)) was found to stimulate tyrosine phosphorylation of various
proteins, followed by enhanced calcium uptake and degranula-
tion (10, 11). Pervanadate causes oxidation and subsequent
inactivation of PTPs (12). However, it is not known whether the
key mast cell immunoreceptor, the high affinity IgE receptor
(FceRlI), is tyrosine-phosphorylated in pervanadate-treated
cells similarly to antigen-activated cells and, if so, whether this
phosphorylation is due to a transfer of FceRI into lipid rafts, as
predicted by the lipid raft model (see below). Furthermore, it is

“ The abbreviations used are: MIRR, multichain immune recognition receptor;
PTK, protein-tyrosine kinase; PTP, protein-tyrosine phosphatase; FceRl,
high affinity IgE receptor; ITAM, immunoreceptor tyrosine-based activa-
tion motif; DRM, detergent-resistant membrane; ROS, reactive oxide spe-
cies; RBL, rat basophilic leukemia; FCS, fetal calf serum; BMMC, bone mar-
row mast cell; IL-3, interleukin-3; SCF, stem cell factor; TNP, trinitrophenyl;
BSA, bovine serum albumin; mAb, monoclonal antibody; DNP, dinitrophe-
nyl; SHP, Src homology 2 domain-containing phosphatase; HRP, horserad-
ish peroxidase; GaMIgG, goat anti-mouse IgG; GaRIgG, goat anti-rabbit
lgG; PCF, pair correlation function; IAA, iodoacetic acid; FDP, 3,6-fluores-
cein diphosphate; oxPTP, oxidized PTP; Pv, pervanadate; MALDI, matrix-
assisted laser desorption ionization; HePTP, hematopoietic PTP.
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not known whether or not FceRI triggering leads to decreased
activity of PTPs, an effect that would partly explain the
enhanced tyrosine phosphorylation of FceRI.

In mast cells and basophils activated by binding of multiva-
lent antigen to IgE anchored to the FceRl, initial tyrosine phos-
phorylation of the FceRI B and vy subunits is catalyzed by the Src
family kinase Lyn (13). The mechanism by which Lyn initiates
phosphorylation of the FceRl subunits has been extensively
studied; two major models are being considered.

The transphosphorylation model is based on observation
that a small fraction of Lyn is constitutively bound to FceRI in
the absence of immunoreceptor tyrosine-based activation
motit (ITAM) phosphorylation. When FceRI becomes aggre-
gated, Lyn bound to one receptor can phosphorylate ITAMs on
the adjacent receptor and thus initiate the signaling pathway
(14). This model was recently supported by studies using triva-
lent ligands connected to DNA spacers of varying lengths,
showing that phosphorylation of the receptor subunits and sub-
sequent activation events require appropriate spatial organiza-
tion of the FceRI clusters (15). Furthermore, transfection of
c¢DNA coding for the Lyn N-terminal domain, responsible for
association of Lyn with nonaggregated FceRI, has been shown
to inhibit FceRI B and +y subunits phosphorylation; this inhibi-
tion probably reflects a competition between endogenous Lyn
kinase constitutively associated with FceRI B and exogenous
Lyn unique domain (16). Finally, electron microscopy studies of
immunolabeled plasma membrane sheets demonstrated a co-
localization of Lyn kinase with ~25% of FceRl clusters in
unstimulated cells (17).

The alternative model postulates that Lyn kinase is not pre-
associated with FceRI but instead is separated from it into
membrane microdomains called lipid rafts; this prevents Lyn-
mediated FceRI phosphorylation in nonactivated cells (18, 19).
After activation, the aggregated (but not monomeric) FceRI
associates with membrane rafts, and only this pool of the FceRI
is tyrosine-phosphorylated after cross-linking. This model is
supported by the experiments of Baird and co-workers (18, 19),
who showed that Lyn kinase and FceRI are located, respectively,
in low and high density fractions of sucrose gradient after ultra-
centrifugation of lysates from nonactivated cells solubilized
with Triton X-100. However, when FceRI-activated cells were
used and analyzed under the same conditions, the majority of
both Lyn and FceRI was found in low density fractions (18, 19).
Although other plasma membrane receptors exhibit similar
density-related changes after ligand-mediated triggering (20),
most interpretations of these experiments presume that deter-
gent-resistant membranes (DRMs) are equal to lipid rafts, an
assumption that is probably incorrect (21, 22). Furthermore,
electron microscopy studies indicated that FceRI triggering did
not lead to enhanced association of FceRI aggregates with Lyn
and some other presumable lipid raft markers (17). It should be
mentioned in this connection that dimerization of FceRI results
in increased association of the receptor with DRMs without
enhanced formation of large FceRI aggregates (23). Further-
more, we found that genetic removal of the Lyn kinase palmi-
toylation site resulting in a release of Lyn from DRMs (but not
plasma membrane) failed to inhibit Lyn-mediated FceRI phos-
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phorylation (24). Thus, the molecular mechanisms of initial
stages of FceRlI signaling still remain unclear.

This study is focused on the role of PTPs in the regulation of
cell signaling following external addition of reactive oxide spe-
cies (ROS) or after FceRI triggering. We investigated the oxida-
tion state and enzymatic activity of various PTPs after exposure
of mast cells to ROS at various concentrations, including those
observed under physiological conditions in a close vicinity to
activated macrophages, where cell-released ROS serve as mast
cell proinflammatory agents (25). Because several PTPs are
known to be involved in FceRI signaling (3, 26 -29), we also
examined the influence of ROS on tyrosine phosphorylation of
FceRI and fine topography of FceRI and oxidized PTPs. The
findings indicate that ROS-induced inhibition of PTPs could
lead to tyrosine phosphorylation of FceRI in the absence of
FceRI movement into DRMs. This led us to postulate a third
model of FceRI signaling, which also takes PTPs into account.

EXPERIMENTAL PROCEDURES

Cells—Rat basophilic leukemia (RBL) cells, clone 2H3 (30),
were kindly provided by H. Metzger. They were maintained as
monolayers in culture medium consisting of a 1:1 mixture of
RPMI 1640 and minimum essential medium supplemented
with nonessential amino acids, 3 mm L-glutamine and 1 mm
sodium pyruvate. This medium was further supplemented with
antibiotics (penicillin (100 units/ml) and streptomycin (100
jg/ml)), extra p-glucose (2.5 mg/ml), and 10% (v/v) heat-inac-
tivated fetal calf serum (FCS). The cultures were maintained at
37 °C in humidified atmosphere of 5% CO, in air. Cells grown as
monolayers were dissociated with 0.2% EDTA in phosphate-
buffered saline (PBS), pH 7.4, and subcultured 2 times a week.

Bone marrow mast cells (BMMCs) were isolated from the
femurs and tibias of 6 —10-week-old C57BL/6] mice. The cells
were incubated for 6 — 8 weeks in suspension cultures in freshly
prepared culture media (Iscove’s medium containing 10% FCS
and antibiotics) supplemented with interleukin-3 (IL-3; 20
ng/ml; PeproTech EC, London, UK) and stem cell factor (SCF;
40 ng/ml; PeproTech EC). Before activation, BMMCs were cul-
tured for 16 h in culture medium without SCF, followed by
incubation for 3-4 h in SCF- and IL-3-free medium supple-
mented with trinitrophenyl (TNP)-specific IgE (1 pg/ml). The
cells were then washed in buffered saline solution (BSS: 20 mMm
HEPES, pH 7.4, 135 mm NaCl, 5 mm KCl, 1.8 mm CaCl,, 5.6 mm
glucose, 1 mm MgCl,) supplemented with 0.1% bovine serum
albumin (BSA) and challenged with various concentrations of
TNP-BSA conjugate. Alternatively, cells were cultured for 16 h
in culture medium without SCF, followed by incubation for
3—4 h in SCF- and IL-3-free medium, and activated with vari-
ous concentrations of H,O, or pervanadate as indicated under
“Results.” Cell cultures were mycoplasma-free as confirmed by
the Hoechst staining method (31).

Antibodies and Reagents—The following mouse monoclonal
antibodies (mAbs) were used: TNP-specific IgE (IGEL b4 1)
(32), dinitrophenyl (DNP)-specific IgE (33), anti-oxidized PTP
active site (oxPTP; clone 335636, R&D Systems, Minneapolis,
MN), anti-Lyn (34), and anti-FceRI B subunit (JRK) (35). Rabbit
polyclonal antibodies specific for Src homology 2 domain-con-
taining phosphatase (SHP)-1 (C-19), SHP-2 (C-18), hematopoi-
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etic PTP (HePTP) (H-80), and PTP-MEG2 (H-300), the corre-
sponding blocking peptide for SHP-2 antibody (sc-280 P), and a
negative control peptide (sc-287 P) were obtained from Santa
Cruz Biotechnology (Santa Cruz, CA). Phospho-Tyr-specific
mAb (PY20), conjugated to horseradish peroxidase (HRP), was
purchased from BD Transduction Laboratories (Lexington,
KY). IgE-specific antibody was prepared by immunization of
rabbits with isolated IGEL b4 1, followed by immunoaffinity
purification of the rabbit anti-mouse IgE on immobilized
IgE. Goat anti-mouse IgG (GaMIgG) affinity-purified sec-
ondary antibody conjugated to 5-nm colloidal gold particles
were obtained from Amersham Biosciences. Goat anti-rab-
bit IgG (GaRlgG) affinity-purified antibodies conjugated to
6- or 12-nm gold particles were obtained from Jackson
ImmunoResearch (West Grove, PA). EM streptavidin conju-
gated with 5-nm colloidal gold particles was obtained from
BBInternational (Cardiff, UK). [y-**P]ATP was purchased
from ICN (Irvine, CA). Nickel electron microscopy grids
(300 mesh), OsO,, and Pioloform were obtained from Chris-
tine Gropl Elektronenmikroskopie (Tulln, Austria).
Poly(Glu,Tyr), and all other chemicals were from Sigma.
Pervanadate was prepared by mixing sodium orthovanadate
solution with H,O, to get a concentration of 10 mm for both
components. After 15 min at 20 °C, the pervanadate solution
was diluted 1:50 directly into solutions used for cell
activation.

A peptide VHCSAG surrounding the catalytic site cysteine
shared by all known catalytically active classical PTP domains
was used in competition experiments to verify the specificity of
oxPTP mAb (36). This and other peptides (see below) were
obtained from GenScript (Piscataway, NJ). The sulthydryl
group of the cysteine was oxidized to sulfonic acid (-SO;H) as
described previously (37) with minor modifications. Briefly,
performic acid was freshly prepared by mixing 88% formic acid
with 30% H,O, at a ratio 9:1. The peptide (7 mg) was dissolved
in 100 pl of ice-cold 88% formic acid and mixed with 1.5 ml of
performic acid. After 1 h of incubation on ice, 15 ml of water
was added, and the mixture was freeze-dried. The peptide was
dissolved in 2 ml of PBS, aliquoted, and stored at —70 °C. Con-
trol VHASAG peptide was treated in the same way. Other con-
trols involved peptides VHCSAG and VHASAG treated with
formic acid but not oxidized with performic acid. All peptides
were analyzed by electrospray ionization/Fourier transforma-
tion mass spectrometry. The peptides were dissolved in solvent
composed of 50% methanol in water and 0.1% formic acid.
Thirteen picomolar solution of each peptide was used for the
analysis. Peptides were ionized by electrospray Dual II ion
source (Bruker Daltonics, Billerica, MA). Mass spectra were
acquired on APEX-Qe Fourier transformation mass spectrom-
etry instrument equipped with a 9.4 tesla superconducting
magnet (Bruker Daltonics). The cell was opened for 4 ms, and
accumulation time was set at 0.8 s; on average, one experiment
consisted of 12 spectra. The acquisition data set size was set to
512,000 points with the mass range starting at m/z 200 atomic
mass units, The instrument was externally calibrated by using
arginine clusters resulting in mass error above 1 ppm. After a
clean selection of the desired precursor, peptides have been
confirmed by dropping the potential of the collision cell. Mass
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spectrometry confirmed complete oxidation of the peptide and
the presence of three forms possessing 0-2 sodium ions
(supplemental Fig. S1, A and B). The peptides were used for
determining the specificity of oxPTP mAb. Immunoblotting
studies showed that the binding of oxPTP mAb to the PTPs
from pervanadate-oxidized cells was inhibited by the VHCSAG
peptide only slightly yet strongly by the oxidized peptide, even
though incompletely (supplemental Fig. S1C). VHASAG pep-
tide treated with formic acid exhibited no change in molecular
mass. Neither was the binding of oxPTP mAb to its targets
inhibited. Importantly, oxPTP mAb bound only weakly to PTPs
from nonactivated cells (see “Results”).

Electron Microscopy of Immunogold-labeled Membrane
Sheets—Ultraclean glass coverslips (15 mm in diameter) used
for isolation of plasma membrane sheets were prepared as
described previously (38). Coverslips used for attachment of
BMMCs were coated in 24-well plates by overnight incubation
at 4. °C with fibronectin (50 pg/mlin 0.43 M NaHCO,), followed
by washing with distilled water, and used immediately.

BMMCs (4 X 10%/ml) were cultured in Iscove’s medium with
FCS, IL-3, and DNP-specific IgE (1 pg/ml). After 16 -18 h, the
cells were centrifuged and resuspended at a concentration of
107/mlin 1:4 mixture of PBS and Iscove’s medium with FCS but
without SCF, IL-3, and IgE. The suspension (0.2 ml) was trans-
ferred on fibronectin-coated coverslips in 24-well plates and
incubated for 1 h at 37 °C. RBL cells were harvested by exposure
to EDTA in PBS, counted, resuspended to 5 X 10° cellsin 0.5 ml
of complete culture medium supplemented with anti-DNP IgE
(1 pg/ml), and transferred into wells of 24-well plate containing
ultraclean glass coverslips.

The cells were washed with PBS, and FceRI was aggregated
by incubation with DNP-BSA (1 pg/ml) in a 4:1 mixture of PBS
and culture medium for 5 min at 37 °C. Alternatively, the cells
were activated by addition of 0.2 mM pervanadate at 37 °C. Cell
activation was stopped by rapid washing out of the activators
and immersing the coverslips with attached cells in ice-cold
HEPES buffer (25 mm HEPES, pH 7.0, 25 mm KCI, 2.5 mM mag-
nesium acetate). For surface labeling of FceRl, IgE-sensitized
cells were washed three times with ice-cold PBS and exposed on
ice to rabbit anti-mouse IgE (1:200 diluted in PBS + 0.1% BSA,
10 min), followed by GaRIgG conjugated with 12 nm gold (10-
fold diluted). Plasma membrane sheets were isolated immedi-
ately after activation, fixed by ice-cold 2% paraformaldehyde in
HEPES buffer (10 min), and transferred into PBS where they
were floated for 5-30 min. Labeling of the intracellular leaflet
component was performed by incubation of the grids with
membranes on drops of antibodies diluted in PBS + 0.1% BSA
(30 min), followed by four 5-min washes with PBS. FceRI 3
subunit and oxidized PTPs were labeled by sequential incuba-
tion of the membranes with primary mAb JRK (2 pg/ml) and
oxPTP (5 pg/ml), respectively, followed by GaMIgG conju-
gated with 5 nm gold (20-fold diluted). In some experiments,
anti-oxPTP mAb was diluted in PBS/BSA containing 2.5%X
diluted VHCSAG or ox-VHCSAG and incubated for 20 min at
25 °C before use.

SHP-2 was detected with anti-SHP-2 antibody, followed by
GaRIgG conjugated to 6- or 12-nm gold particles. Specificity of
anti-SHP-2 antibody was verified by inhibition of the binding

JOURNAL OF BIOLOGICAL CHEMISTRY 12789



PTPs as Proximal Regulators of FceRl Signaling

with SHP-2 blocking peptide (sc-280 P) but not negative con-
trol peptide (sc-287 P). The specimens were post-fixed with
2.5% glutaraldehyde in PBS for 10 min and washed with PBS for
30 min. They were then stained for 10 min with 1% OsO, in
cacodylate buffer, washed three times for 5 min in water, incu-
bated for 10 min with 1% aqueous tannic acid, washed three
times for 5 min in water, and stained for 10 min with 1% aque-
ous uranyl acetate. Finally, samples were washed twice with
water for 5 min, air-dried, and observed with FEI Morgagni 268
electron microscope (FEI Czech Republic, Brno, Czech Repub-
lic) operating at 80 kV. Typically, 10 —20 micrographs covering
22.2—44.4 um? of the cell surface were obtained from each grid;
three independent experiments were made for each condition
tested.

The coordinates of gold particles were determined by means
of Image] (National Institutes of Health). Statistical evaluation
of particles clustering of the same type was based on program
Gold (39) using pair correlation function (PCF), which
expresses the ratio of the density of gold particles at a given
distance from a typical particle to the average density of such
particles,

Immunoprecipitation and Immunoblotting—Cells were har-
vested, resuspended in culture medium to a concentration 1 X
10° cells/ml, and sensitized or not with IgE (IGEL b4 1; ascites
diluted 1:1000). After 60 min at 37 °C the cells were washed in
BSS/BSA and challenged with antigen (TNP/BSA) for the indi-
cated time intervals. Alternatively, unsensitized cells were acti-
vated by externally added H,O, at the indicated concentrations
and time interval or by addition of 0.2 mM pervanadate. Toward
the end of the activation period, the cells were briefly centri-
fuged, and the cell pellets were lysed in ice-cold lysis buffer (25
mM Tris-HCI, pH 7.5, 140 mM NaCl, 2 mm EDTA, 1 mm
Na,VO,, protease inhibitor mixture, and 0.2% Triton X-100).
When indicated, 0.5% Brij 96, 1% Triton X-100 or a mixture of
1% n-dodecyl B-D-maltoside, 1% Nonidet P-40 was used instead
of 0.2% Triton X-100.

To release free cytoplasmic molecules, the cells were perme-
abilized by incubation for 5 min on ice in PBS supplemented
with 0.1% saponin, 5 mM MgCl, and 1 mM NagVO,; cytoplasmic
components released into the supernatant were removed, and
the cell “ghosts” were then extracted for 15 min on ice in lysis
buffer supplemented with 1% Triton X-100 (34, 40). Cell lysates
were centrifuged at 16,000 X g for 1 min at 4°C, and post-
nuclear supernatants were directly analyzed by SDS-PAGE and
immunoblotting. Alternatively, the proteins of interest in post-
nuclear supernatants were immunoprecipitated for 2 h at 4 °C
using antibodies bound to UltraLink-immobilized protein A or
protein G (Pierce). The beads were then washed with lysis
buffer, and the bound proteins were eluted by boiling in Lae-
mmli SDS-PAGE sample buffer.

To detect sulfenic and sulfinic acid forms of active PTP sites,
an alkylation step was inserted before elution of the immuno-
precipitated proteins as described previously (41). Briefly, 100
mM iodoacetic acid (IAA) in lysis butfer without detergents was
added to the washed beads with immunoprecipitates for 30 min
at room temperature in the dark. Following incubation with
IAA, the immunoprecipitates were washed three times and
incubated with 100 mm dithiothreitol. After 30 min, dithiothre-
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itol was washed out, and the beads were incubated with per-
vanadate for 60 min. The beads were then washed, and the
proteins were eluted and size-fractionated by SDS-PAGE.
Immunoblotting was performed with selected concentrations
of primary and HRP-labeled secondary antibodies or with HRP-
labeled PY-20. Immunoblots were quantified by Luminescent
Image Analyzer LAS-3000 (Fuji Photo Film Co., Tokyo, Japan).

Identification of Oxidized PTPs by Mass Spectrometry—
BMMCs were activated by pervanadate (0.2 mm, 15 min) and
then lysed in ice-cold lysis buffer supplemented with 5 mm
iodoacetamide. The nuclei were removed by centrifugation,
and postnuclear supernatant was supplemented with SDS (final
concentration 0.5%). After heating at 95 °C for 5 min and cen-
trifugation at 4 °C for 5 min at 14,000 X g, the supernatant was
supplemented with 4 volumes of cold lysis buffer with 1% Non-
idet P-40. Oxidized PTPs were immunoprecipitated by adding
oxPTP mAb-armed protein G. Immunoprecipitated material
was released from the beads by heating (95 °C, 5 min) in SDS-
PAGE sample buffer. The proteins were then size-fractionated
by SDS-PAGE. The spots of interest were cut from the gel,
destained by a mixture of 100 mm ethylmorpholine acetate
buffer and acetonitrile (1:1), and reduced by tris(2-carboxyeth-
yl)phosphine hydrochloride. Reduced cysteines were then al-
kylated by 50 mm IAA. Gel pieces were washed three times with
acetonitrile and water. Trypsin protease was added to the gel in
digestion buffer (50 mm ethylmorpholine acetate buffer, 10%
acetonitrile, pH 8.3). After overnight incubation, tryptic pep-
tides were extracted from the gel by addition of 80% acetoni-
trile, 0.1% trifluoroacetic acid.

Extracted peptides were desalted by using Peptide Microtrap
in the off-line holder (MichromBioresources, Auburn, CA).
Each sample was spotted on one position of the 384 ground
steel position MALDI plate (Bruker Daltonics, Billerica, MA).
a-Cyano-4-hydroxycinnamic acid was used as a matrix (Bruker
Daltonics). Samples were ionized by matrix-assisted laser
desorption ionization (MALDI) using Dual II ion source
(Bruker Daltonics). Mass spectra were acquired on a APEX-Qe
Fourier transformation mass spectrometry instrument equip-
ped with a 9.4 tesla superconducting magnet (Bruker Dalton-
ics). The cell was opened for 4 ms; accumulation time was set at
0.2 5, and one experiment consists of the average of four spectra.
The acquisition data set size was set to 512,000 points with the
mass range starting at m/z 600 atomic mass units. The instru-
ment was externally calibrated by using Bruker Daltonics cali-
bration standard 1I resulting in mass error above 1 ppm. The
spectra were processed by Data Analysis 4.0 software (Bruker
Daltonics) and searched by Mascot search engine against the
data base (SwissProt) created from all known Mus musculus
proteins.

Density Gradient Fractionation—This method was per-
formed as described before (24) with some modifications. Cells
(2 X 107) were sensitized in suspension with '**I-labeled TNP-
specific IgE and activated or not as described in the legend to
Fig.1, Fand G. The cells were lysed onice in 0.8 ml of lysis buffer
(10 mm Tris-HCL, pH 8.0, 50 mm NaCl, 10 mm EDTA, 1 mm
Na,VO,, 10 mm glycerophosphate, protease inhibitor mixture
for mammalian tissues (Sigma), 1 mm PMSF, and 0.06% Triton
X-100). After 15 min, the lysate was homogenized by passing it
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10 times through a 27-gauge needle and adjusted to 40% (w/v)
sucrose by adding an equal amount of 80% sucrose. The gradi-
ent was formed by dispensing 0.2 ml of 80% sucrose to the
bottom of the polyallomer tube 13 X 51 mm (Beckman Instru-
ments, Palo Alto, CA), followed by 0.5 ml of 60% sucrose, 1.5 ml
of 40% sucrose containing the cell lysate, and successive addi-
tion of 0.8 ml of 35% and 0.5-ml aliquots of 30, 25, 20, and 15%
sucrose. The loaded tubes were centrifuged for 4 h at 200,000 X
gusing an SW 55 Ti rotor (Beckman Instruments). Twenty five
0.2-ml fractions were collected from the top of the gradient.

Association of oxidized PTPs with DRMs was determined by
lysing the cells (2 X 107) in 0.8 ml of ice-cold lysis buffer as
above containing 0.2% Triton X-100. Gradient was formed by
adding 0.5 ml of 80% sucrose stock solution to the bottom of the
tube, followed by 1.5 ml of 40% sucrose containing the cell
lysate, 2 ml of 30% sucrose, and 1 ml of 5% sucrose. The tubes
were centrifuged as above. Ten 0.5-ml fractions were collected.
All but the most dense fraction were mixed with an equal
amount of 2X SDS sample buffer without (RBL cells) or with
(BMMCs) 2-mercaptoethanol and analyzed by SDS-PAGE.

In-tube and In-gel Phosphatase Assays—To detect the enzy-
matic activity of PTPs, we used in-tube SensolLyte phosphatase
assay kit obtained from AnaSpec (San Jose, CA). Briefly, 3,6-
fluorescein diphosphate (FDP) was used as a fluorogenic phos-
phatase substrate. Immunoprecipitates were incubated for 30
min in buffer containing FDP according to the manufacturer’s
instructions. The phosphatase activity was determined by
means of Tecan Infinite M200 monochromator-based micro-
plate reader (Tecan Austria, Grodig/Salzburg, Austria) with
excitation at 485/9 nm and emission at 528/20 nm.

Changes in enzymatic activity of nonreceptor PTPs were
detected by means of phosphatase in-gel assay (42). Compared
with the in-tube assay, the in-gel PTD assay allows detection of
PTP activity related to the molecules of specific molecular
weight, which is helpful in analysis of both whole lysates and
immunoprecipitates. However, it detects activity changes
caused by covalent modifications (such as phosphorylation)
only. Briefly, poly(Glu,Tyr), radiolabeled with [y-**P]ATP
using recombinant human c-Src served as a substrate. It was
incorporated in 10% SDS-polyacrylamide gel. Following elec-
trophoresis, the SDS was removed from the gel, and the pro-
teins in the gel were renatured by sequential treatment with 6 M
guanidine hydrochloride, 0.04% Tween 20, and 0.3% 2-mercap-
toethanol in renaturation buffers. PTP activity was determined
in autoradiographs of dried gels as areas from which **P had
been selectively removed. Fuji Bio-Imaging Analyzer Bas 5000
was used for quantification.

RESULTS

Tyrosine Phosphorylation of FceRI in the Absence of Its Asso-
ciation with DRM—As shown previously, exposure of mast
cells to pervanadate inhibited the enzymatic activity of PTPs
and led to dramatically enhanced tyrosine phosphorylation of
PTK substrates (10, 11, 43, 44). Importantly, most of the PTK
substrates did not become phosphorylated if pervanadate was
added to the cell lysates instead of intact cells (45). These data
suggested that there exist preformed signaling assemblies con-
taining PTKs, PTPs, and their substrates and that these com-
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plexes are destroyed after detergent solubilization of the cells
(45, 46).

In the first series of experiments, we therefore addressed the
question whether FceRI B and y subunits are tyrosine-phos-
phorylated in pervanadate-activated cells, similarly to antigen-
activated cells, and whether this activation reflects an associa-
tion of the FceRI with DRMs. IgE-sensitized RBL cells were
activated by exposure to antigen or pervanadate and solubilized
in different detergents, and IgE-FceRI complexes were immu-
noprecipitated from postnuclear supernatants. Data presented
in Fig. 1, A and B, indicate that only weak tyrosine phosphoryl-
ation of the FceRI B and y subunits is detectable in nonactivated
cells. After antigen-mediated triggering,  and y subunits of the
FceRI exhibited enhanced phosphorylation. As expected, the
extent of tyrosine phosphorylation depended on the detergent
used. The strongest phosphorylation was observed in cells sol-
ubilized in 0.2% Triton X-100. Lower tyrosine phosphorylation
of the FceRI subunits was observed in cells lysed with 1% Triton
X-100, 0.5% Brij 96, or a mixture of 1% lauryl maltoside and 1%
Nonidet P-40. IgE immunoprecipitates also contained some co-
precipitated proteins; the extent of their amount and/or phos-
phorylation was largely dependent on the detergent used for
cell solubilization (Fig. 14).

IgE immunocomplexes from pervanadate-activated cells
likewise showed strong tyrosine phosphorylation of FceRl B
and y subunits (Fig. 1B). Similarly to antigen-activated cells, the
use of various detergents was decisive for the appearance of
different tyrosine-phosphorylated proteins coprecipitating
with IgE. Strong tyrosine phosphorylation of FceRI B and y
subunits was also observed in cells activated by H,O,, but only
at relatively high concentrations of the activator (=5 mm; Fig.
1C). As H,O, forms a gradient across the plasma membrane,
the intracellular concentrations causing FceRI B and y phos-
phorylation are expected to be ~7 times lower (47). H,0,-in-
duced phosphorylation of the FceRI subunits was transient, as
indicated by higher phosphorylation at 5 min compared with 15
min. Because RBL cells are neoplastic cells, we also subjected
nontransformed mouse BMMCs to the same analysis. Data pre-
sented in Fig. 1, D and E, indicate that both cell types exhibited
similar dynamics of FceRI tyrosine phosphorylation after acti-
vation by antigen. In cells activated with pervanadate, the
onset of phosphorylation was slower, but the extent of phos-
phorylation was higher compared with antigen-induced
FceRI phosphorylation.

The observed tyrosine phosphorylation of FceRI subunits in
H,O,- or pervanadate-treated cells could reflect the existence
of preformed signaling assemblies containing PTKs, PTPs, and
FceRI as their substrate. Thus, inhibition of PTPs by H,O, or
pervanadate could change the equilibrium between PTKs and
PTPs and phosphorylation of the receptor. Alternatively, both
H,0, and pervanadate could induce movement of FceRI into
lipid rafts where it could be phosphorylated by Lyn kinase, as
proposed by the lipid raft hypothesis (see Introduction). Next,
we analyzed properties of IgE-FceRI complexes from antigen-
or pervanadate-activated cells. The cells were solubilized with
0.06% Triton X-100 and fractionated by discontinuous sucrose
density gradient centrifugation. The results confirmed previ-
ously published data that most of FceRI from nonactivated RBL

JOURNAL OF BIOLOGICAL CHEMISTRY 12791



PTPs as Proximal Regulators of FceRl Signaling

IP: FeeRI Ag Py
02% 05% 1% 1%lauryl. 02% 035% 1% 1% lauryl.
Triton Brij 96 Triton 1% NP40 Triton Brij 96 Triton 1% NP40
- —— - - —— -
[B: PY-20 - n —1is
- & — 66
— 45
- —_—

IB: anti-f am - - o o on o - ---—-——«Bcham

Activ. - 4+ - 4 o+ o 4+ o+ - 4 -+ -4
IP: FezRI H,0,
- . .

| ———
IB: PY-20 . — 97
- S — 66
— 15
_——29

IB: anti-p e em» - SN o e & 3 chain

HO,(mM)0 5 15 30 5 15 30
< g u 2
Activ. (min) 0 5 15
1Cs
D RBL E BMMC
IP: FeeRI Ag Pv Ag Pv
—_———  —

1B: PY-20 — «f chain
‘ R | it
IB: anti-p @ o 5 S e S e o o= @ @ o= == == [ chain

Activ.(min)0 1 5 15 1 5 15 0 1 5 15 1 5 15

RBL BMMCs
—e— Control —s— Control
=15 F 4 G —0— algE
] —o— L 60—~
E 12 4 —a&— Sucrose (%) 60;&
i 3
g9 F 40 g
j‘ ° | L 20%
w3 1
~
-0 T T T T — 0

0 5 10 15 20 25 0 5 10 15 20 25

Number of Fraction Number of Fraction

FIGURE 1. Tyrosine phosphorylation of FceRl in the absence of its associ-
ation with DRMs. A, IgE-sensitized RBL cells were activated (Activ.; +) or not
(—) for 5 min with 0.5 pg/ml TNP-BSA (Ag). After activation, the cells were
solubilized in lysis buffers containing 0.2% Triton X-100 (Triton), 0.5% Brij 96,
19 Triton X-100, or 1% n-dodecyl B-D-maltoside (lauryl.) and 1% Nonidet P-40
(NP-40). FceRl receptor was immunoprecipitated (IP) from postnuclear super-
natant using anti-lgE-armed protein A beads. The immunocomplexes
were size-fractionated by SDS-PAGE and analyzed by immunoblotting (/B)
with phosphotyrosine-specific antibody-HRP conjugates (PY-20). After
stripping, the membranes were probed with antibody specific for FceRI-8
subunit (anti-B), which served as a loading control. B, IgE-sensitized RBL
cells were activated (+) or not (—) for 5 min with 0.2 mM Pervanadate (Pv),
solubilized, and analyzed as in A. Numbers on the right indicate positions
of molecular mass markers (kDa). C, IgE-sensitized RBL cells were either
not activated (0 min) or activated for 5 or 15 min with different concen-
trations (5-30 mm) of H,O,, then solubilized in lysis buffer containing 0.2%
Triton X-100, and analyzed as in A. D, IgE-sensitized RBL cells were acti-
vated for different time intervals with 0.5 pg/ml TNP-BSA (Ag) or 0.2 mm
Pv, then solubilized in lysis buffer containing 0.5% Triton X-100, and ana-
lyzed as in A. E, IgE-sensitized BMMCs were treated and analyzed as in D; only
FceRl B and -y subunits are shown (on the right). F and G, sucrose gradient
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cells is detergent-soluble and is found in high density fractions
of sucrose gradient (fractions 15-25), whereas most of aggre-
gated FceRI localizes to low density fractions containing DRMs
(fractions 1-12; Fig. 1F). In pervanadate-treated cells, most of
FceRI remained in the high density fractions, and no enhanced
localization of the receptor in DRMs was observed. Similar
results were obtained with BMMCs (Fig. 1G). Likewise, no
movement of FceRI into DRMs was observed in RBL cells or
BMMCs activated for 5 min with 5 or 30 mm H, O, (not shown).
Thus, using two different cell types, we show that in pervana-
date- or H,O,-activated cells FceRI can be phosphorylated in
the absence of its association with DRMs.

Topography of Fce RI—Previous studies showed that antigen-
mediated activation of mast cells was accompanied by the for-
mation of FceRI aggregates in osmiophilic regions of the plasma
membrane; it has been proposed that these aggregates could
represent signaling assemblies required for initiation of FceRI
signaling (17, 48, 49). To find out whether or not there are any
changes in topography of FceRI observable after activation with
pervanadate, RBL cells and BMMCs were activated by antigen-
IgE complexes or pervanadate, and the distribution of the FceRI
B subunit was determined. Data presented in Fig. 2, A and B,
confirm previous results that FceRI in nonactivated cells is
mostly distributed in small clusters in both RBL cells (17, 38)
and BMMCs (38). In antigen-activated RBL cells or BMMCs,
FceRI accumulated in osmiophilic regions (Fig. 2, C and D).
Contrary to that, when the cells were activated with pervana-
date, FceRI remained scattered in small clusters (Fig. 2, E and F)
similar to those found in control nonactivated cells. These
observations were confirmed by evaluation of particle cluster-
ing using PCF; in both RBL cells (Fig. 2G) and BMMCs (Fig.
2H), particle clustering was not affected by pervanadate treat-
ment. Thus, phosphorylation of FceRI can occur in the absence
of association of FceRI with DRMs and FceRI clustering.

Enhanced Oxidation of PTPs in Activated Mast Cells—Per-
vanadate and H,O, are known to inhibit the enzymatic activity
of phosphatases by oxidation of their active site cysteine (50—
52). Oxidation of reactive catalytic cysteine yields a reversibly
oxidized sulfenic acid that is susceptible to further oxidation to
sulfinic and sulfonic species. Oxidized forms of active site cys-
teine residue, especially the sulfinic and sulfonic species, can be
detected with oxPTP antibody (53). In addition, reversibly oxi-
dized forms of PTPs can be detected with oxPTP antibody after
treatment of the lysates with IAA and pervanadate (41, 53).

To determine whether mast cell activation results in the for-
mation of oxidized forms of phosphatases, we analyzed lysates
of RBL cells by immunoblotting with oxPTP antibody. Interest-
ingly, the antibody reacted with several phosphatases even in
nonactivated cells (Fig. 34, Control). Treatment of the cells

ultracentrifugation of cell lysates. '?°|-IgE-sensitized RBL cells (F) and BMMCs
(G) were exposed to anti-IgE (algE), 0.2 mm Pv, or BSS/BSA alone (Control).
After 5 min, the cells were solubilized in lysis buffer containing 0.06% Triton
X-100. Lysates were then diluted 1:1 with 80% sucrose buffer, loaded into
sucrose step gradients, and ultracentrifuged. After fractionation, 0.2-ml ali-
qluots were collected from the top of the gradient, and the distribution of

5l-lgE-FceRl complexes was expressed as percentage of total radioactivity
present in individual fractions. Percentage of sucrose in the fractions was
determined with Abbe refractometer. Representative data from two (C) or
three (all other) experiments are shown.
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FIGURE 2. Membrane topography of FceRI-p subunit. A-F, IgE-sensitized RBL cells (A, C, and E) or BMMCs (B,
D, and F) were nonactivated (Control; A and B) or activated for 5 min with 1 ug/ml DNP/BSA (Ag; Cand D) or 0.2
mM Pv (E and F). Membrane sheets were prepared and labeled from the cytoplasmic side for FceRI-B subunit
using JRK mAb followed by GaMIgG conjugated with 5-nm gold particles. Arrows indicate small clusters of
FceRl. Gand H, clustering of FceRl as determined by electron microscopy on membrane sheets (see above). PCF
indicates clustering when it reaches the values higher than 1 arbitrary unit. Random distribution of gold
particles (PCF = 1) is depicted by a solid line.
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with H,O, (5 mMm, 15 min) enhanced
the binding of oxPTP antibody to
some of the PTPs, namely those
with a relative molecular mass of
40-50 kDa. In pervanadate-acti-
vated cells (0.2 mM, 15 min), the
antibody reacted more strongly
with these PTPs and recently with
PTPs of ~90 and 130-150 kDa.
Antigen-mediated activation (0.5
pg/ml TNP/BSA, 15 min) enhanced
the formation of oxidized forms to
an extent similar to that induced by
external addition of H,O,.

Partially different pattern of oxi-
dized phosphatases was observed
with BMMCs, and again the strong-
est binding of the antibody was seen
in lysates from pervanadate-acti-
vated cells (Fig. 3B). Interestingly,
each of the three stimuli led to com-
parably enhanced oxidation of PTP
of about 95 kDa.

When RBL cells were exposed to
1.6 mM H,0,, the extent of oxida-
tion of several PTPs rose in time fol-
lowing H,O, addition (Fig. 3C). PTP
oxidation also increased with a ris-
ing dose of H,O, (Fig. 3D). Lysis of
the cells before exposure to H,O,
also led to the formation of oxidized
forms of PTPs, but the extent of this
oxidation was lower than in intact
cells (compare Fig. 3, D and E), sug-
gesting that the proper regulation of
enzymatic activity of phosphatases
by ROS requires intact cellular envi-
ronment. If BMMCs were exposed
to various concentrations of H,O,, a
dose-dependent increase in PTPs
oxidation was also observed (Fig.
3F). It should be noted that H,O, at
all concentrations and time inter-
vals analyzed was not toxic to the
cells as determined by trypan blue
exclusion test.

In an attempt to identify which
PTPs were oxidized, we employed
immunoprecipitation with oxPTP
mADb, followed by size fractionation
of the proteins by SDS-PAGE and
mass spectrometry. Because oxPTP
mAb does not precipitate native
PTPs, the lysates were denatured by
boiling with SDS and then “neutral-
ized” with Nonidet P-40. Under
these conditions, we were able to
identify by mass spectrometry two
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FIGURE 3. Numerous PTPs are oxidized in the course of mast cell activa-
tion. A and B, IgE-sensitized RBL cells (A) or BMMCs (B) were nonactivated
(Control) or activated with 5 mm H,0,, 0.2 mMm Pv, or TNP/BSA (Ag; 0.5 peg/ml).
After 15 min, the cells were solubilized in lysis buffer containing 0.2% Triton
X-100. Postnuclear supernatants were size-fractionated by SDS-PAGE and
analyzed by immunoblotting (/B) with mAb specific for the oxidized PTP
active site. After stripping, the membranes were probed with anti-SHP-1
antibody as a loading control (SHP-1). Numbers on the left and right indi-
cate, respectively, position of molecular mass markers (in kDa) and local-
ization of phosphatases as identified by immunoprecipitation and/or
mass spectrometry (see supplemental Fig. 52 and Tables 51 and S2). C, RBL
cells were activated with 1.6 mm H,0, for the indicated time intervals. The
cells were lysed and processed as in A. D, RBL cells were activated for 40 min
with different concentrations of H,0,. Subsequently, the cells were lysed in
0.2% Triton X-100 and processed as in A. E, RBL cells were first lysed with 0.2%
Triton X-100, and the postnuclear supernatants were exposed to H,0, at the
indicated concentrations. After 40 min, the lysates were fractionated by SDS-
PAGE and analyzed as in A. F, BMMCs were activated for 40 min with different
concentrations of H,0,. Subsequently, the cells were lysed in 0.2% Triton
X-100 and processed as in A. Typical experiments from at least three per-
formed are shown.
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FIGURE 4. Most of oxidized PTPs are associated with large molecular
assemblies. BMMCs were either nonactivated (Control) or activated with 5
mm H,0,, 0.2 mM Pv, or TNP/BSA (Ag; 0.5 g/ml). After 5 min, the cells were
permeabilized with 0.1% saponin, and the material released from the cells
was removed (Sap.). The cell ghosts were then extracted for 15 min on ice in
lysis buffer supplemented with 1% Triton X-100, and the postnuclear super-
natant (Triton) was harvested. Both supernatants, saponin and Triton, were
size-fractionated by SDS-PAGE and analyzed by immunoblotting (/B) with
oxPTP mAb and after stripping with anti-SHP-1 antibody to check for the
amount of this phosphatase (bottom, arrow). Representative data from three
experiments are shown. Numbers on the right indicate positions of molecular
mass markers (kDa).

oxidized PTPs as follows: SHP-1 (supplemental Table S1) and
SHP-2 (supplemental Table S2). We also performed reverse
experiments in which various PTPs were immunoprecipitated
with the corresponding antibodies, and their oxidized forms
were identified by immunoblotting with oxPTP mAb. By using
this approach, we confirmed oxidation of the above-mentioned
two PTPs and found two new ones, HePTP and PTP-MEG2
(supplemental Fig. S2). The position of the oxidized PTPs is
indicated in Fig. 3B.

Subcellular Distribution of Oxidized Phosphatases—It is still
unclear what are the phosphatases directly involved in the reg-
ulation of FceRI phosphorylation. PTPs can be divided into
cytosolic PTPs and receptor PTPs. To determine whether oxi-
dized PTPs are freely moving in cytosol, or rather participate in
the formation of large signaling assemblies, we employed a sim-
ple method based on the release of free cytoplasmic compo-
nents from the cells permeabilized with the cholesterol-seques-
tering reagent saponin (42). Saponin-treated cells were first
washed to remove free cytoplasmic components, then treated
with Triton-X-100 to completely solubilize all membrane com-
ponents, including DRMs, and subjected to immunoblotting
analysis. By using this procedure, we found that almost all oxi-
dized PTPs in nonactivated cells were localized to large molec-
ular assemblies not released from the saponin-permeabilized
cells but made soluble by the subsequent Triton X-100 solubi-
lization step (Fig. 4, Centrol). In H,O,- or pervanadate-acti-
vated cells, a fraction of oxidized PTPs was found to be released
from saponin-permeabilized cells. Some other PTPs, such as
those of 40 and 45-50 kDa, were mostly associated with sapo-
nin-resistant cell ghosts, suggesting that they are part of large
complexes. Antigen-induced activation led to enhanced oxida-
tion of phosphatases of 45, 50, 70, and 90 kDa, all of which were
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FIGURE 5. Oxidized PTPs are excluded from DRMs. A, nonactivated RBL cells (Control) were lysed in 0.2%
Triton X-100 and then subjected to sucrose density gradient ultracentrifugation. Individual fractions were
collected from the top and analyzed with oxPTP mAb by immunoblotting (IB) for the presence of oxidized PTP.
B, IgE-sensitized RBL cells were activated for 5 min with TNP/BSA (Ag; 0.5 g/ml) and then analyzed as in
A. C, RBL cells were activated with 1.6 mm H,0, for 40 min and then analyzed as in A. D, RBL cells were
activated with 0.2 mm Pv for 5 min and then analyzed as in A. E-H, BMMCs were nonactivated (E) or
activated by antigen (F), H,0, (G), or pervanadate (H) as RBL cells (see above). Distribution in individual
fractions of Lyn kinase (a marker of membrane rafts), SHP-1, and HePTP is also shown. Representative data
from three experiments are shown.

associated with large signaling assemblies. The same sam-
ples were also used to determine the distribution of SHP-1.
In nonactivated cells most of SHP-1 was associated with
large signaling assemblies and was not released from sapo-
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nin-permeabilized cells. After
FceRI triggering, and especially
after treatment with H,O, or per-
vanadate, more SHP-1 was re-
leased from permeabilized cells. It
seems to indicate that SHP-1 was
released from submembrane sig-
naling complexes into the cyto-
plasm as a consequence of changes
in affinity to a wide range of sub-
strates, as in the case of the SHP-1
Cys/Ser mutant (54, 55).

Next, we studied the association
of PTPs and their oxidized forms
with DRMs. RBL cells and BMMCs
were solubilized with 0.2% Triton
X-100, followed by sucrose density
gradient ultracentrifugation. Indi-
vidual fractions were probed by
immunoblotting with oxPTP mAb
or antibodies specific for SHP-1,
Lyn kinase, or HePTP. Data pre-
sented in Fig. 5, A—H, indicate that a
significant fraction of Lyn kinase
was localized as expected in DRMs
(fractions 2—4), whereas SHP-1 and
HePTP were found mostly in the
high density fractions and only a
minor part (0-5%, n = 3) in low
density fractions. In nonactivated
RBL cells, only a small fraction of
PTPs was oxidized, and all were
detected in the high density frac-
tions (Fig. 54). Antigen-mediated
activation resulted in enhanced
oxidation of several phosphatases,
and again, all of them were in the
high density fractions (Fig. 5B);
the observed staining of the high
molecular weight proteins, those
located even in low density frac-
tions, reflects the reactivity of the
secondary HRP-labeled antibody
with IgE bound to FceRI. After
treatment with H,O, (Fig. 5C) or
pervanadate (Fig. 5D), oxidized
forms were again found only in the
high density fractions. When
BMMCs were analyzed, an en-
hanced amount of oxidized PTPs
after activation with antigen,
H,0,, or pervanadate was ob-
served mainly in the high density
fractions (Fig. 5, E-H). These data

indicate that oxidized forms of PTPs are not associated with
DRMs or that 0.2% Triton X-100 removes them from these
regions, similarly as Syk is stripped off from FceRI in anti-
gen-activated cells (56).
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FIGURE 6. Changes in oxidation of selected PTPs in H,0,-activated cells.
A-C, RBL cells (left) and BMMCs (right) were activated with the indicated con-
centrations of H,0,. After 40 min, the cells were lysed in 0.2% Triton X-100,
and SHP-1 (A), SHP-2 (B) and HePTP (C) were immunoprecipitated (IP) from
the postnuclear supernatants with the corresponding antibodies. After size
fractionation by SDS-PAGE, the samples were subjected to immunoblotting
(IB) with oxPTP mAb and subsequently, after stripping, with the respective
antibodies as loading controls. The amounts of immunoprecipitated phos-
phatases and their oxidized forms were quantified by densitometry, and
oxPTP signals were normalized to nonactivated cells and amount of the phos-
phatases (Fold (oxPTP)). Representative data from three experiments are
shown.

Differences in Redox Regulation of Selected PTPs—The exper-
iments just described showed that mast cells possess oxidized
PTPs and that their amount increases in the course of cell acti-
vation. In further studies we investigated the redox regulation
of phosphatases known to be involved in FceRI signaling,
namely SHP-1, SHP-2, and HePTP (26 —29). In the first series of
experiments, the phosphatases were immunoprecipitated from
nonactivated or HyO,-treated RBL cells or BMMCs, and their
oxidation was determined by immunoblotting with oxPTP
antibody. Binding of PTP-specific antibodies served as loading
controls. We found that a fraction of SHP-1 was oxidized even
in nonactivated cells. After exposure to H,0,, especially at
higher concentrations (8 and 40 mum), this oxidation was
enhanced in both cell types (Fig. 6A4). The closely related phos-
phatase SHP-2 showed no oxidation in quiescent cells and ris-
ing oxidation at higher concentrations of H,O, (Fig. 6B). The
maximum oxidation level of the active site Cys in SHP-2 was
lower when compared with SHP-1. Finally, we also estimated
the redox regulation of the active site of nonreceptor phospha-
tase HePTP, which reached a plateau of oxidation in RBL cells
at 1.6 mm H,O, and in BMMCs at 8.0 mm H,O,, (Fig. 6C). The
maxima of HePTP oxidation were low, close to the detection
limits. Thus, different PTPs in ditferent cell types exhibit differ-
ent basal levels of oxidation and sensitivity to redox regulation.

FceRI Triggering Results in Changes of Redox State of Mast
Cell PTPs—Similar experiments as above were performed with
cells activated by antigen-induced aggregation of FceRIL
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FIGURE 7. Changes in oxidation of selected PTPs in cells activated by
FceRl triggering. A-C, IgE-sensitized RBL cells (left) and BMMCs (right) were
activated with 1 pg/ml TNP/BSA. After the indicated time intervals, the cells
were lysed in 0.2% Triton X-100, and SHP-1 (A), SHP-2 (B), or HePTP (C) were
immunoprecipitated (IP) from the postnuclear supernatants. After size frac-
tionation by SDS-PAGE, the samples were analyzed by immunoblotting (/B)
with oxPTP mAb (oxPTP, irreversibly oxidized). In parallel, another set of the
immunoprecipitates was subjected to alkylation by IAA, followed by reduc-
tion of the reversibly oxidized PTPs with dithiothreitol, and by final oxidation
with pervanadate (IB, AoxPTP, reversibly oxidized). After stripping the mem-
branes were analyzed by immunoblotting with the corresponding antibodies
(loading controls). The amounts of immunoprecipitated phosphatases and
their oxidized forms were quantified by densitometry, and oxPTP and AoxPTP
signals were normalized as in Fig. 6. Representative data from three experi-
ments are shown.

Because the oxPTP antibody reacts preferentially with the sul-
fonic acid form of the PTP active site, we also employed alkyla-
tion of the oxidized active sites to determine the sulfenic and
sulfinic acid forms. Alkylation using IAA, followed by incuba-
tion in buffer containing dithiothreitol, and subsequently in
buffer with pervanadate, resulted in a somewhat different pat-
tern than in previous experiments. When SHP-1 was isolated
from RBL cells activated for various time intervals with antigen,
a substantial decrease of sulfonic acid form was observed,
reaching the minimum at 5 min after triggering and returning
back at 15 min (Fig. 7A, IB: oxPTP). This decrease could reflect
the calpain-mediated degradation of oxidized forms of the
PTPs (57). Unlike that, the levels of reversibly inactivated
SHP-1 showed a rapid increase (within 30 s) after triggering
with antigen, followed by constant levels between 0.5 and 15
min (Fig. 7A, IB: AoxPTP). The amount of irreversibly oxidized
phosphatases in BMMCs only slightly decreased, whereas the
amount of reversibly oxidized phosphatases steadily increased
up to 15 min.
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assays, phosphatase in-gel assay
using [y-**P]ATP and phosphatase
in-tube assay employing fluoro-
genic phosphatase substrate FDP.
When SHP-1 was immunoprecipi-
tated from large signaling assem-
blies of saponin-permeabilized non-
activated cells (0 min), the basal
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level of phosphatase activity was
determined. After FceRI triggering,
the enzymatic activity of SHP-1
slightly increased peaking at 30 s
(Fig. 8A). Enzymatic activity of
SHP-2 exhibited a more rapid
increase (Fig. 8B).

The regulation of PTPs by oxi-
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FIGURE 8. Changes in activity of PTPs in activated cells. A and B, IgE-sensitized RBL cells were activated with
1 pg/ml TNP/BSA for the indicated time intervals. After activation, the cells were permeabilized with saponin,
and cell ghosts were subsequently lysed in lysis buffer supplemented with 1% Triton X-100. SHP-1 (A) and
SHP-2 (B) were immunoprecipitated (IP) from the postnuclear supernatants, size-fractionated by SDS-PAGE,
and subjected to the PTP in-gel assay (PTP a.). In parallel, the immunoprecipitated PTPs were also analyzed by
immunoblotting (/B) with the corresponding antibodies as loading controls. The signals were evaluated by
densitometry, and the enzymatic activity at each given time interval was normalized to nonactivated cells and
amount of protein (Fold). Representative data from three independent experiments are shown. C, RBL cells
were activated for 40 min with the indicated concentrations of externally added H,0,. Relative activity of total
cellular PTPs was determined by fluorometry after addition of FDP to intact cells. D, IgE-sensitized RBL cells
were activated with antigen (1 g/mI TNP/BSA) for the indicated time intervals and lysed in 0.2% Triton X-100.
Subsequently SHP-2 (solid line) and HePTP (dashed line) were immunoprecipitated, and relative activity of PTPs
was determined by measuring FDP fluorescence. Averages = S.D. from three to four experiments are shown.

Some irreversibly oxidized forms were observed in SHP-2
immunoprecipitates from nonactivated RBL cells and BMMCs.
This is probably caused by a sensitization process because
SHP-2 in nonsensitized and nonactivated cells did not react
with oxPTP (Fig. 6B; H,O, untreated cells). After activation
with antigen, an increase in the number of sulfonic acid forms
was observed 30 s after triggering in RBL cells; in BMMCs, a
small decrease rather than increase of this form was observed
(Fig. 7B, IB: oxPTP). The levels of reversibly oxidized SHP-2
increased within 30 s after activation and remained higher up to
15 min in both cell types (Fig. 7B, AoxPTP). When immunopre-
cipitated HePTP was analyzed, a reduction of its Cys-SO,H
form to almost undetectable levels was observed within 2 and 5
min after triggering in RBL cells. In BMMC, neither binding of
1gE (sensitization) nor antigen triggering led to any detectable
sulfonic acid (Fig. 7C, IB: oxPTP). HePTP from IgE-sensitized
RBL cells carried some reversibly oxidized cysteine, and their
levels remained constant in the course of activation, whereas
this form was undetectable in BMMCs (Fig. 7C, [B: AoxPTP).
These data indicate that FceRI-induced activation of the cells
initiates changes in the oxidation state of active site cysteine in
SHP-1 and SHP-2 in both RBL cells and BMMCs. Some
changes in redox state of HePTP were observed only in RBL
cells in connection with cell sensitization.

Changes in Activity of Selected PTPs in Response to FceRI
Triggering—The observed changes of the redox state of PTPs in
the course of cell activation suggested that their enzymatic
activity is atfected. To verity this hypothesis, we next assayed
the enzymatic activity of several phosphatases by means of two
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dation, conformational changes,
and/or phosphorylation may some-
times act against each other. We
have confirmed the previous obser-
vations (12) that application of
H,0, to the cells leads to a substan-
tial decrease in overall PTP activity
detected at the level of FDP fluores-
cence (Fig. 8C). However, individual
phosphatases may behave ditfer-
ently in the course of cellular activa-
tion induced by MIRRs, where the
redox regulation is just one of sev-
eral contributors. Using the in-tube FDP assay, we next com-
pared the phosphatase activity of two selected nonreceptor
PTPs, SHP-2 and HePTP isolated from total cell lysates, in the
course of FceRI activation. SHP-2 showed a substantial rapid
transient increase of its activity (peaking at 1 min after trigger-
ing), whereas HePTP exhibited a clear decrease with the mini-
mum at 5 min after activation (Fig. 8D). Thus, cell activation
affects differentially the redox state, phosphorylation, and
activity of PTPs.

Fine Topography of Oxidized PTPs—The finding that oxi-
dized PTPs are part of the large signaling assemblies associated
with saponin-permeabilized cells suggested that they are bound
to the plasma membrane. This assumption was tested experi-
mentally. When plasma membrane sheets were isolated from
nonactivated cells and probed on the cytoplasmic side for oxi-
dized PTPs, a limited number of particles (~2/y,m2) was
observed (Fig. 9, A and G). An increased number of oxidized
PTPs was detected in antigen-activated cells, thus supporting
the previous results (Fig. 4) and extending them by localizing
the phosphatases on the plasma membrane. Interestingly, oxi-
dized forms of PTPs were mostly localized in distinct mem-
brane cytoskeleton-like structures (Fig. 9, B and G). In cells
activated by pervanadate, the number of membrane-associated
particles was dramatically enhanced, and again, most of them
were associated with the membrane cytoskeleton-like struc-
tures (Fig. 9, C and G). Although the ox-VHCSAG peptide was
asuboptimal inhibitor of the binding of oxPTP mAb to oxidized
phosphatases (see “Experimental Procedures”), this peptide,
compared with nonoxidized control peptide, significantly

1.0 50 150
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FIGURE 9. Membrane topography of oxidized PTPs. Plasma membrane sheets were isolated from nonacti-
vated (control) IgE-sensitized (A), antigen (Ag)-activated (B; 1 g/ml DNP-BSA, 5 min) or Pv-activated (C; 0.2 mm,
5 min) BMMCs. Membrane sheets were labeled from the cytoplasmic side with oxPTP mAb followed by
GaMIgG conjugated with 5-nm gold particles (arrowheads). D-F, IgE bound to FceRl was visualized by labeling
whole cells (kept on ice) with rabbit anti-mouse IgE (RaMIgE), followed by GaRIgG conjugated with 12-nm gold
(arrows); plasma membrane sheets were then isolated, and oxidized PTPs were detected as above. G, quanti-
tative analysis of oxidized PTPs (numbers of gold particles per um?) in control cells or antigen (Ag)- or Pv-
activated cells. Binding of oxPTP mAb to membrane sheets from Pv-activated cells in the presence of control
(con.) peptide (VHCSAG) or the same peptide with Cys oxidized to sulfonic acid (ox. peptide) is also shown.
Means =+ S.D. were calculated from three independent experiments, each 22.2 mm?. Statistical significance of
intergroup differences was calculated using Student’s t test: *, p < 0.01; **, p < 0.0001.

osmiophilic regions, whereas oxi-
dized phosphatases were associated
with membrane cytoskeleton-like
structures (Fig. 9D). However, in a
small fraction of FceRI clusters, oxi-
dized phosphatases were also pres-
ent (Fig. 9, E and F), suggesting a
functional link.

In an attempt to identify whether
oxidized phosphatases are associ-
ated with actin cytoskeleton, plasma
membrane sheets were labeled on
the cytoplasmic side simultaneously
with  biotin-labeled  phalloidin,
which specifically reacts with F-ac-
tin (58 —60), and oxPTP mAb. Data
presented in Fig. 104 indicate that
osmiophilic cytoskeleton-like struc-
tures possess both oxidized PTPs
and F-actin. These data suggest that
oxidized phosphatases associate
with actin cytoskeleton.

One of the phosphatases detect-
able on isolated plasma membrane
sheets is SHP-2 (Fig. 10B). This
phosphatase was, however, local-
ized outside osmiophilic cytoskel-
eton-like  structures  carrying
oxidized phosphatases. In nonac-
tivated as well as activated cells,
SHP-2 was found mostly in areas
different from those containing
FceRI (data not shown). Interest-
ingly, a clear co-localization was
occasionally observed (Fig. 10, C
and D). Quantitative analysis
revealed that in the course of per-
vanadate-mediated activation, the
number of gold particles associ-
ated with SHP-2 significantly
increased (Fig. 10E). This increase
reflected specific binding of anti-
SHP-2 antibody to the target anti-
gen, because the binding was sig-
nificantly reduced by addition of
the corresponding blocking pep-
tide (sc-280 P) but not negative
control peptide (sc-287 P). An
increased binding of oxPTP mAb
to membrane sheets was also

inhibited the binding of the oxPTP mAb to membrane sheets
from pervanadate-activated cells (Fig. 9G), confirming the
specificity of this interaction.

To determine whether oxidized PTPs are co-localized with
FceRI, the FceRI and oxidized phosphatases were labeled on the
extracellular and cytoplasmic sides, respectively, of the plasma
membrane sheets isolated from pervanadate-activated cells.
Under these conditions, most of FceRI was located in distinct
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observed in antigen-activated cells; however, due to varia-
tions, this increase was insignificant.

DISCUSSION

The binding of a multivalent antigen to IgE-FceRI complexes
induces tyrosine phosphorylation of the receptor subunits.
However, it is not exactly clear how the binding is communi-
cated across the plasma membrane to the cellular interior as the
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isolated plasma membrane sheets.
Thus, it is unlikely that tyrosine
phosphorylation of the receptor
subunits in pervanadate-stimulated
cells is mediated by enhanced aggre-
gation of FceRI and associated
Lyn kinase, as proposed by the
transphosphorylation model (14). It
isin line with previous data showing
that dimerization of FceRI leads to
tyrosine phosphorylation in the
absence of extensive receptor clus-
tering (23). Thus, formation of large
aggregates of multivalent antigen-
IgE-FceRI complexes within osmio-
philic regions containing other sig-
naling molecules (phospholipase
Cvy2, phosphatidylinositol 3-kinase,
Gab2, and Grb2) (62) is not a neces-
sary condition for initiation of FceRI
signaling.

Second, in unstimulated cells
lysed in Triton X-100, most of FceRI
is soluble and is localized in high
density fractions after sucrose den-
sity gradient ultracentrifugation.
Following FceRI aggregation (by
multivalent antigen-IgE complexes,
antibodies against FceRI, or biotin-
ylated IgE-streptavidin complexes),

G '.}

Particles/pm?2

FIGURE 10. Association of PTPs with actin cytoskeleton and FceRl. A, plasma membrane sheets were iso-
lated from pervanadate-activated (0.2 mm, 5 min) BMMCs. The sheets were labeled from the cytoplasmic side
for oxidized PTPs with oxPTP mAb followed by GaMIgG conjugated with 12-nm gold particles (arrowheads)
and for F-actin with biotin-labeled phalloidin, followed by streptavidin conjugated with 5-nm gold particles
(arrows). B, BMMCs were activated with pervanadate (as in A), and plasma membrane sheets were labeled with
oxPTP mAb (12 nm gold, arrowheads) and rabbit anti-SHP-2 Ab (6 nm gold, arrows). C, plasma membrane
sheets were isolated from resting cells and stained on cytoplasmic side with mouse anti-FceRI-8 mAb followed
by GaMIgG conjugated with 12-nm gold particles (arrowheads), and rabbit anti-SHP-2 Ab followed by GaRIgG
conjugated with 6-nm gold particles (arrows). D, alternatively, plasma membrane sheets were isolated from
resting cells and stained on cytoplasmic side with mouse anti-FceRI-B mAb (6 nm gold; arrowheads) and rabbit
anti-SHP-2 Ab (12 nm gold; arrows). Scale bars are shown at the bottom. E, quantitative analysis of SHP-2
(numbers of gold particles per wm?) in control cells or antigen (Ag)- or Pv-activated cells. Binding of SHP-2
antibody to the membrane sheets from Pv-activated cells in the presence of SHP-2 blocking peptide
(peptide) or negative control (con.) peptide is also shown. Means * S.D. were calculated from three
independent experiments; each 22.2 um?. Statistical significance of intergroup differences was calculated

the major part of FceRI is associated
with low density fractions (19, 24,
63). Because the same fractions also
possess Lyn kinase and other signal-
ing molecules, including some
adaptor proteins (24, 64, 65), it was
postulated that coalescence of FceRI
with lipid rafts is the key step for
tyrosine phosphorylation of FceRI B
and 7y subunits (see lipid raft model,
Fig. 11B). However, our data indi-

using Student’s t test, ¥, p < 0.01.

two models, which have been proposed (see Introduction and
Fig. 11, A and B), are not capable of completely explaining all
current observations, including those presented in this study.

To better understand the early activation events in all their
complexities, we studied the role of PTPs in mast cell triggering.
The oxidative agent pervanadate is known to induce protein
tyrosine phosphorylation, formation of inositol 1,4,5-trisphos-
phate, an increase in calcium influx, and histamine secretion
(11, 61). Several lines of evidence presented in this study indi-
cate that pervanadate and H,O, initiate FceRI tyrosine phos-
phorylation by a mechanism that is different from the previ-
ously postulated models of FceRI triggering.

First, exposure of the cells to the PTP inhibitor pervanadate
induced tyrosine phosphorylation of FceRI in the absence of the
receptor aggregation, as evidenced by electron microscopy on
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cate that exposure of mast cells to

pervanadate leads to rapid tyrosine
phosphorylation of the FceRl (Fig. 1, D and E) without
enhanced association of the receptor with Lyn kinase-contain-
ing DRMs (Fig. 1, Fand G).

Third, the transphosphorylation model postulates that a
fraction of Lyn is preassociated with FceRI in quiescent cells
(14). However, when detergent-solubilized nonactivated cells
are fractionated by density gradient centrifugation, most of Lyn
is found associated with DRMs in low density fractions,
whereas FceRI is found mostly in separate high density frac-
tions (Fig. 1F). The latter data are in conflict with the results of
electron microscopy studies indicating preassociation of a frac-
tion of Lyn with FceRI clusters (17), as well as with immuno-
chemical studies detecting Lyn in immunocomplexes of FceRI
in quiescent cells (14, 16). These discrepancies can be explained
by removal of Lyn from FceRI complexes during density gradi-
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(PTKs) access of the enzymes to the
ITAMs of the receptor, leading thus
to a change in equilibrium between
PTKs and PTPs and to enhanced
tyrosine phosphorylation. It should
be mentioned that the regulatory
role of PTPs and ROS has been pro-
posed during activation in other
MIRRs (45, 68). However, our data
prove for the first time that FceRl in
ROS-treated cells does not aggre-
gate and that extensive phosphoryl-
ation of the receptor does not
require its associate with Lyn-con-
taining DRMs.

An analysis of binding motifs in
nonphosphorylated FceRI B and ¥y
chains did not reveal any binding
sites for phosphatases besides the
phosphotyrosine motifs. Further-
more, we failed in attempts to co-

FIGURE 11. Models of the initial tyrosine phosphorylation of the FceRl. A, according to the “transphospho-
rylation model,” a fraction of the tetrameric FceRl («32+y) in the plasma membrane (PM) is associated with Lyn
kinase. After binding of the IgE to the FceRl a subunit, the receptor remains randomly distributed at the plasma
membrane. Stimulation with bivalent or multivalent antigen (Ag) leads to receptor dimerization or multimer-
ization. Only in the clusters can the Lyn kinases phosphorylate ITAMs of the neighboring receptors. Monova-
lent ligands do not cluster the receptors and therefore do notinduce phosphorylation and activation. 8, “lipid
raft model” proposes that Lyn kinase is not bound to FceRl but is separated instead into membrane regions
(lipid rafts), which are enriched with cholesterol and glycosphingolipids. These domains possess some other
lipid-anchored molecules, like glycosylphosphatidylinositol-anchored Thy-1 glycoprotein. After antigen-me-
diated FceRl clustering, the receptors are recruited into lipid rafts where their ITAMs are phosphorylated by Lyn.
C, according to “PTK-PTP equilibrium model,” a fraction of Lyn kinase in resting cells is associated with FceRl and
phosphorylates it. This activity is counterbalanced by the action of PTPs, resulting in the formation of a basal
equilibrium in quiescent cells. Perturbation of this equilibrium by inhibiting the enzymatic activity of the PTPs
or by clustering-induced allosteric changes in the receptor shifts the balance between phosphorylation and
dephosphorylation resulting in a net increase in tyrosine phosphorylation of the receptor.

immunoprecipitate PTPs associ-
ated with FceRI from nonactivated
cells.” This could reflect wealk asso-
ciation and sensitivity to detergents
used for cell solubilization. Simi-
larly, Syk kinase, for example, which
clearly interacts with FceRI 7y chain,
does not co-precipitate with the
receptor (56). The vicinity of FceR1I
phosphotyrosine motifs may be suf-

ent fractionation of detergent-solubilized cells. Our results
showing that various detergents have different effects on the
binding of several tyrosine-phosphorylated proteins to the
FceRl immunocomplexes (Fig. 1A4) support this explanation.
The combined data indicate that transphosphorylation and the
lipid raft model do not fully comply with all data on the mech-
anism of FceRI tyrosine phosphorylation gathered under some
particular conditions and that phosphatases obviously play a
key role at initial stage of the activation process.

Based on these data we propose a third model for FceRI trig-
gering (Fig. 11C). According to this PTK-PTP equilibrium
model, FceRI in quiescent cells is functionally associated with
PTKs and PTPs that are in equilibrium, and therefore, no net
phosphorylation of FceRI is observed. When the cell is acti-
vated, this equilibrium is disturbed, and a shift occurs in favor of
kinases; consequently, FceRI becomes phosphorylated. The
first step of the activation sequence according to this model is
inhibition of enzymatic activity of PTPs. ROS produced by
macrophages in the close vicinity of mast cells could represent
potent inhibitors of PTPs (25). ROS are also produced in the
course of FceRI triggering by mast cells, but because they are
not necessary for cell triggering (66), the role of intracellular
ROS production in cell activation is unclear. An alternative pos-
sibility is that activation induces conformational changes in the
receptor subunits (67), either impairing (PTPs) or enhancing
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ficient to stimulate substrate-spe-

cific binding of PTPs. Barr et al. (69)
provided convincing evidence that, despite the largely con-
served fold, surface properties of PTP phosphatase domains are
strikingly diverse. The activity of individual PTP catalytic
domains against various phosphopeptides, including substrates
commonly found in mast cells, such as ¢-Kit, WASP, or Csk,
varied at least by 2 orders of magnitude. Interestingly, the reac-
tion rates did not correlate with the specific activity of each PTP
domain toward general PTP substrate 6,8-difluoro-4-meth-
ylumbelliferyl phosphate. Thus, it is possible that the PTPs in
the vicinity of FceRI recognize specific phosphorylation sites in
the absence of another binding motif.

Using mAb specific for the oxidized active site cysteine of
PTPs, we found a dramatic increase of oxidized phosphatases in
pervanadate-treated cells. PTPs were also oxidized in both
H,O,- and antigen-activated cells, although to lesser extent.
Interestingly, most of oxidized PTPs were found in the high
density fractions of sucrose gradients, suggesting that they are
separated from signaling assemblies during cell solubilization
and/or density gradient fractionation. It is possible that oxida-
tion of the PTPs modities their physical properties and contrib-
utes to their relocation to actin cytoskeleton (see below) and
cytoplasm.

% P. Heneberg, L. Draberova, and P. Draber, unpublished data.
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DRMs are known to host only a fraction of total membrane
and submembrane PTPs. Peirce and Metzger (56) suggested
that tyrosine phosphorylation of substrates located in DRMs is
favored by both the enrichment of kinases and the paucity of
phosphatases; however, several pieces of evidence do not sup-
port such model. Only a limited fraction of PTDs (see e.g. SHP-1
in Fig. 5) is associated with DRMs. Furthermore, membrane
proteins located outside DRMs are dephosphorylated with the
similar kinetics as phosphoproteins residing in DRMs (56).
Finally, the DRM-associated pool of PTPs is largely in reduced
form (Fig. 5), allowing its higher enzymatic activity and faster
fine-tuning by phosphorylation and/or conformational
changes. Therefore, it is possible that plasma membrane hosts a
fraction of PTPs, which undergo strict regulation of their activ-
ity in activated cells. Alternatively, oxidation leads to the
removal of PTPs from DRMs, contributing to the observed defi-
ciency of oxidized PTPs in DRMs (56, 70).

Does FceRl triggering resemble signaling via the growth fac-
tor receptors (7, 53, 53, 71) and does it also lead to inactivation
of PTPsvia ROS species? Our results, as well as data from others
(25, 66, 72), clearly show that there is an increase in the amount
of oxidized PTPs in antigen-activated mast cells. However, the
results presented here also indicate that despite the fact that a
fraction of phosphatases is oxidized and thus inactivated, the
net enzymatic activity is not necessarily reduced and is largely
dependent on other ways of regulation, leading to either an
increase (SHP-2) or a decrease (HePTP) in their enzymatic
activity after FceRI triggering. It is therefore likely that under
physiological conditions only a limited fraction of PTPs is inac-
tivated by oxidation. This corresponds with the findings that
physiological concentrations of ROS are not capable of induc-
ing oxidation of the whole pool of particular PTPs (73). Thus, in
the course of MIRRs or growth factor receptor activation, cells
may retain a pool of PTPs with reduced active site cysteines that
undergo versatile regulation based on conformational and/or
phosphorylation changes leading to a further increase or
decrease of their enzymatic activity by several orders of magni-
tude (74).

The unexpected finding reported here is the association of
PTPs recognized by oxPTP mAb predominantly with plasma
membrane actin cytoskeleton. Although detailed identification
of the target phosphatases will require further studies, it is pos-
sible that actin cytoskeleton is involved in early activation
events by regulating the topography of phosphatases. Interest-
ingly, FceRI was only rarely co-localized with PTPs or their
oxidized forms. However, such co-localization was occasionally
observed (Fig. 9, E and F, and Fig. 10, C and D), confirming a
physical and functional link between PTPs and FceRIL.

In summary, we propose an alternative pathway of an initial
stage of FceRI triggering based on the existence of preformed
complexes containing FceRI, PTKs, and PTPs, where the latter
two components are in equilibrium in quiescent cells. Activa-
tion-induced down-regulation of the enzymatic activity of
PTPDs by oxidation of their active site cysteine and/or changes in
their accessibility to the receptor subunits lead to disturbance
of the equilibrium and subsequently enhanced tyrosine phos-
phorylation of the receptor subunits.
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1.3 WHAT PRECEDES THE INITIAL TYROSINE PHOSPHORYLATION OF THE
HIGH AFFINITY IGE RECEPTOR IN ANTIGEN-ACTIVATED MAST CELLS?
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In this review we evaluated current models of FceRI signaling initiation.
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An interaction of multivalent antigen with its IgE bound to the high-affinity IgE receptor (FceRI) on
the surface of mast cells or basophils initiates a series of signaling events leading to degranulation
and release of inflammatory mediators. Earlier studies showed that the first biochemically defined
step in this signaling cascade is tyrosine phosphorylation of the FceRI p subunit by Src family kinase
Lyn. However, the processes affecting this step remained elusive. In this review we critically evaluate
three current models (transphosphorylation, lipid raft, and our preferential protein tyrosine kinase-

protein tyrosine phosphatase interplay model) substantiating three different mechanisms of FcgRI
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1. Introduction

Activation of mast cells and basophils through the high-affinity
IgE receptor (FceRI) leads to the release of pro-inflammatory medi-
ators involved in inflammation and allergy disorders [1]. FceRI,
which belongs to the multichain immune recognition receptor
(MIRR) family is a tetrameric complex formed by an IgE-binding
a-subunit, a signal-amplifying B-subunit, and a homodimer of
disulphide-linked y-subunits. Each FceRI p- and y-subunit contains
one immunoreceptor tyrosine-based activation motif (ITAM)
which, after tyrosine phosphorylation, serves as a docking site for
other signaling molecules such as Src homology 2 (SH2) domain-
containing Src family kinase Lyn or Syk/Zap family kinase Syk
[1]. Several models have been proposed to explain mechanistically
how the FceRI becomes phosphorylated by protein tyrosine kinase

Abbreviations: FceRl, high-affinity IgE receptor; MIRR, multichain immune
recognition receptor; ITAM, immunoreceptor tyrosine-based activation motif; SH2,
Src homology 2; PTK, protein tyrosine kinase; PTP, protein tyrosine phosphatase;
RBL, rat basophilic leukemia; EGFP, enhanced green fluorescent protein; DRM,
detergent-resistant membrane; MBCD, methyl-p-cyclodextrin; ROS, reactive oxy-
gen species; NADPH, nicotinamide adenine dinucleotide phosphate; BMMC, bone
marrow-derived mast cell; LAT, linker of activated T cell; PLC, phospholipase; NTAL,
non-T cell activation linker

* Corresponding author. Address: Laboratory of Signal Transduction, Institute of
Molecular Genetics, Academy of Sciences of the Czech Republic, Videriskd 1083,
Prague 4, CZ 142 20, Czech Republic. Fax: +420 241062214.

E-mail address: draberpe@img.cas.cz (P. Draber).

(PTK) Lyn. The models differ in their perception of the spatiotem-
poral relationship between Lyn kinase and FceRl, and of the role
of protein tyrosine phosphatases (PTPs) at initial tyrosine phos-
phorylation of the receptor.

2. Models of FceRI phosphorylation
2.1. Transphosphorylation model

This model assumes that FceRI in quiescent cells is non-cova-
lently associated through its non-phosphorylated B subunit with
Lyn kinase which is unable to phosphorylate its carrier receptor
(Fig. 1). Aggregation of the IgE-FceRIl complexes with multivalent
antigen initiates Lyn-dependent phosphorylation of the neighbor-
ing receptors within the aggregate [2]. This process is known as
transphosphorylation and was suggested to play a role in the signal
transduction in several other systems [3]. It is corroborated by sev-
eral experimental findings. First, when biochemically crosslinked,
at least 3-4% of the non-aggregated FceRl was found to be directly
associated with Lyn [4]. Second, Vonakis et al. [5] showed that Lyn
binds through its unique domain to g subunit of FceRl, irrespective
of phosphorylation of the ITAM. This binding does not involve Lyn
SH2 domain which interacts with phosphorylated ITAM, serving to
amplify the initial activation signal. Third, transfection of Lyn un-
ique domain into rat basophilic leukemia (RBL) cells inhibited anti-
gen-induced phosphorylation of FcgRl B and 7y subunit; this

0014-5793/$36.00 © 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

doi:10.1016/j.febslet.2010.08.045
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Fig. 1. Models of FceRI phosphorylation. Transphosphorylation model presumes that active Lyn is constitutively associated with non-phosphorylated FceRI; upon FceRI
aggregation, Lyn phosphorylates adjacent receptors in the aggregate. Lipid raft model postulates that FceRl and Lyn are localized in different plasma membrane
microdomains; after aggregation FceRl is translocated to lipid rafts where it is phosphorylated by lipid raft-associated Lyn kinase. PTK-PTP interplay model assumes that PTPs
set the threshold of FceRI tyrosine phosphorylation; after FceRI triggering there is a shift in the PTK-PTP steady state in favor of PTKs.

suggests a competition for FceRl as a substrate between endoge-
nous Lyn and the transfected Lyn unique domain [6]. Fourth, stud-
ies with Chinese hamster ovary fibroblasts expressing FceRI and
various amounts of Lyn showed a direct correlation between
amount of Lyn and tyrosine phosphorylation of the FceRI. Detailed
mathematic analysis demonstrated that one Lyn molecule is capa-
ble of phosphorylating numerous adjacent FceRls [7]. Fifth, Lyn
was found to colocalize with FceRI as detected by transmission
electron microscopy on plasma membrane sheets isolated from
RBL cells. In non-stimulated cells about 25% of randomly dispersed
FceRl was associated with one or a few Lyn molecules [8]. Sixth,
Lyn kinase in quiescent mast cells is enzymatically active and its
activity is not further enhanced after FceRI triggering [9]. A muta-
tion of the C terminal tyrosine, responsible for inhibition of Lyn
kinase activity, led to a weak constitutive tyrosine phosphorylation
of several substrates including B and 7y subunits of FceRI and Syk
kinase in non-stimulated cells [9]. Seventh, aggregation of FceRI
with trivalent ligands bound in defined distance to a symmetric

DNA scaffold, resulted in phosphorylation of the FceRIl B and vy
subunits depending on the length of DNA spacer; more potent
trivalent ligands were those with shorter spacer [10]. Similarly, it
has been suggested that dominant factor affecting signaling capac-
ity of various anti-FceRl monoclonal antibodies is the orientational
element [11]. Eight, simultaneous observation of FceRl marked
with various quantum dot-labeled IgE revealed that aggregates of
at least three crosslinked FceRI remained mobile, showed pro-
longed diffussion and exhibited phosphorylation of the FceRI B
subunit and B-glucuronidase release [12]. Finally, fluorescence cor-
relation spectroscopy of Lyn-enhanced green fluorescent protein
(EGFP) and fluorescently labeled IgE bound to FceRI confirmed that
a small fraction of FceRI in non-activated cells colocalized with Lyn
[13]. Taken together, the results from the studies applying different
methods provide a strong support for the hypothesis that a fraction
of Lyn binds to unphosphorylated FcgRl, and strengthen the notion
that transphosphorylation could be the first step in FceRI signaling.
However, some data are in conflict with this hypothesis. For exam-
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ple, aggregated FceRl becomes tyrosine phosphorylated even in the
absence of B subunit [14]. Furthermore, chimeric receptors con-
taining only the y cytoplasmic tail become tyrosine phosphory-
lated upon their aggregation [15]. Alternative models had been
therefore proposed.

2.2, Lipid raft model

Lipid raft membrane microdomains were conceived as a mech-
anism for intracellular trafficking of lipids and lipid-anchored pro-
teins. The model assumes that biological membranes possess
microdomains having a lipidic structure with properties of lipid or-
der phase. These domains are rich in cholesterol and sphingomye-
lin, and possess a limited set of proteins, including those anchored
to the membrane via glycolipids (e.g. glycophosphatidylinositol) or
acyl groups (e.g. palmitoyl or myristoyl), and also some acylated
proteins with transmembrane domain. They are surrounded by
membranes with lipid structure resembling lipid disorder phase
possessing phosphatidylinositols and a majority of the transmem-
brane proteins [16]. Cholesterol plays a crucial role in the forma-
tion of lipid rafts, and cholesterol-depletion experiments have
been used in lipid raft function studies. Membrane domains with
properties of lipid rafts are often isolated as membranes resistant
to solubilization with non-ionic detergents, such as Triton X-100
at low temperature. Thus, the lipid raft hypothesis is in part based
on studies presuming that detergent-resistant membranes (DRMs)
correspond to lipid rafts, an assumption which is probably incor-
rect [16]. On the other hand, the lipid raft model is supported by
experiments showing that aggregation of FceRIl and some other
membrane proteins leads to a decreased detergent solubility as
can be documented by density gradient ultracentrifugation. From
the FceRl perspective, lipid raft model postulates that in quiescent
cells FceRI is physically separated from active Lyn residing in lipid
raft domains [17]. After aggregation, FceRI is translocated into
these domains and is phosphorylated there by Lyn (Fig. 1). De-
creased detergent solubility was observed not just in extensively
aggregated FceRI, but even upon FceRI dimerization, although the
activation was delayed and more sustained [ 18]. Furthermore, it
has been shown that cholesterol depletion with methyl-p-cyclo-
dextrin (MBCD) reduced phosphorylation of the FceRI subunits as
well as other proteins. The tyrosine phosphorylation of FceRI was
rescued when cholesterol was added [19]. These data were taken
as evidence that FceRl cannot be phosphorylated in the cells in
which lipid rafts are destroyed. Removal of cholesterol with MBCD,
however, led to a decreased expression of FceRl and had some
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other effects on mast cell physiology [20]; therefore, these experi-
ments cannot simply be interpreted as supporting the role of lipid
rafts in FceRl signaling.

Recent studies based on advanced microscopy methods re-
vealed that membrane domains in quiescent cells are highly dy-
namic and small in size (less than 10 nm). They can transiently
coalesce after ligand-induced aggregation of membrane proteins
and form larger domains [21]. In antigen-stimulated mast cells,
transient increase of FceRl in specialized cholesterol-rich domains,
peaking at 5 min after receptor aggregation has been described
[22]. However, it remains to be determined whether these changes
reflect either an association of FceRI with cholesterol-enriched li-
pid rafts possessing sequestered Lyn, or rather changes leading to
removal of aggregated FceRI. In fact, experiments with N-palmitoy-
lation-site deficient Lyn show that anchor of the Lyn to the plasma
membrane but not to DRMs is important for proper tyrosine phos-
phorylation of the FceRI [23]. Furthermore, Lyn-EGFP mobility
within the plasma membrane decreased upon FceRl triggering,
and association of the kinase with FceRl was increased. However,
no change in association of aggregated FceRIl with EGFP anchored
to the plasma membrane through Lyn acylation site was observed
[13]. Thus, lipid raft localization of Lyn is not sufficient for its inter-
action with aggregated FceRI.

2.3. PTK-PTP interplay model

The key player in the transphosphorylation and lipid raft mod-
els in antigen-activated mast cells is the PTK Lyn utilizing FceRI
ITAM as a substrate. However, the extent of phosphorylation of
the immunoreceptors and other substrates depends not only on
enzymatic activity of the PTKs, but, at least partly, also on the
activity of PTPs. As an attempt to explain some conflicting experi-
mental data which were inconsistent with lipid raft model, the
PTK-PTP interplay model was coined (Fig. 1). Initially, the model
was elaborated in studies of immunoreceptor signaling in B cells.
Reth and co-workers [24] showed that the B cell receptor, belong-
ing to the MIRR family, forms a complex with PTKs and PTPs; this
complex is indispensable for reactive oxygen species (ROS)-in-
duced phosphorylation. Also, ROS encompassing superoxide or
hydrogen peroxide are known inhibitors of PTPs and are capable
of initiating early FceRI-induced signaling events in mast cells. De-
spite a growing list of confirmed PTPs present in mast cells, their
contribution to cell signaling regulation is still poorly understood
[25,26]. One possible way of regulation of the PTP activity is revers-
ible oxidation of Cys residue in a conserved signature motif (1/
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Fig. 2. Phosphorylation of FceRI does not require its translocation into lipid rafts. (A) IgE-senzitized BMMCs were non-activated (C, 0 min) or activated for 1 or 5 min with
pervanadate (Pv) or antigen (Ag). The cells were solubilized and the FceRl complexes were immunoprecipitated (IP) and analyzed by immunaoblotting (IB) with antibodies
specific for phosphotyrosine (PY20) or FceRI B chain (loading control). Positions of FceRI p and y chains are indicated. (B) Density gradient fractionation of cell lysates. The
cells were sensitized with '°I-IgE and then left non-activated (C; filled squares) or activated with pervanadate (Pv; open circles) or anti-IgE (algE; open squares). After 5 min
the cells were solubilized and fractionated by sucrose density gradient ultracentrifugation. Radioactivity in individual fractions was determined and expressed as percentage
of the total radioactivity recovered. Percentage of sucrose in individual fractions is also shown (filled triangles). Methodological details can be found elsewhere [32].
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V)HCxxGxxR(S/T) in the catalytic domain. The proximity of Arg in
the signature motif makes it possible for an invariant Cys to form a
thiolate anion at physiological pH (pKa <6.0) that can act in nucle-
ophilic attack on the phosphate group. However, the same Cys res-
idue can be oxidized by ROS to catalytically inactive Cys-sulphenic
acid, a mechanism that is fully reversible by action of glutathione
or other thiols [27]. ROS are produced under physiological condi-
tions by the activity of specialized enzymes such as nicotinamide
adenine dinucleotide phosphate (NADPH)-oxidase [28,29]. Strong
oxidants like pervanadate (a mixture of vanadate and H,0,) irre-
versibly inactivate PTPs by the formation of Cys-sulphonic acid
residues [30]. Exposure of mast cells to pervanadate leads to acti-
vation events which resemble those induced by physiological
activators [31,32].
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The PTK-PTP interplay model is supported by several lines of
evidence. First, exposure of RBL or bone marrow-derived mast cells
(BMMCs) to pervanadate or H,0, induced robust tyrosine phos-
phorylation of the FceRI subunits in the absence of receptor migra-
tion into DRMs, as determined by solubilization of the cells in
Triton X-100 followed by sucrose density gradient ultracentrifuga-
tion. This was in sharp contrast to antigen- or anti-IgE antibody-in-
duced activation which led to the movement of FceRI into DRMs
(Fig. 2). Such data indicate that association of FceRI with DRMs is
not required for receptor phosphorylation. Second, electron
microscopy studies on isolated plasma membrane sheets showed
that FceRI in pervanadate-activated cells was distributed in the
same way as the receptor in non-activated cells. Thus, enhanced
receptor clustering is not required for tyrosine phosphorylation
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Fig. 3. Membrane topography of phosphatases, actin and FceR1. Plasma membrane sheets were prepared from non-activated (Control; A and C), pervanadate-activated (Pv; B,
E, and F) or antigen-activated (Ag; D) BMMCs and after two-step labeling procedure were analyzed by electron microscopy. FceRI was labeled extracellularly using IgE (12 nm
gold; A and B) or from cytoplasmic side using anti-FceRI f chain (12 nm gold; F). Oxidized phosphatases were labeled with oxPTP monoclonal antibody marked with 6 nm (A
and B) or 12 nm gold particles (C-E). F-Actin or SHP-2 were labeled with phalloidin (5 nm gold; C-E) or anti-SHP-2 antibody (6 nm gold; F), respectively. Gold particles of 5-
6 nm are indicated by arrowheads and those of 12 nm by arrows. Inlets in A and B show higher magnification. Experimental procedure details have been described [32].
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of FceRI [32]. Third, using a monoclonal antibody (0xPTP) recogniz-
ing oxidized Cys residue in catalytic domain of PTPs, enzymatically
inactive PTPs were detectable in a time- and dose-dependent man-
ner in cells activated with pervanadate, H,O, or antigen [32].
Fourth, most of PTK substrates are not phosphorylated if pervana-
date is added to cell lysates instead of intact cells [24]. Similarly,
lysates prepared from non-activated mast cells and treated with
H,0, or pervanadate exhibited a lower amount of oxidized PTPs
than lysates prepared from cells activated with H,0, or pervana-
date before lysis [32]. These data suggest that solubilization of
the cells with detergents destroys preformed signaling assemblies
containing PTKs, PTPs, and their substrates. Fifth, pretreatment of
activated cells with saponine, leading to cell permeabilization
and release of the majority of free cytoplasmic components, re-
sulted in association of the majority of oxidized PTPs with cellular
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ghosts [32]. This indicates that oxidized PTPs are not freely moving
in cytosol, but rather form large complexes. In fact, FceRI on plas-
ma membrane sheets isolated from non-activated (Fig. 3A) or acti-
vated (Fig. 3B) cells occasionally colocalizes with oxidized PTPs.
Interestingly, fraction of oxidized PTPs was associated with
membrane-bound actin cytoskeleton, especially after activation
(Fig. 3C-E). Finally, activation of the cells with antigen leads to de-
creased enzymatic activity of HePTP (PTPN7) and some other PTPs,
and exposure of the cells to H,0, leads to a substantial decrease in
overall phosphatase activity [32].

An important task is the identification of PTPs directly involved
in regulating the tyrosine phosphorylation of the receptor. Using a
modified immunoprecipitation procedure with oxPTP antibody,
followed by mass spectrometry analysis of the immunoprecipi-
tated proteins, we found that several PTPs are oxidized in activated

oxPTP 6 nm

Fig. 4. Topography of oxidized phosphatases and transmembrane adaptor proteins. Plasma membrane sheets were prepared from non-activated (Control; A and B), antigen-
activated (Ag; C and D) and pervanadate-activated (Pv; E and F) BMMCs and labeled for oxidized PTPs with 6 nm gold (A-F) or for LAT (A, C, and E) or NTAL (B, D, and F) with
12 nm gold. Gold particles of 6 or 12 nm in size are indicated with arrowheads or arrows, respectively. Inlets in E and F show higher magnification. Experimental procedure

details have been described [32,38].
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mast cells; they include SHP-1 (PTPNG), SHP-2 (PTPN11), PTP-
MEG2 (PTPN9) and HePTP. However, we failed to co-immunopre-
cipitate the PTPs with FceRI and we found no binding motifs in
FceRI B and v subunits for the phosphatases, except for the phos-
photyrosine motifs. Interestingly, it has been found that SHP-2
occasionally colocalizes with FceRI (Fig. 3F), and that FceRI is
pre-associated in non-activated cells with SHP-1 [33]; these phos-
phatases exhibited enhanced enzymatic activity after FceRI trig-
gering [32]. The finding that a fraction of these phosphatases was
reversibly oxidized in their active sites [32], suggests that there
are spatiotemporal differences in enzymatic activity of the phos-
phatases. It is possible that the enzyme molecules in the vicinity
of the receptor in submembraneous region have different enzy-
matic activity immediately after receptor triggering than the rest
of molecules in the cell. Another PTP, the HePTP, also oxidized in
activated mast cells, exhibited a decreased enzymatic activity after
FceRI triggering, and could thus contribute to an enhanced phos-
phorylation in activated cells.

How could the PTPs become inactivated under physiological
conditions? Production of ROS either intracellularly [28] or by
adjacent macrophages [34] influences mast cell activation. It has
been shown that ROS produced by NADPH oxidase is crucial for
phosphorylation of many substrates [linker of activated T cells
(LAT), phospholipase (PLC)y1 and (PLC)y2], but NADPH oxidase
alone is dependent on the activity of Src family kinases and
PI3-kinase [28]. In one recent study, however, abrogation of
FceRI-dependent ROS production had no effect on degranulation
or cytokine production [29]; this would suggest that antigen-in-
duced conformational changes in FceRI and resulting impaired ac-
cess of PTPs to their substrates could be more important for
enhanced FceRI B and y subunits phosphorylation than inhibition
of enzymatic activity of the PTPs by ROS. Conformational changes
in activated MIRRs have already been described [35,36]. It is pos-
sible that a similar change could lead to a shift in PTK-PTP steady
state phosphorylation level of FceRI after mast cells triggering.
The combined data suggests, that non-activated mast cells pos-
sess preformed signaling assemblies containing immunorecep-
tors, and PTKs and PTPs which are in steady state. The binding
of a multivalent antigen could cause a change in conformation
of FceRI which would be followed by a change in the steady state
in favor of PTKs.

3. Topography of signaling molecules

Electron microscopy studies showed that most of the plasma
membrane-bound molecules are associated with osmiophilic re-
gions of the membrane [37]. Interestingly, molecules which were
expected to be localized in lipid rafts, such as non-T cell activation
linker (NTAL) and LAT, were localized individually or in small clus-
ters and were not intermixed [38]. This suggests that lipid rafts, if
they exist, are smaller than previously thought, and could be re-
stricted to individual proteins or their clusters and surrounding lip-
ids. Small size of signaling domains was documented in studies in
which FceRI dimers were capable of initiating signaling cascades
without any dramatic changes in their redistribution in the plasma
membrane [12,18]. Signalosomes of dimerized FceRI persisted at
the membrane longer than large aggregates formed by binding of
multivalent antigen to IgE-FceRl complexes. Thus, formation of
large FceRIl aggregates is important for more potent removal of
the membrane signalosomes at later stages of signaling.

Interesting data were obtained in studies analyzing the topog-
raphy of membrane-bound PTPs. Antibody specific for oxidized
phosphatases reacted mostly with cytoskeleton-like structures in
non-activated mast cells [32]. Enhanced association of oxidized
phosphatases with these structures was observed in cells activated

by antigen and especially by pervanadate. The same structures
were labeled with phalloidin (Fig. 3C-E), indicating that oxidized
phosphatases are preferentially associated with actin cytoskeleton.
These data suggest that actin cytoskeleton is involved in early sig-
naling events by regulating the topography of phosphatases. Alter-
natively, actin could play a role in sequestering and/or scavenging
irreversibly oxidized PTPs. In this connection it should be men-
tioned that actin probably plays a role in sequestering Lyn kinase
to the periphery of large FceRl aggregates which are consequently
internalized [8].

Further studies showed that PTPs could also play a role in acti-
vation-induced tyrosine phosphorylation of the transmembrane
adaptor protein NTAL and LAT, which in phosphorylated state
serve as docking sites for molecules involved in FceRI signaling
[1]. Although both LAT and NTAL are detergent-resistant proteins,
they exhibited enhanced colocalization with oxidized PTPs after
FceRlI triggering and even more so after treatment with pervana-
date (Fig. 4). Nevertheless, oxidized phosphatases have not been
found in DRMs [32]. Similarly, Syk was detected in FcgRI clusters
on plasma membrane sheets isolated from activated mast cells
[8], in spite of the fact that only FceRI, was associated with DRMs
[39]. Moreover, experiments with disaggregated FceRI clusters
showed that the rate of their dephosphorylation was the same as
that of other proteins [39]. These data indicate that proteins in
DRMs are not protected from phosphatase activity and that even
typical DRM proteins could be phosphorylated as proposed by
the PTK-PTP interplay model.

4. Conclusions

We evaluated three models which have been proposed to ex-
plain the molecular mechanism whereby aggregation of the FceRI
initiates the first biochemically defined step in the antigen-medi-
ated signaling in mast cells - tyrosine phosphorylation of the FcgRI
B subunit by Lyn kinase. Although the transphosphorylation and li-
pid raft models are supported by numerous studies that are not
limited to immunoreceptor signaling, they do not satisfactorily ex-
plain all activation events, such as tyrosine phosphorylation by
ROS. This necessitated the introduction of PTK-PTP interplay mod-
el based on an assumption that PTKs and PTPs are in steady state in
quiescent cells and activation disturbs this steady state in favor of
kinases. Considering the fact that the turnover rate of active PTPs is
100- to 1000-times higher than that of PTKs [40], one can hypoth-
esize that the PTK-PTP steady state in quiescent cell is set to over-
ride PTK, a process that could serve as a threshold of FceRI
signaling. Local ROS production or conformational changes of FcgRI
leading to inactivation of the enzymatic activity of PTPs or their
inaccessibility to the substrate could precede tyrosine phosphory-
lation of the FceRI.

New approaches and methods are required to understand in de-
tail the initiation of FceRl phosphorylation and spatiotemporal
coordination of the FcgRI signalosome formation. Better under-
standing of these events is expected from the introduction of
new real-time methodologies with nanoscale resolution. Promising
are approaches analyzing immunoreceptor signaling in cell-free
systems with defined composition of lipid bilayers and properly
accommodated signaling molecules. Genetic approaches will no
doubt play a major role in deciphering signaling events in a com-
plex cellular environment. Detailed analysis of properties of cells
with knock-out of selected genes and restored with various mutant
forms of the gene (knock-in approach) could still lead to the dis-
covery of new players involved in initial stages of FceRI signaling.
These, in turn, could become targets for new drugs, and thus con-
tribute to new rational approaches to therapy of mast cell medi-
ated diseases.
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1.4 CROSS-TALK BETWEEN TETRASPANIN CD9 AND TRANSMEMBRANE
ADAPTOR PROTEIN NON-T-CELL ACTIVATION LINKER (NTAL) IN MAST
CELL ACTIVATION AND CHEMOTAXIS

J Biol Chem. 288(14):9801-14, 2013.

In attempts to identify new plasma membrane molecules affecting mast cell activation we
generated new Ab recognizing mast cell surface Ag identified as CD9. We found that pretreatment
of mast cells with CD9-specific Ab triggered activation events as phosphorylation of some key
signaling proteins, calcium flux and dephosphorylation of ezrin, radexin, moesin (ERM) family
proteins that is important step facilitating mast cell chemotaxis. After CD9 aggregation, NTAL but
not LAT showed increased phosphorylation of tyrosine residues. Ultrasctructural analysis of CD9
topography in plasma membrane showed that upon activation, CD9 colocalized with NTAL but
not LAT. The combined data helped to dentify different roles of LAT and NTAL in mast cell

activation and chemotaxis.
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Background: Chemotaxis is regulated by chemoattractants and poorly understood intrinsic regulators.
Results: Aggregation of tetraspanin CD9 leads to activation of mast cells and inhibition of their antigen-driven chemotaxis.
Conclusion: Chemotaxis toward antigen involves cross-talk between immunoreceptor, CD9, transmembrane adaptor proteins,

and cytoskeleton-regulatory proteins.

Significance: Tetraspanin CD9 is defined as a novel regulator of mast cell chemotaxis.

Chemotaxis, a process leading to movement of cells toward
increasing concentrations of chemoattractants, is essential,
among others, for recruitment of mast cells within target tissues
where they play an important role in innate and adaptive immu-
nity. Chemotaxis is driven by chemoattractants, produced by
various cell types, as well as by intrinsic cellular regulators,
which are poorly understood. In this study we prepared a new
mADb specific for the tetraspanin CD9. Binding of the antibody to
bone marrow-derived mast cells triggered activation events that
included cell degranulation, Ca>* response, dephosphorylation
ofezrin/radixin/moesin (ERM) family proteins, and potent tyro-
sine phosphorylation of the non-T cell activation linker (NTAL)
but only weak phosphorylation of the linker for activation of T
cells (LAT). Phosphorylation of the NTAL was observed with
whole antibody but not with its F(ab), or Fab fragments. This
indicated involvement of the Fcy receptors. As documented by
electron microscopy of isolated plasma membrane sheets, CD9
colocalized with the high-affinity IgE receptor (FceRI) and
NTAL but not with LAT. Further tests showed that both anti-
CD9 antibody and its F(ab), fragment inhibited mast cell che-
motaxis toward antigen. Experiments with bone marrow-de-
rived mast cells deficient in NTAL and/or LAT revealed
different roles of these two adaptors in antigen-driven che-
motaxis. The combined data indicate that chemotaxis toward
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antigen is controlled in mast cells by a cross-tallc among FceRI,
tetraspanin CD9, transmembrane adaptor proteins NTAL and
LAT, and cytoskeleton-regulatory proteins of the ERM family.

Mast cells are derived from progenitors that are released
from bone marrow into circulation, and subsequently migrate
to peripheral tissues where they undergo differentiation and
maturation (1). The process plays a vital role in innate and/or
adaptive immune response and is controlled by a plethora of
different chemoattractants, which require sophisticated mech-
anisms for their recognition and proper cellular responses
(2—4). It is obvious that such mechanisms must involve efficient
cross-talk between surface receptors, plasma membrane com-
ponent organizers, such as tetraspanin, signal transducers,
cytoskeletal effectors, and others. Signal transduction mediated
by two important mast cell receptors, the high-affinity IgE
receptor (FCERI)5 and the stem cell factor (SCF) receptor (KIT),
is dependent on the presence of two transmembrane adaptor
proteins (TRAPs), the linker for activated T cells (LAT) and the
non-T cell activation linker (NTAL, also called LAB or LAT2)
(5-8). Both adaptors are structurally similar and serve as
plasma membrane docking sites for cytoplasmic signal trans-
duction molecules. TRAPs are characterized by a short extra-
cellular domain, a single transmembrane domain, and a cyto-
plasmic tail, which has no intrinsic enzymatic activity but
possesses various tyrosine-containing motifs and domains.
The properties of transmembrane domains and the presence of
palmitoylation sites determine the solubility of LAT and NTAL
in non-ionic detergents, distribution in the plasma membrane,
and some other functional properties (9—11). Despite their

5 The abbreviations used are: FceRl, high-affinity IgE receptor; SCF, stem cell
factor; TRAP, transmembrane adaptor protein; LAT, linker for activation of
T cells; NTAL, non-T cell activation linker; KD, knockdown; BMMC, bone
marrow-derived mast cell; Ag, antigen; ERM, ezrin/radixin/moesin; TNP,
2,4,6-trinitrophenol; 2KO, Ntal~*~/Lat "~ double KO; BSS, buffered saline
solution; BSSA, BSS supplemented with 0.1% BSA; [Ca? '], concentrations
of intracellular Ca2*; 2-PCCF, pair cross-correlation function; F-actin, fila-
mentous actin.

JOURNAL OF BIOLOGICAL CHEMISTRY 9801



CD9 and NTAL Adaptor Cross-talk in Mast Cell Chemotaxis

structural similarity, NTAL and LAT were found in different
microdomains in plasma membrane (5, 11). Studies with mast
cells generated from NTAL or LAT KO mice (5, 6), human mast
cells with NTAL knockdown (KD) (7), or rat basophilic leuke-
mia cells with enhanced or reduced NTAL levels (12) showed
that NTAL could act either as positive or negative regulator of
FceRl signaling, whereas LAT acts as positive regulator (4, 13).
Although the role of these two adaptors in immunoreceptor
signaling has been extensively studied, their function in mast
cell migration is not fully understood. We have previously
shown that NTAL serves as a negative regulator of bone mar-
row-derived mast cells (BMMCs) migration toward antigen
(Ag) but has no apparent role in migration toward SCF (14).
However, the role of LAT ablation either alone or together with
NTAL on Ag-mediated chemotactic response is unknown.

Tetraspanins, similarly as TRAPs, have no enzymatic activity
and regulate signaling events by cross-talk with other plasma
membrane-associated protein molecules, including integrins
(15-21), G-protein-coupled receptors (21-23), several immu-
noglobulin superfamily members (24, 25), and PKC (26).
Although tetraspanins are involved in a variety of biological and
pathological processes (27, 28), it is not clear whether tetraspa-
nins interact with TRAPs and what are consequences of such
interactions.

In this study we aggregated tetraspanin CD9 on the surface of
mast cells and investigated signaling events elicited by such
treatment. We also analyzed the effect of CD9 aggregation on
cell activation events induced by Ag-mediated aggregation of
the FceRl, including degranulation, calcium response, phos-
phorylation of cytoskeleton-regulatory proteins of the ezrin/
radixin/moesin (ERM) family, and chemotaxis. Using mast cells
derived from NTAL- and/or LAT-deficient mice we studied a
cross-talk of these adaptors with CD9 and its impact on mast
cell chemotaxis. Finally, we investigated the role of CD9 in acti-
vation through the FceRl and membrane topography of CD9
with respect to NTAL, LAT, and FceRI Our data indicate that
chemotaxis toward Ag in mast cells is regulated by a cross-talk
among CD9, FceRl, TRAPs, and cytoskeleton-regulatory ERM
family proteins.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Anti-CD9 mAb (clone 2H9, 1gG,
type) was generated by immunizing a rat (Wistar strain) with
BMMCs permeabilized with 0.1% saponin and washed.
Hybridoma production and mAb selection was done as
described previously (29) with the exception that rat spleen
cells instead of mouse spleen cells were used. Specificity of the
2H9 antibody was verified by immunoprecipitation followed by
mass spectrometry analysis as described (30) and by cross-im-
munoprecipitation using commercially available anti-CD9
antibody (KMC8.8, Santa Cruz Biotechnology, Inc.). Isotyping
was performed with the [soStrip Isotyping kit (Roche Diagnos-
tics) following the manufacturer’s protocol. F(ab), and Fab
fragments of the 2H9 antibody were generated using, respec-
tively, F(ab), and Fab Preparation Kits (Pierce) according to the
manufacturer’s protocol. Functionality of both types of the
fragments was verified by FACS analysis and SDS-PAGE
electrophoresis.
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The following mAbs were used: 2,4,6-trinitrophenol (TNP)-
specific IgE, clone IGEL b4 1 (31), anti-FceRI B-subunit (JRK)
(32), anti-NTAL (NAP-07) (33), anti-LAT (34), anti-Lyn (35),
and anti-CD16/CD32 (2.4G2; directed against extracellular
domains of mouse receptors FcyRIIB and FeyRIIL a gift from V.
Horejsi). Polyclonal antibodies specific for LAT, NTAL, and IgE
have been prepared in this laboratory after immunizing rabbits
with the corresponding recombinant proteins or their frag-
ments (36). Polyclonal antibodies specific for phospho-ERK
(phospho-Y?°%), phospho-Akt (phospho-5*?), phospho-c-Kit
(phospho-Y®¥/57%) "anti-integrin B1 (CD29), as well as HRP-
conjugated goat anti-mouse IgG, and goat anti-rabbit IgG were
obtained from Santa Cruz Biotechnology, Inc; antibodies
against phospho-p38 (Y'®/T'8% pp38Y'T), phospho-Ezrin
(T%%7)/Radixin (T®*)/Moesin (T**®) (pERM"), phospho-Syk
(Y525 /Y526; pSykY), phospho-Akt (T3%; pAkt"), and HRP-con-
jugated goat anti-rat IgG were obtained from Cell Signaling.
Phospho-Tyr-specific mAb (PY-20) conjugated to HRP, anti-
CD9 (KMCS8), and anti-integrin f1 (HM B1-1) were purchased
from BD Biosciences. Anti-mouse FceRI-FITC conjugate and
anti-mouse CD117 (KIT)-APC conjugate were obtained from
eBioscience; anti-mouse integrin B1-FITC was from Millipore.
Recombinant mouse IL-16 was obtained from Prospec. All
other chemicals were obtained from Sigma.

Cells and Lentiviral Infection—BMMCs were derived from
C57BL.6 mice of WT (Ntal™'™ or Lat™™) or from Ntal™'~,
Lat™"~ or Ntal™'~ [Lat™'~ double KO (2KO) mice (5). In some
experiments, Balb/c mice were also used as indicated in the text.
All work with animals was conducted in accordance with institu-
tional (33/2008) and national (2048/2004 —1020) guidelines. Bone
marrow cells were isolated and cultured as previously described
(5). BMMCs deficient in Lyn (Lyn_f 7) and their WT controls
(Lyn™"*) were kindly provided by M. Hibbs (Ludwig Institute for
Cancer Research, Melbourne, Australia) (37). HEK 293 T/17 pack-
aging cells were purchased from American Type Culture Collec-
tion. The cells were grown as adherent monolayer culture in
DMEM containing 10% FCS, 100 units/ml of penicillin, and 100
pg/ml of streptomycin. Cultures were passaged regularly every
4.-5 days and kept at 37 °C in an atmosphere of 5% CO,. The
cells used for lentivirus production were at passage 4—15. Len-
tiviral infection was done as described previously (38). A set of
murine CD9 shRNAs cloned into the pLKO.l vector
(TRCNO0000066393, TRCNO0000066394, TRCNO000066395,
TRCNO0000066396, and TRCN0000066397) were purchased
from Open Biosystems. Stable selection was achieved by cultur-
ing the transfected cells for 2 weeks in the presence of puromy-
cin (5 pg/ml). Cells were analyzed for CD9 expression by
immunoblotting and FACS. Cells with the highest reduction
of CD9 protein, obtained with TRCNO0000066393 and
TRCNO0000066395, were selected for further experiments. Cells
transfected with empty pLKO.1 vector were used as negative
controls.

B-Glucuronidase Release, Ca®" Response, Protein Phosphor-
ylation, and Immunoprecipitation—BMMCs were sensitized in
SCF- and IL-3-free culture medium supplemented with IGEL
b4 1 mAb (1 pg/ml) for 16 h, unless stated otherwise. Then the
cells were washed in buffered saline solution (BSS) supple-
mented with 0.1% BSA (BSSA), and activated with Ag (TNP-
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BSA conjugate, 15-25 mol of TNP/mol of BSA; 100-500
ng/ml, depending on batch), SCF (20 -100 ng/ml, depending on
batch), or anti-CD9 (0.04-20 pg/ml) at concentrations and
times giving maximum degranulation or protein phosphoryla-
tion, respectively. For inhibition experiments cells were pre-
treated with different concentrations of anti-CD9 mAb for 15
min. The extent of secretion was determined by determining
the concentration of B-glucuronidase as described previously
(39) except that the Infinite 200M (TECAN) plate reader
instrument at excitation and emission wavelengths of 355 and
460 nm, respectively, was used. Cells used in calcium response
assays were loaded with Fura-2AM as described previously (40)
and changes in concentrations of intracellular Ca®" ([Ca®'],)
were determined by spectrofluorometry as the changes in ratios
of emissions at 510 nm when the cells were excited at 340 and
380 nm; selected cell activators were added automatically using
the injector system (TECAN).

Protein phosphorylation was analyzed by immunoblotting of
size-fractionated cell lysates. Cells were centrifuged and resus-
pended in sample buffer containing 10% SDS with or without
2-mercaptoethanol (2-ME) and then sonicated (3 X 10 s),
resolved by SDS-PAGE, and immunoblotted with PY-20-HRP
conjugate or with protein-specific antibodies followed by the
corresponding secondary antibodies: HRP-conjugated anti-
mouse, anti-rat, or anti-rabbit 1gG. HRP signal was detected by
the ECL reagent (Amersham Biosciences) and quantified by
Luminescent Image Analyzer LAS 3000 (Fuji Photo Film Co.).
Aida software (Raytest GmbH) was used for analysis.

For immunoprecipitation, postnuclear supernatants were
prepared from 10-50 X 10° cells lysed in ice-cold lysis buffer
(40) supplemented with 1% Nonidet P-40 and 1% n-dodecyl-B-
p-maltoside (for LAT and NTAL immunoprecipitation), 1%
CHAPS (for CD9 immunoprecipitation), or 0.2% Triton X-100
(for FceRI immunoprecipitation). Target proteins were immu-
noprecipitated with appropriate antibodies attached to protein
A/G PLUS-agarose (Santa Cruz) or Protein A UltraLink Resin
(ThermoScientific).

Flow Cytometry Analysis—To quantify surface expression of
CD9Y, BMMCs (3 X 10%/ml) were exposed for 30 min on ice to
1-10 pg/ml of anti-CD9 followed by a 30-min incubation with
FITC-conjugated anti-rat antibody. For detection of other
membrane proteins, the cells were directly labeled with anti-
mouse FceRI-FITC, anti-mouse CD117-APC, or anti-mouse
integrin B1-FITC conjugate. After a 30-min incubation on ice
the cells were washed in ice-cold PBS and evaluated with LSRIL
flow cytometer (BD Biosciences). Median fluorescence intensi-
ties were determined in the FITC or APC channel and further
processed using Flow]Jo software (Ashland, OR). For inhibition
experiments, cells were pretreated with anti-CD9 mAb (10
pg/ml) for 15 min.

Chemotactic Response—Chemotactic responses were assayed
using 24-well Transwell chambers (Corning) with 8-pum poly-
carbonate filters in the upper wells. Chemoattractants were
added to the lower wells in 0.6 ml of chemotactic medium
(RPMI 1640 supplemented with 1% BSA and 20 mm HEPES, pH
7.4). BMMCs (0.3 X 10° cells in 120 wul of chemotactic media)
were added into each upper well. In experiments with Ag-me-
diated chemotaxis the cells were sensitized with IgE before the

RRHE

APRIL 5, 2013+ VOLUME 288+NUMBER 14

assay. Cells migrating into lower wells within the 8-h incuba-
tion period (37 °C, 5% CO, in air) were counted using Accuri C6é
Flow Cytometer (BD Biosciences).

Electron Microscopy of Immunogold-labeled Membrane
Sheets—Ultraclean glass coverslips (15 mm in diameter) were
prepared as previously described (11). The coverslips in 24-well
plates were coated by overnight incubation at 4°C with
fibronectin (50 wg/ml in PBS), followed by washing with dis-
tilled water, and used immediately. BMMCs (1.5 X 10°) were
washed twice with BSSA and then incubated on fibronectin-
coated glass coverslips. After 1 h the cells were washed with
BSSA and incubated with anti-CD9 antibody (15 pg/ml) in
BSSA at room temperature. After 10 min the cells were washed
3 times in PBS and subsequently incubated with the secondary
antibody conjugated with 12-nm gold particles. Alternatively,
the cells were prefixed in 2% paraformaldehyde for 7 min,
washed 3 times in PBS, and immersed in ice-cold HEPES buffer
(25 mm HEPES, pH 7.0, 25 mm KCl, 2.5 mM magnesium ace-
tate). Plasma membrane sheets were isolated and fixed in 2%
paraformaldehyde in HEPES buffer for 10 min. After fixation,
electron microscopy grids were transferred to PBS and target
epitopes located on the cytoplasmic side of the plasma mem-
brane were labeled with specific primary antibodies in 0.1%
BSA in PBS (rabbit anti-NTAL, 1:200; rabbit anti-LAT, 1:200;
mouse anti-FceRI-B subunit mAb, clone JKR, 4 pg/ml) washed
4 times and subsequently labeled with goat anti-rabbit or anti-
mouse secondary antibodies conjugated to gold nanoparticles.
After extensive washing the membrane sheets were fixed in
2.5% glutaraldehyde in PBS for 10 min and the grids were trans-
ferred to PBS. After 10 min the membranes were stained with
1% OsO, in PBS, washed three times for 5 min in water, incu-
bated for 10 min with 1% aqueous tannic acid, washed again in
water, and stained for 10 min with 1% aqueous uranyl acetate.
Finally, samples were washed twice with water for 5 min, air-
dried, and observed with FEI Morgagni 268 electron micro-
scope (FEI Czech Republic) operating at 80 kV. Typically, 10
micrographs covering 22.2 um? of the cell surface were
obtained from each grid; at least three independent experi-
ments were made for each condition tested. The coordinates of
gold particles were determined by Image] (National Institutes
of Health). Statistical evaluation of colocalization of two types
of particles was based on the program Gold using pair cross-
correlation function (PCCF) (41).

Cell Adhesion and Spreading—IgE-sensitized BMMCs were
loaded with Calcein-AM and incubated or not with anti-CD9
mAb (10 pg/ml) and/or anti-B1 integrin antibody (20 pg/ml)
for 15 min before their transfer into fibronectin-coated wells.
Cell adhesion was determined after a 30-min activation of the
cells with Ag (50 ng/ml of TNP-BSA) using a TECAN fluorom-
eter with excitation at 485 nm and emission at 538 nm. For cell
spreading, wells of 96-well glass-bottom plates (InVitroSci)
were coated with 50 ul of fibronectin in PBS (50 ug/ml). After
1 h at 22 °C the wells were washed with PBS, and 30 X 10° cells
in BSSA were added into each well. Cells were allowed to attach
for 30 min at 37 °C, gently washed, and then activated or not
with Ag. After 20 min the cells were fixed for 30 min at room
temperature with 3% paraformaldehyde in PBS. For filamen-
tous (F)-actin staining, the cells were washed with 50 mm gly-

JOURNAL OF BIOLOGICAL CHEMISTRY 9803



CD9 and NTAL Adaptor Cross-talk in Mast Cell Chemotaxis

cine in PBS and then exposed to Alexa Fluor 488-phalloidin
conjugate diluted 1:100 in PBS supplemented with L-a-lyso-
phosphatidylcholine (120 pg/ml). After 1 h, the cells were
washed in PBS, fixed, and kept in PBS supplemented with
Hoechst 33258 stain. They were then examined with the Olym-
pus Scan® system. Image processing and analysis were com-
pleted by means of CellProfiler software (Broad Institute, Bos-
ton, MA) (42).

Statistical Analysis—Unless specified otherwise, the signifi-
cance of intergroup differences was evaluated by Student’s ¢
test.

RESULTS

Aggregation of CD9 Causes Activation of Mast Cells and
Tyrosine Phosphorylation of NTAL but Not LAT—In an attempt
to contribute to elucidating the role of membrane glycoproteins
in mast cell signaling and chemotaxis we studied the properties
of anew mAb prepared after immunization of a rat with cellular
ghosts obtained after permeabilization of BMMCs with sapo-
nin. Previously we (30, 35, 40) and others (43, 44) showed that
such ghosts are deprived of soluble cytoplasmic proteins, but
possess plasma membrane proteins, cytoskeletal proteins, and
nucleus. One of the mAbs prepared against such ghosts, the
2H9, was found to bind to the plasma membrane target (see
below) and activate mast cells in a manner different from that
known for other mast cell activators, the SCF and IgE-Ag com-
plexes. When BMMCs were exposed to the 2H9 mAb, an
increased degranulation (Fig. 14) and calcium response (Fig.
1B) were noticed. The responses were comparable with those
induced by SCF and lower than those observed in cells activated
by Ag. The 2H9 mAb-induced tyrosine phosphorylation of sev-
eral protein substrates in whole cell lysates was determined by
immunoblotting with PY-20-HRP conjugate (Fig. 1C). The
phosphorylation profile was, however, different from that
induced by SCF or Ag (Fig. 1C). To identity the proteins thatare
phosphorylated in cells activated by 2H9 we analyzed several
signaling targets using phosphospecific antibodies. For com-
parison we also quantified the extent of phosphorylation in cells
activated by SCF and Ag. Data presented in Fig. 1D show that
binding of 2H9 mAb had no effect on phosphorylation of Akt
on Thr®*®® or Ser*”®, and induced a weak phosphorylation of
ERK and p38. Tyrosine phosphorylation profile of the whole
cell lysate (Fig. 1C) suggested that NTAL (25-30 kDa) and LAT
(36 -38 kDa) could be among the proteins phosphorylated in
2H9-activated cells. To verity this, NTAL and LAT were immu-
noprecipitated from nonactivated or activated cells and tyro-
sine phosphorylation was determined using PY-20-HRP conju-
gate. Data in Fig. 1E show that tyrosine phosphorylation of
NTAL in 2H9-activated cells was more pronounced than in
SCF-activated cells but weaker than in Ag-activated cells. Sim-
ilar analysis of LAT immunoprecipitates showed that 2H9 trig-
gering caused only a weak LAT phosphorylation, comparable
with that observed in SCF-activated cells. This was in sharp
contrast to Ag-induced activation, which induced a strong
phosphorylation of LAT.

Next, we attempted to identify which kinases are involved in
NTAL phosphorylation in 2H9-activated cells. Previous studies
showed that NTAL in Ag-activated mast cells is phosphory-
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FIGURE 1. Activation events in mast cells caused by 2H9 mAb. BMMCs
derived from WT C57BL.6 mice were sensitized overnight with TNP-specific
IgE. A, the cells were exposed to BSSA (nonactivated control, C) or activated
with 2H9 mAb (10 pg/ml), SCF (100 ng/ml), or Ag (500 ng/ml TNP-BSA) for 30
min. [B-Glucuronidase released into supernatant was determined as
described under “Experimental Procedures.” Mean = S5.D. were calculated
from 3 independent experiments performed in triplicates. B, IgE-sensitized
BMMCs were loaded with Fura-2AM and exposed (arrow) to BSSA (Co.), 2H9
mAb (10 pg/ml), SCF (100 ng/ml), or Ag (500 ng/ml of TNP-BSA). Changes in
[Ca?'], were determined by spectrofluorometry as the ratio of emissions at
510 nm when the cells were excited at 340 and 380 nm. C, D, and F, IgE-
sensitized BMMCs were exposed to BSSA (Co.) or activated for 3 min with 2H9
mAb (1 pg/ml), SCF (100 ng/ml), or Ag (100 ng/ml TNP-BSA). Whole cell
lysates were fractionated by SDS-PAGE and analyzed by immunoblotting
with phosphotyrosine-specific mAb PY-20-HRP conjugate (C), antibodies
specific for the indicated phosphotyrosines, pAkt-T>% (pAkt"), pAkt-5472
(pAkt®), pErk-Y?** (pErk"), and pp38-Y'*4/T'®° (pp38*"") (D), or antibodies spe-
cific for pSyk-Y*2>/>26 (pSyk™), or pc-Kit-Y>5¥/57° (pc-Kit") (F).In Dand F, anti-Lyn
mAb (Lyn) was used as a loading control. E and G, IgE-sensitized BMMCs
derived from C57BL.6 mice (E) orLyn '+ orLyn /~ (G) were nonactivated (Co.)
or activated with 2H9 mAb, SCF (E only), or Ag as above. The cells were solu-
bilized in lysis buffer containing 1% Nonidet P-40 and 1% n-dodecyl-$3-D-
maltoside and postnuclear supernatants were immunoprecipitated (IP) with
NTAL- or LAT-specific rabbit antibodies immobilized on protein A. The immu-
noprecipitates were analyzed by immunoblotting (/B) with phosphotyrosine-
specific PY-20-HRP conjugate (PY20). Protein loading was determined by
LAT- or NTAL-specific mAbs. In D-G, fold-increase in protein phosphorylation
normalized to phosphorylation in nonactivated cells and protein loading is
also shown. Typical results from at least 4 experiments performed are shown.
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FIGURE 2. Identification of CD9 as the target protein of 2H9 mAb. 2H9 mAb covalently bound to protein G resin by dimethylpimelimidate was used to
pulldown the target Ag from postnuclear supernatant of BMMCs lysed in a lysis buffer containing 1% Triton X-100. Bound material was eluted from the resin
by SDS-PAGE sample buffer, size-fractionated on 12% SDS-PAGE, and stained with Coomassie Brilliant Blue. The major band was excised and analyzed with
HPLC in combination with electrospray ionization tandem mass spectrometry (microHPLC-ESI-MS/MS) and MALDI-Fourier transform mass spectrometry
(MALDI/FTMS). A, the chart represents the spectrum of detected peptides from trypsin-digested immunoprecipitated protein. Masses of identified peptides
(MH+) and their corresponding peaks are indicated. B, table shows sequences identified by MS analysis with mass of their appropriate MH* ions. C, positions
of the identified sequences (underlined) in the whole CD9 protein (NCBI Reference Sequence NP_031683.1). D, lysates from BMMCs were diluted with SDS-PAGE
sample buffer supplemented with (+) or without (—) 2-mercaptoethanol (ME), size fractionated by SDS-PAGE, and analyzed by immunoblotting with 2H9 mAb
followed by anti-rat IgG HRP conjugate. The arrow indicates the migration of the 2H9 target protein and numbers on the left represent the position of the
molecular mass markers in kDa. E, BMMCs were lysed as in A and postnuclear supernatants were immunoprecipitated (/P) with 2H9 or KMC8.8 antibodies
immobilized to protein G resin. Material released from the resin was fractionated on a 12% SDS-PAGE gel and analyzed by immunoblotting (/B) with 2H9 or

KMC8.8 Abs. The data presented in D and E are typical results from at least 3 experiments performed.

lated by the Src family kinase Lyn, Syk kinase, and/or by KIT
(45). Proper kinase activity of Syk and KIT is associated with
their increased tyrosine phosphorylation (46, 47); we therefore
first analyzed changes in phosphorylation of Syk and KIT. We
found that these two kinases do not exhibit enhanced phosphor-
ylation after 2H9 treatment (Fig. 1F). Control experiments
showed, as expected, that Syk and KIT were phosphorylated in
cells activated by Ag or SCF, respectively. To determine
whether Lyn kinase is involved in 2H9-induced NTAL phos-
phorylation, NTAL was immunoprecipitated from BMMCs
derived from Lyn~'~ mice or WT (Lyn™'") mice. Data in Fig.
1G show that the absence of Lyn caused no increase in NTAL
phosphorylation in 2H9-treated cells. The data suggest that Lyn
is the kinase required for phosphorylation of NTAL after expo-
sure of the cells to 2H9 mAb.

To identify the target recognized by the 2H9 mAb, we immu-
noprecipitated the target Ag from the lysate of resting BMMCs.
The isolated material was digested with trypsin and analyzed by
peptide mass mapping and peptide sequencing. Both analyses
showed that 2H9 mAb binds to mouse CD9 (Fig. 2, A-C). The
identity of the target was confirmed by decreased binding of the
antibody to the cells with decreased expression of CD9 (see
below). Furthermore, as determined by immunoblotting exper-
iments, 2H9 mAb recognized a protein with a molecular mass
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of 22 kDa, corresponding to CD9; only unreduced samples were
reactive (Fig. 2D). Finally, CD9 immunoprecipitated with com-
mercially available CD9-specific antibody (KMC8.8) reacted by
immunoblotting with 2H9 and vice versa (Fig. 2E). The com-
bined data indicate that binding of anti-CD9 2H9 mAb induces
mast cell signaling events that are different from those induced
by Ag or SCF.

CD39 Colocalizes with NTAL—DPrevious studies showed that
despite their similarity in structure and resistance to solubiliza-
tion in nonionic detergents, NTAL and LAT occupy different
membrane microdomains (5, 11). Tetraspanins are known to be
present in both raft and nonraft regions of the plasma mem-
brane and therefore it was of interest to determine whether
CD9 colocalizes with NTAL and/or LAT. For co-localization
experiments we used plasma membrane sheets isolated from
BMMCs and probed them with immunogold labeling on the
cytoplasmic (NTAL and LAT) or extracellular (CD9) side.
Plasma membrane sheets isolated from BMMCs were fixed (i)
before anti-CD9 (2H9) mAb exposure, (ii) 5 min after incuba-
tion with 2H9 mAb at 37 °C to induced CD9 dimerization, or
(iii) after extensive aggregation of CD9-2H9 complexes with
secondary anti-rat antibody (Fig. 3). As inferred from repre-
sentative figures and PCCF analysis, NTAL exhibited some
colocalization with CD9 in membranes obtained from cells
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FIGURE 3. Different colocalization of CD9 with NTAL or LAT. BMMCs were prefixed in 2% paraformaldehyde and then stained with 2H9 mAb followed by
secondary antibody conjugated to 12 nm of gold (4, D, G, and J). Alternatively, the cells were first treated with 2H9 mAb and then fixed and stained (B, E, H, and
K) or the cells were first treated with 2H9 mAb followed by its aggregation with secondary antibody followed by fixation (C, F, /, and L). Plasma membrane sheets
were then isolated and NTAL (A-F) or LAT (G-L) on the cytoplasmic side of the plasma membrane were labeled with primary antibodies followed by secondary
antibodies conjugated to 6-nm gold particles. Topography of gold particles was evaluated by electron microscopy. Representatives from 3 independent
experiments performed are shown (A-C and G-I). Evaluation of colocalization of 6- and 12-nm gold particles is represented as PCCF analysis for CD9/NTAL
labeling (D-F) and CD9/LAT labeling (J-L). For calculation of PCCF, 20 um? of the plasma membrane sheets was used in each experiment. PCCF indicates

colocalization when experimental values (solid line) are higher than random distribution of particles presented by a dotted line. Bars, 200 nm.

fixed before labeling (Fig. 3, A and D). Antibody-mediated
dimerization of CD9 before fixation promoted this colocaliza-
tion (Fig. 3, B and E) and extensive CD9 aggregation with sec-
ondary antibody led to localization of both CD9 and NTAL in
large separated clusters (Fig. 3, C and F). In contrast, LAT
showed no significant colocalization with CD9 at any condition
tested (Fig. 3, G-L). These data suggest that NTAL (unlike LAT)
is located together with CD9 in membrane microdomains; this
could form a mechanistical basis for their functional cross-talk.

Inhibitory Effect of Anti-CD9 on Ag-mediated Chemotaxis—
Previous studies showed that tetraspanins are involved in reg-
ulation of chemotaxis in several cell types, including mast cells
(48, 49). In further experiments we therefore tested the effect of
the 2H9 anti-CD9 mAb on chemotaxis driven by Ag. We found
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that pretreatment of IgE-sensitized BMMCs with anti-CD9
mADb inhibited migration toward Ag even at low concentrations
of the mAb (Fig. 44). Visual microscopic inspection showed
that exposure of the cells to all concentrations of the 2H9 mAb
tested in the chemotaxis assays did not induce aggregation of
BMMCs (not shown), which could be responsible to the
observed inhibitory effect. When commercially available CD9-
specific mAb, KMCS8, was used, the binding to BMMCs was
comparable with 2H9, but no inhibition of Ag-driven che-
motaxis was observed (not shown). This suggests unique bind-
ing properties of 2H9 mAb. Previous studies showed that mast
cells use tetraspanin CD9 as an alternate IL-16 receptor (48).
Next we therefore examined whether anti-CD9 antibodies will
interfere with IL-16-driven chemotaxis. Data presented in Fig.
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FIGURE 4. Anti-CD9 mAb inhibits chemotaxis toward Ag and induces
tyrosine phosphorylation of NTAL by different mechanism. 4, IgE-sensi-
tized BMMCs were pretreated with the indicated concentrations of anti-CD9
mAb 2H9 for 15 min and their chemotactic response toward Ag (250 ng/ml of
TNP-BSA in the lower chamber) was determined in the Transwell system. B,
BMMCs were pretreated or not with the indicated concentrations of anti-CD9
antibodies (2H9 or KMC8) for 15 min and their chemotactic response toward
IL-16 (50 ng/ml) was determined as above. Data were normalized toward the
maximum response attained in the absence of antibody pretreatment. Migra-
tionin the absence of IL-16 is also shown. Cand D, a set of murine CD9 shRNAs
cloned into the pLKO.1 vector (TRCNO000066393 (93), TRCNO000066394 (94),
TRCNO000066395 (95), TRCNO000066396 (96), TRCNO000066397 (97)) was
used for lentiviral infection of BMMGs. After selection in puromycin, the cel-
lular proteins were size fractionated by SDS-PAGE and analyzed by immuno-
blotting (IB) with anti-CD9 mAb 2H9. Actin was used as a loading control.
Immunoblots were evaluated by densitometry and data were normalized to
noninfected controls (V) and actin amount. Similar results were obtained in
at least three independent experiments. D, flow cytometry analysis of surface
expression of CD9 in clones selected for further studies, 93 (dotted line) and 95
(dashed line). Gray filled region represents control cells exposed to secondary
anti-rat Alexa 488 antibody alone. Thick line indicates cells infected with
empty vector (pLKO). E,BMMCs were deprived of CD9 after infection with CD9
shRNA-containing vector (CD2 KD), uninfected cells (Co.), or cells infected
with empty vector (pLKO) served as controls. Ag-mediated chemotaxis in the
cells was measured as in A. F, BMMCs were not exposed (Co.) or exposed for 15
min to 2H9 mAb Fab or F(ab), fragments, each at a concentration 2 or 20
pg/ml. Their chemotaxis was determined as in A. G, BMMCs were exposed to
BSSA (negative control, Co., line 1), 2H9 mAb Fab fragment (line 2), 2H9 mAb
F(ab), fragment (line 3), or 2H9 whole molecule («CD9; line 4); each at a con-
centration of 10 pg/ml. After 5 min the cells were solubilized in lysis buffer
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4B indicate that both 2H9 and KMCS8 inhibited chemotaxis
toward IL-16; 2H9 was more potent than KMCS8 at all concen-
trations tested.

To find out whether binding of 2H9 mAb to CD9 is indeed
involved in chemotaxis inhibition, we prepared BMMCs with
CD9 KD after infection of the cells with lentiviral vectors con-
taining CD9 shRNA. From the 5 vectors used, two of them
(TRCN0000066393 (93) and TRCN0000066395 (95)) strongly
inhibited CD9 expression as detected by immunoblotting (Fig.
4C) and flow cytometry analysis (Fig. 4D) and were used in
further experiments. Both vectors gave comparable results and
therefore experimental data were pooled for presentation. Data
shown in Fig. 4F indicate that chemotaxis toward Ag was not
reduced by anti-CD9 in cells with CD9 KD, but was inhibited in
control cells with empty pLKO vector. Interestingly, cells with
reduced expression of CD9 showed normal migration toward
Ag. These data indicate that reduced expression of CD9is com-
patible with chemotaxis but not with the inhibitory effect of
anti-CD9.

In macrophages (50) and platelets (51-53) anti-CD9 induced
changes in signaling pathways that were caused by co-cross-
linking of CD9 with FcyRs. Next we therefore studied the role
of FcyRs in anti-CD9 mAb-mediated inhibition of chemotaxis.
We prepared Fab and F(ab), fragments of 2H9 mAb and com-
pared their effects on Ag-driven chemotaxis. Pretreatment of
BMMCs with anti-CD9 F(ab), fragments had a similar inhibi-
tory effect on chemotaxis toward Ag as caused by the whole [gG
(compare Fig. 4, A and F). However, when Fab fragments were
used only minimal effects were observed (Fig. 4F). These find-
ings suggest that inhibition of chemotaxis is caused by aggrega-
tion of CD9 and does not require co-cross-linking of CD9 with
FcyR. It should be noted that the binding capacity of the whole
2H9 IgG or its F(ab), and Fab fragments to BMMCs was com-
parable as determined by flow cytometry (not shown).

CD9, Fcy Receptors, and NTAL Phosphorylation—As shown
inFig. I, Fand G, NTAL becomes tyrosine phosphorylated after
exposure of the cells to anti-CD9 mAb 2H9. The logical next
step was therefore to find out whether FeyRs are involved in the
process. Whereas intact 2H9 mAb induced strong tyrosine
phosphorylation of NTAL (Fig. 4G, line 4), F(ab), as well as Fab
fragments of the mAb were without any effect (Fig. 4G, lines 2
and 3). In this context it should be mentioned that phosphory-
lation of NTAL was observed when F(ab), or Fab fragments of
the 2H9 mAb were aggregated by anti-rat IgG antibodies (not
shown). These data together with the finding that 2H9 F(ab),

containing 1% Nonidet P-40 and 1% n-dodecyl-B-D-maltoside and post-
nuclear supernatants were immunoprecipitated (/P) with rabbit anti-NTAL
antibody. The immunoprecipitates were analyzed by immunoblotting (I1B)
with phosphotyrosine-specific antibody PY-20-HRP conjugate (PY20) or
NTAL-specific antibody as a loading control. Fold-increase in protein tyrosine
phosphorylation, normalized to phosphorylation in nonactivated cells and
NTAL amount is also indicated. A typical experiment from 4 performed is
shown. H, BMMCs were pretreated or not with anti-CD16/CD32 (2.4G2; 1:50
diluted supernatant) and/or anti-CD9 mAb 2H9 (1 pg/ml, «CD9) for 15 min
and then exposed to control BSSA (Co., line 1), anti-CD9 (1 wg/ml, lines 2 and
3), 24G2 antibody (1:50 diluted supernatant, line 4), or anti-rat IgG (1 pg/ml,
lines 5 and 6). After 3 min the cells were lysed and NTAL was immunoprecipi-
tated and analyzed as in G. Typical results from at least 3 experiments per-
formed are shown. Mean = 5.D.in A, B, E, and F were calculated from 3 to 5
independent experiments.
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fragments inhibit Ag-directed chemotaxis indicate that there is
no simple connection between 2H9-induced chemotaxis inhi-
bition and NTAL tyrosine phosphorylation. It should be also
mentioned that 2H9 mAb was able to induce a weak tyrosine
phosphorylation of NTAL in CD9 KD cells (not shown). This
indicates that aggregation of residual CD9 on cells with CD9
KD (Fig. 4D) is still capable to induce NTAL phosphorylation,
but is no longer capable of inhibiting chemotaxis (Fig. 4E).

To confirm the role of Fey receptors in NTAL phosphoryla-
tion induced by 2H9 mAb we used rat 2.4G2 antibody, which is
specific for mouse FcyRIIB/FeyRIIL. BMMCs pretreated or not
with a saturating concentration of 2.4G2 mAb and/or anti-CD9
mAb (1st step) was followed by exposure to anti-CD9 mAb,
2.4G2 mAb, or anti-rat IgG antibody (2nd step). The results
show that the 2.4G2 antibody alone caused weak phosphoryla-
tion of NTAL (Fig. 4H, compare line 1 with line 4). Phosphory-
lation of NTAL was enhanced when 2.4G2 mAb was aggregated
in the 2nd step by anti-rat IgG (Fig. 4H, line 5). Pretreatment of
the cells with 2.4G2 mAb followed by exposure to anti-CD9
mAb resulted in lower phosphorylation of NTAL (Fig. 4H, line
3) than after exposure of the cells to anti-CD9 alone (Fig. 4H,
line 2). Maximum NTAL phosphorylation was observed when
both FeyR and CD9 were extensively aggregated with the first
and second layer of antibodies (Fig. 4H, line 6).

CD9 Aggregation Does Not Interfere with Early FceRI-medi-
ated Signaling Events—Because 2H9 binding inhibited che-
motaxis toward Ag, we were curious to know whether other
Ag-induced signaling pathways are affected and whether CD9
colocalizes with FceRI. Our data show that FceRI exhibited
colocalization with CD9 after CD9 dimerization or a more
extensive aggregation (Fig. 5, A-F). Furthermore, we could
demonstrate that Ag-induced degranulation (Fig. 5G), Ca**
release (Fig. 5H), and tyrosine phosphorylation of Akt, ERK,
and pp38 (Fig. 5I) were not affected by anti-CD9 mAb binding.
We also found that phosphorylation of the FceRI- subunit was
not changed (Fig. 5/). These data thus indicate that signaling
pathways leading to degranulation after FceRI triggering were
not affected by anti-CD9. The experiments presented in Fig. 5
were performed with BMMCs from Balb/c mice, but similar
results were obtained with BMMCs derived from C57BL/6
mice (not shown).

Different Roles of LAT and NTAL in Mast Cell Chemotaxis
and Cross-talk with CD9—Data presented above show that
anti-CD9 inhibits chemotaxis toward Ag and induces disparate
phosphorylation of NTAL and LAT. Next we investigated the
role of NTAL and LAT in mast cell chemotaxis and their sen-
sitivity to the inhibitory effect of anti-CD9. For such experi-
ments, BMMCs were obtained by growing progenitors from
bone marrow of Ntal™'~, Lat™'~, 2KO mice, and correspond-
ing controls. The cells were sensitized with TNP-specific IgE
overnight and their migration toward Ag was investigated. Sur-
prisingly, LAT-deficient cells (Lat™'") showed similar Ag-me-
diated chemotaxis as WT (Lat™' ") cells (Fig. 64). In accor-
dance with our previous findings (14), BMMCs derived from
Ntal™'~ mice exhibited significantly higher migration toward
Ag than the corresponding WT (Ntal™'™) cells (Fig. 6A4). These
data confirm that NTAL is a negative regulator of Ag-driven
chemotaxis. Interestingly, 2KO cells exhibited higher migra-
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tion toward Ag than WT (Ntal*'* or Lat*'™) cells or Lat™'~
cells, but lower migration than Nfal~'~ cells. This suggests that
in the absence of NTAL even LAT negatively regulates che-
motaxis. To verify that LAT and NTAL had the anticipated
regulatory roles in Ag-induced degranulation, we also tested
the release of B-glucuronidase after activation of the cells with
Ag. Data shown in Fig. 6B indicate, as expected, decreased
degranulation in Lat™'~ and even more in 2KO cells and an
enhanced response in Ntal™'~ cells, when compared with the
corresponding WT (Ntal™'™ or Lat™™) controls.

To examine a functional regulatory cross-talk between
NTAL and CD9 in chemotaxis, we compared the effect of anti-
CD9 on Ag-driven chemotaxis of Ntal™'~ and WT Ntal™'*
cells. Data presented in Fig. 6C show that treatment with
anti-CD9 mAb inhibited chemotaxis toward Ag in both Ntal™'*
cellsand Ntal™'~ cells. However, Ntal ™'~ cells were more per-
ceptive to the inhibitory effect of anti-CD9 than Ntal ™" cells.

CD9 Forms Complex with Bl-Integrin but Anti-CD9 Does
Not Interfere with B1-Integrin Function—The most prominent
partners of tetraspanins are integrins (15-17, 20, 21). Next, we
therefore investigated the effect of anti-CD9 mAb on integrin-
mediated signaling pathways. Pretreatment of BMMCs with
anti-CD9 mAb inhibited the binding of B1-integrin antibody to
the cells (Fig. 7, A and D). The inhibitory etfect was not affected
by pretreatment with F-actin disrupting drugs, latrunculin B
(0.4 pMm, 30 min) or cytochalasin D (1 pM, 30 min; data not
shown). This suggests that F-actin-dependent events, such as
internalization, are not responsible for the observed inhibitory
effect. On the other hand, pretreatment of the cells with anti-
CD9 mAb had no effect on the binding of antibodies against
FceRland KIT (Fig. 7, B-D); these data support the concept that
integrin is in close proximity to CD9. Immunoprecipitation
data indicated that CD9 and B1-integrin are physically associ-
ated in complexes after solubilization of the cells in lysis buffer
containing 1% CHAPS (Fig. 7E). To investigate the functional
cross-talk between CD9 and B1-integrin, we tested the effect of
anti-CD9 on Ag-induced adhesion of mast cells to fibronectin.
It is remarkable that although anti-CD9 mAb blocked the bind-
ing of anti-B1 integrin antibody to the cells, no significant inhi-
bition of anti-CD9 on adhesion to fibronectin was observed. As
acontrol we used antibody against B1-integrin and found that it
significantly inhibited adhesion of BMMC:s to the fibronectin
(Fig. 7F). We also tested the effect of anti-CD9 on Ag-induced
spreading of mast cell on surfaces coated with fibronectin. Data
presented in Fig. 7, G and H, indicate that binding of anti-CD9
at saturation concentrations to BMMCs had no significant
effect on Ag-induced spreading of the cells to fibronectin. The
combined data indicate that although CD9 forms complexes
with B1-integrin, binding of anti-CD9 mAb does not interfere
with the studied B1-integrin functions.

Cross-talk between CD9 and Cytoskeleton-regulatory Pro-
teins of the ERM Family—An important feature of cell activa-
tion and chemotaxis is a rapid and extensive communication
between plasma membrane components and cellular cytoskel-
eton. This process is regulated by conformational changes in
ERM family proteins caused by transient dephosphorylation of
their regulatory threonines. Although such changes have been
documented in immunoreceptor-activated B cells, T cells, and
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FIGURE 5. CD9 colocalizes with FceRl on the plasma membrane but CD9 aggregation does not interfere with early Ag-induced activation events. Aand
D, BMMCs derived from Balb/c mice were prefixed with paraformaldehyde and then labeled with anti-CD9 mAb 2H9 followed by secondary anti-rat anti-
body-12 nm gold conjugate. Plasma membrane sheets were then isolated and the FceRI-3 subunit was labeled on the cytoplasmic side of the membrane with
JRK mAb followed by secondary anti-mouse antibody-6 nm gold conjugate. Colocalization of CD9 (12 nm geld particles) and FceRI- (6-nm gold particles) was
analyzed by electron microscopy (A) and evaluated by PCCF (D) as described in the legend to Fig. 3. Band E, BMMCs were exposed to 2H9 mAb (CD9 dimerized)
before fixation and labeling for CD9; other procedures and evaluations were as in A and D. C and F, the cells were exposed to 2H9 mAb followed by the
secondary anti-mouse antibody (CD9 aggregation) and then fixed and further processed as in A and D. In A-C representatives from 3 independent experiments
are shown. Bars, 200 nm. G-J, IgE-sensitized BMMCs derived from Balb/c mice were pretreated («CD9) or not (Co.; —) with anti-CD9 mAb 2H9 (10 pg/ml) for 15
min before activation. G, the cells were exposed to various concentrations of Ag (0-500 ng/mlI TNP-BSA) or 500 nm thapsigargin (Th.) and 30 min later amounts
of B-glucuronidase released into the cell supernatants were determined. Mean = 5.D. were calculated from at least 3 independent experiments performed in
triplicates. H, the cells were loaded with Fura-2AM at the time of exposure to anti-CD9 and stimulated (arrow) with Ag (500 ng/ml of TNP-BSA). [Ca®*], was
measured as described in the legend to Fig. 1B. Mean + S.D. were calculated from 3 independent experiments performed in triplicates. /, IgE-sensitized BMMCs
were exposed (+) or not (—) to anti-CD9 mAb 2H9 and then activated (+) or not (—) with Ag (100 ng/ml of TNP-BSA) for 3 min. Whole cell lysates were prepared
and analyzed by immunoblotting with antibodies specific for pAkt-S%72 (pAkt®), pErk-Y2°# (pErk") or pp38-Y'8/T'8 (pp38""T); anti-Lyn mAb (Lyn) was used as
a loading control. Fold-increase in protein phosphorylation, normalized to phosphorylation in nonactivated cells and protein loading is also shown. Typical
results from at least 4 experiments performed are shown. J, IgE-sensitized BMMCs were exposed (+) or not (—) to anti-CD9 mAb and then activated by Ag (+;
250 ng/ml of TNP-BSA) or not (—). After 5 min the cells (15 x 10° per sample) were solubilized in lysis buffer containing 0.2% Triton X-100 and FceRl was
immunoprecipitated from postnuclear supernatants by anti-IgE antibody immobilized to Protein A beads. Tyrosine phosphorylation of the recepter subunits
was evaluated with PY-20-HRP conjugate (PY-20). The amount of immunoprecipitated receptor was estimated by immunoblotting (after stripping of the
membrane) with JRK mAb recognizing FceRl 3 subunit. A typical experiment from 3 performed is shown.

mast cells (54-58), whether aggregation of CD9 could also
induce such dephosphorylations is unknown. We have exam-
ined the phosphorylation status of the regulatory threonine
after exposure of BMMCs to anti-CD9 mAb 2H9, SCF, or Ag
and found that all 3 activators significantly reduced phosphor-
ylation of the regulatory threonine (Fig. 7, I and J).

DISCUSSION

Migration of mast cell progenitors from bone marrow to
connective tissues and subsequent movement of mature mast
cells to the sites of inflammation is crucial for proper function-
ing of innate and adaptive immunity. Mast cell migration is
directed by chemoattractants, which are produced by a variety
of cells localized in different target tissues, as well as by intrinsic
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mast cell regulators that are still poorly understood (2). This
study was initiated by functional screening of mAbs prepared
after immunization of rats with cellular ghosts obtained by
treatment of BMMCs with saponin. One of the antibodies, 2H9,
recognizing tetraspanin CD9, was found capable to induce cell
activation and inhibit Ag-driven mast cell chemotaxis. Several
lines of evidence presented in this study indicate that 2H9-me-
diated CD9 aggregation triggers signaling pathways, which are
different from those activated through FceRI or KIT, and have
impact on mast cell chemotaxis.

First, exposure of BMMCs to CD9-specific mAb 2H9
resulted in phosphorylation of several signal transduction pro-
teins. Importantly, the phosphorylation profile of the target
proteins differed from that produced by SCF- or Ag-mediated
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FIGURE 6. Different roles of LAT and NTAL in mast cell chemotaxis and cross-talk with CD9. A, BMMCs derived from Lat /~,Ntal ', 2KO, and correspond-
ing littermate (Lat ™", Ntal /") control mice were sensitized overnight with TNP-specific IgE and their migration toward Ag (250 ng/ml of TNP-BSA) was tested
in the Transwell system. B, the same IgE-sensitized BMMCs as in A were activated with Ag (250 ng/ml TNP-BSA) for 30 min and 8-glucuronidase released into
the supernatant was determined as described under “Experimental Procedures.” C, BMMCs from Ntal™** and Ntal '~ mice were sensitized with IgE and treated
with the indicated concentrations of anti-CD9 mAb 2H9. Chemotaxis toward Ag was determined as in A. Numbers of cells migrating toward Ag were
normalized to controls, 2H9 nontreated cells. Mean * 5.D. were calculated from 3 to 5 independent experiments performed in duplicates. **, p << 0.01; ***, p <

0.001.

activation (Table 1). Specifically, 2H9 mAb induced stronger
phosphorylation of NTAL than activation through KIT but
weaker than activation via FceRIL. On the other hand, several
proteins, which were phosphorylated in KIT- and FceRl-acti-
vated cells, were either not at all or only weakly phosphorylated
after CD9 triggering (Akt, Erk, and p38). Other proteins, which
were strongly phosphorylated after Ag-induced activation (Syk
and LAT), showed no or only weak tyrosine phosphorylation
after CD9 triggering. Enhanced phosphorylation of NTAL in
anti-CD9-treated cells was only observed when whole IgG was
used; Fab and F(ab), fragments had no effect. This suggested
that co-cross-linking of CD9 and Fcry receptor(s) is required for
tyrosine phosphorylation of NTAL and other targets. This con-
clusion was corroborated by experiments where antibody spe-
cific for FeyRIIB/FcyRIII induced tyrosine phosphorylation of
NTAL, on the one hand, and, on the other, partially inhibited
NTAL phosphorylation after exposure to anti-CD9. Involve-
ment of Fey receptors in CD9 signaling was also described in
CD9-dependent activation of platelets (53, 59) and macro-
phages (50).

Second, binding of anti-CD9 to target structures on the sur-
face of mast cells resulted in weak calcium and degranulation
responses, comparable with those observed in SCF-activated
cells (Table 1). However, because tyrosine phosphorylation of
LAT was lower in cells activated through CD9 than through
KIT and because phosphorylated NTAL is unable to bind phos-
pholipase vy and thus substitute for phosphorylated LAT in cal-
cium metabolism (5, 6), it is evident that activation through
CD9 or KIT is initiated by different activation pathways. In this
connection it should be noted that pretreatment with anti-CD9
had no significant effect on subsequent binding of IgE to FceRI
and on Ag-induced degranulation, Ca®>* responses, and tyro-
sine phosphorylation of numerous substrates. In this respect,
CD9 seems to differ from CD81, another tetraspanin, whose
Ab-mediated aggregation inhibited Ag-induced degranulation
in rat basophilic leukemia cells without affecting the Ca®™
response or protein tyrosine phosphorylation (60).

Third, electron microscopy studies on isolated plasma mem-
brane sheets disclosed colocalization of CD9 with NTAL, but
not with LAT, in quiescent cells. After CD9 dimerization the
colocalization of CD9 with NTAL became even more promi-
nent. This finding and the potent phosphorylation of NTAL
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after CD9 triggering suggest that these two molecules are phys-
ically and functionally coupled. This could explain our previous
findings that although NTAL and LAT are very similar TRAPs,
they, nevertheless, occupy different membrane domains (5).
CD?9 also colocalized with FceRI. However, this colocalization
was clearly seen only after Ab-mediated dimerization or exten-
sive aggregation of CD9.

Fourth, pretreatment of BMMCs with anti-CD9 mAb abol-
ished chemotaxis toward Ag. The inhibitory effect was
observed not only with intact mAb but also with the corre-
sponding F(ab), fragment. These data suggest that the inhibi-
tory effect is caused by CD9 aggregation and is not dependent
on signals derived from cross-linking of CD9 with FcyR. This
conclusion is further supported by findings that chemotaxis
was not atfected by Fab fragments of the anti-CD9 mAb. When
another CD9-specitic mAb, KMC8, was tested, no inhibition of
chemotaxis was observed. This finding could be related to dif-
ferent epitopes recognized by 2H9 and KMCS8 antibodies
and/or other differences between the antibodies, such as con-
figurational constraints (61). On the other hand, both antibod-
ies inhibited IL-16-mediated chemotaxis by a mechanism,
which seems to involve blocking binding of [L-16 to its alternate
receptor, CD9 (48). We have also noticed that chemotaxis
toward Ag was not affected in BMMCs with CD9 KD. This
suggests that CD9 is dispensable for Ag-driven chemotaxis or
that the remaining CD9 is sufficient for signal processing.
Alternatively, it is possible that antibody-mediated aggregation
of CD9 and CD9-bound proteins leads to uncoupling of key
elements important for chemotaxis (see below).

The molecular mechanism of the inhibitory effect of anti-
CD9 on Ag-induced chemotaxis seems to be complex and
involves TRAPs. We found that anti-CD9 mAb was more
potent in inhibiting Ag-induced chemotaxis in NTAL-deficient
cells than in WT cells. This could be related to the multiple
regulatory roles of NTAL and its cross-talk with CD9 and LAT
(Fig. 8).

Fifth, extensive communication between plasma membrane
components and the cellular cytoskeleton is crucial for immu-
noreceptor activation and chemotaxis. This process is regu-
lated by conformational changes in ERM family proteins
reflecting the phosphorylation status of their regulatory threo-
nine. Our finding of increased dephosphorylation of ERM pro-
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or not with anti-CD9 mAb 2H9 (1 pg/ml) for 15 min and the binding anti-integrin-p1-FITC conjugate (A), anti-FceRI-FITC conjugate (B), and anti-c-Kit-APC
conjugate (C) were estimated by flow cytometry. Gray filled regions represent control cells not exposed to antibodies; dashed and thick lines indicate antibody
binding to anti-CD9 treated (dashed; «CD9) or nontreated cells (thick; Co.). D, data obtained as in A-C were normalized to maximal values obtained in the
absence of anti-CD9; mean + S.D. were determined from at least 3 independent experiments. £, BMMCs (107 per sample) were solubilized in lysis buffer
supplemented with 1% CHAPS. CD9 was immunoprecipitated from postnuclear supernatants by 2H9 mAb immobilized on protein A/G beads (line 7). Material
bound to protein A/G beads without 2H9 mAb (line 2) or 2H9 mAb armed protein A/G beads without cell lysate (line 3) served as negative controls. Whole lysates
from 2.5 % 10° cells were used as positive controls (Co.; line 4). Immunoprecipitated material and controls were recovered in SDS-PAGE sample buffer with or
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to fibronectin. IgE-sensitized and Calcein-loaded BMMCs were incubated with (+) or without (—) anti-CD9 mAb 2H9 and/or anti-B1 integrin antibody for 15
min before their transfer into fibronectin-coated wells. Adherence to fibronectin was determined by fluorometry after a 30-min exposure of the cells to Ag (+)
or BSSA alone (—). Fluorescence was evaluated before (100%) and after washing out the non-adherent cells and percentages of adherent cells were calculated.
G, cell spreading on fibronectin. IgE-sensitized BMMCs were pretreated (+) or not (—) with anti-CD9 mAb 2H9 and allowed to attach to fibronectin immobilized
on glass surface. Then the cells were exposed (+) or not (—) to Ag for 20 min, fixed, permeabilized, and stained for actin with Alexa Fluor 488-phalloidin
conjugate. Examples of the cells are shown. Bars, 20 um. H, average areas of the cells processed as in G were calculated using automated CellProfiller software.
Mean = 5.D. from three independent experiments, each involving 500 cells, are shown. , IgE-sensitized BMMCs were nonactivated (Co.) or activated with 2H9
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cells. Typical results are shown. J, mean = S.D. were calculated from 10 to 18 independent experiments performed as in L. **, p < 0.01; ***, p < 0.001.

teins in cells exposed to anti-CD9 suggested that anti-CD9  studies imply an important role of the phosphorylation state of
interferes with the process of phosphorylation/dephosphory-  threonine in actin-binding domains of ERM proteins in cell
lation of ERM family members, and in this way could interfere  chemotaxis (54 —57). The proteins exist in an open (active) con-
with chemotaxis. The molecular mechanism of the cross-talk  formation with regulatory threonine phosphorylated, or closed
between CD9 and ERM family members is unknown. Recent  (inactive) conformation with the regulatory threonine dephos-
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TABLE1

Comparison of anti-CD9 mAb, SCF, and Ag in their ability to induce
signaling events in mast cells

Parameter” Anti-CD9 SCF Ag

Protein Ehosphor}'lation

Akt-5%73 —° +++ +++

Akt-T=0% - +++ +++

Erk-y*** + +++ +++

p38-T0y's? + +++ +++

Syk - - +++

NTAL ++ + +++

LAT —I+ - +++
Protein dephosphorylation

ERM7T567f56'|/558 ++ ++ ++
Degranulation (f3-glucuronidase) + + +++
Ca®* mobilization + + +++
Adhesion - ++- ++
Spreading - +4++¢ +++
Chemotaxis - +4 4+ ++

“ Specific protein phosphorylation or dephosphorylation, degranulation, Ca®*
mobilization, adhesion, and chemotactic potential of CD9-specific mAb 2H9,
SCF and Ag were measured using appropriate methods as indicated under "Ex-
perimental Procedures” and "Results.”

—, No signal; +, weak signal; ++, medium signal; +++, strong signal.

“See Ref. 14.

b

Dephosphorylation/
inactivation

Chemotaxis

Chemotaxis

. Phosphorylated tyrosine F——— Negative regulation

<— Activation <—— Positive regulation

FIGURE 8. A model of chemotaxis regulators involving CD9 and NTAL-LAT
cross-talk. Tetraspanin CD9 resides in the plasma membrane (PM) in close
proximity to B1-integrin (1) and NTAL. CD9-specific antibody 2H9 (Ab) binds
to CD9 and FcyR through its Ag-binding site and Fc region, respectively. This
leads to tyrosine phosphorylation of NTAL and other proteins. CD9 cross-
linking also results in dephosphorylation of the regulatory threonine of ERM
family proteins leading to changes in their conformation and subsequent
disconnection from binding to phosphatidylinositol 4,5-bisphosphate (PIP2)
and/or other membrane components (throughout N-terminal FERM domain)
and actin cytoskeleton (through actin-binding domain, Abd). These and other
events under certain conditions inhibit mast cell chemotaxis. Chemotaxis is
also requlated by cross-talk between NTAL, LAT, and CD9. LAT and NTAL seem
to be, respectively, predominantly positive and negative regulators of che-
motaxis. Binding of the anti-CD9 mAb 2H9 interferes with NTAL-LAT
cross-talk.

phorylated (62, 63). In the case of ezrin, the open conformation
enablesits binding through the actin-binding domain to F-actin
and through the FERM domain to phosphatidylinositol 4,5-
biphosphate on the plasma membrane, to adapter proteins or
directly to cytoplasmic portions of the transmembrane mole-
cules (59, 64). Transient dephosphorylation of the regulatory
threonine disrupts this binding and has been shown to be cru-
cial for migration of lymphocytes (54 —57). A recent study with
mast cells showed that dephosphorylation of the regulatory
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tyrosine is mediated by activity of the protein phosphatase 2A
after interaction with the p21-activated kinase 1 (58). Based on
our own findings and published data we propose that aggrega-
tion of CD9 leads to dephosphorylation of ERM proteins lead-
ing to their dissociation from the membrane and restrictions in
communication of membrane proteins with actin cytoskeleton.
This in combination with some other events involving NTAL
and/or LAT contributes to inhibition of Ag-driven chemotaxis
(Fig. 8). As shown in experiments with F(ab), fragments, tyro-
sine phosphorylation of NTAL is not required for the inhibitory
effect of anti-CD9 mAb. Nevertheless, it is possible that NTAL
functions in chemotaxis even in the absence of its phosphory-
lation, similarly to its role in phospholipase Cy-independent
calcium uptake (12).

The combined data support the view that chemotaxis and
early activation events leading to degranulation and cytokine
production are processes that use different signaling pathways.
The ditferences could be important for switching between the
migratory and secretory phases depending on the concentra-
tions of Ag and/or other chemoattractant mast cell encounters
(65). Atlow concentrations of the Ag, mast cells migrate toward
its higher concentrations. When regions of higher concentra-
tions of the Ag are attained, the cells stop moving and activate
the signaling pathways leading to secretion of the preformed
allergy mediators and production and release of cytokines, leu-
kotrienes, and other inflammatory mediators that then act as
chemoattractants for other cells and/or orchestrate local
immune responses. Tetraspanin CD9 and NTAL are important
regulators of these events. CD9 could regulate chemotaxis
through direct or indirect interactions with FceRI, other plasma
membrane receptors, and cytoskeletal components. On the
other hand NTAL, which acts as a negative regulator of che-
motaxis, could contribute to fine tuning of chemotaxis by com-
peting with LAT, as suggested for its negative role in mast cell
degranulation (5).
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1.5 TRANSMEMBRANE ADAPTOR PROTEIN PAG/CBP IS INVOLVED IN BOTH
POSITIVE AND NEGATIVE REGULATION OF MAST CELL SIGNALING

Mol Cell Biol. 34(23):4285-300, 2014.

Previous studies in the laboratory investigated the role of TRAPs LAT and NTAL in mast
cell signaling. Here we focused on deciphering the role of other TRAP, PAG, that has shown
variable functions in immunoreceptor signaling across the literature. We used BMMCs derived
from PAG KO mice and prepared also BMMCs with PAG KD. BMMCs with decreased expression
of PAG showed impaired Ag-mediated activation but increased activation when stimulated via
KIT receptor. Observed increased activity of SFKs in resting PAG deficient cells indicate that
PAG regulates the basal activity of SFKs and increased SFK activity in PAG KO cells is involved

in negative regulatory loop controlling FceRI signaling.
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The transmembrane adaptor protein PAG/CBP (here, PAG) is expressed in multiple cell types. Tyrosine-phosphorylated PAG
serves as an anchor for C-terminal SRC kinase, an inhibitor of SRC-family kinases. The role of PAG as a negative regulator of
immunoreceptor signaling has been examined in several model systems, but no functions in vivo have been determined. Here,
we examined the activation of bone marrow-derived mast cells (BMMCs) with PAG knockout and PAG knockdown and the cor-
responding controls, Our data show that PAG-deficient BMMCs exhibit impaired antigen-induced degranulation, extracellular
calcium uptake, tyrosine phosphorylation of several key signaling proteins (including the high-affinity IgE receptor subunits,
spleen tyrosine kinase, and phospholipase C), production of several cytokines and chemokines, and chemotaxis. The enzymatic
activities of the LYN and FYN kinases were increased in nonactivated cells, suggesting the involvement of a LYN- and/or a FYN-

dependent negative regulatory loop. When BMMCs from PAG-knockout mice were activated via the KIT receptor, enhanced
degranulation and tyrosine phosphorylation of the receptor were observed. In vivo experiments showed that PAG is a positive
regulator of passive systemic anaphylaxis. The combined data indicate that PAG can function as both a positive and a negative
regulator of mast cell signaling, depending upon the signaling pathway involved.

M ast cells are widely distributed in the body, where they play
important roles in innate as well as adaptive immune re-
sponses (1). To fulfill their role in adaptive immune responses, the
cells express the high-affinity IgE receptor FceRI on their plasma
membranes. Aggregation of this tetrameric immunoreceptor,
aPy2, induces cell signaling events leading to the release of pre-
formed inflammatory mediators and the de novo synthesis and
release of leukotrienes, cytokines, and chemokines. The first well-
defined biochemical step after FceRI triggering is tyrosine phos-
phorylation of the immunoreceptor tyrosine-based activation
motifs in the cytoplasmic tail of the FceRI B and -y subunits by the
SRC family protein tyrosine kinase (PTK) LYN (2, 3). The phos-
phorylated B and vy subunits then serve as binding and activation
sites for LYN kinase and spleen tyrosine kinase (SYK), respec-
tively. These two enzymes, together with FYN and other kinases,
then phosphorylate various adaptor proteins and enzymes with a
variety of functions in signal transduction pathways. The exact
molecular events preceding LYN-mediated tyrosine phosphoryla-
tion of the FceRI B subunit are not clear, and several models have
been proposed, including the transphosphorylation model (4),
the lipid raft model (5), and the PTK-protein tyrosine phospha-
tase (PTP) interplay model (6).

Our previous study with murine bone marrow-derived mast
cells (BMMCs) showed that FceRI triggering induced transient
hyperphosphorylation of LYN kinase on its C-terminal regulatory
tyrosine (Tyr 487), leading to the formation of a closed inactive
conformation where the SRC homology 2 (SH2) domain interacts
with phospho-Tyr 487 and transiently decreases LYN enzymatic
activity (7). This finding was surprising because in T cells the
corresponding SRC family kinase (SFK), LCK, showed decreased
tyrosine phosphorylation of the C-terminal regulatory tyrosine
and enhanced enzymatic activity after activation through T cell
immunoreceptors (8, 9). Phosphorylation of the C-terminal in-
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hibitory tyrosine in SFKs is catalyzed by the C-terminal SRC ki-
nase (CSK) (10), a cytoplasmic PTK that can be anchored through
its SH2 domain to PAG (11), also termed CBP (12). PAG/CBP
(here, PAG) is a ubiquitously expressed transmembrane adaptor
protein containing a short extracellular domain, a transmem-
brane domain, and a long cytoplasmic tail with multiple tyrosine-
based motifs. Phosphorylated Tyr 314 in mouse PAG has been
shown to be essential for CSK binding. PAG also possesses two
proline-rich sequences that serve as binding sites for proteins with
SH3 domains and a C-terminal VTRL motif for interaction with
the PDZ domain of the cytoskeletal linker ezrin/radixin/moesin-
binding protein of 50 kDa (13). Similar to some other transmem-
brane adaptor proteins, such as the non-T cell activation linker
and linker for activation of T cells (LAT), PAG has two conserved
cysteine residues, located in the vicinity of the transmembrane
domain, which are the subject of posttranslational palmitoylation
and which contribute to the poor solubility of the proteins in
nonionic detergents and their presumed localization in mem-
brane microdomains called lipid rafts (14, 15).

PAG in resting T cells associates with FYN kinase, which con-
stitutively phosphorylates PAG on Tyr 314 to create a docking site
for the CSK SH2 domain. This binding brings CSK to the vicinity
of its substrate, SFK LCK, and enhances CSK catalytic activity,
leading to phosphorylation of the LCK-inhibitory C-terminal ty-
rosine. Upon T cell receptor activation, PAG is rapidly dephospho-
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rylated, CSK is released from PAG, and LCK is dephosphoryla-
ted on its C-terminal tyrosine. This modification increases the
activity of LCK, leading to increased tyrosine phosphorylation of
T cell receptor subunits and other substrates. A negative regula-
tory role of PAG in T cell signaling was confirmed in experiments
with PAG knockdowns (KDs) (16) but not with PAG knockouts
(KOs) (17, 18), suggesting that developmental compensatory
mechanisms are involved.

In mast cells, PAG is phosphorylated by LYN kinase instead
of FYN kinase, and following FceRI triggering, the decrease in
PAG phosphorylation is replaced by an increase (19, 20). Over-
expression of PAG has been reported to inhibit FceRI-medi-
ated degranulation in rat basophilic leukemia (RBL) cells (21).
Further experiments showed that FceRI activation of BMMCs
from LYN-deficient mice resulted in enhanced degranulation,
whereas FYN-deficient cells showed the opposite effect (22—
24). This finding supports the concept that SFKs are tightly
regulated in the course of mast cell activation and important
differences exist between early regulatory events induced by
engagement of the T cell receptors and FceRI. The exact role of
PAG in mast cell activation remains to be determined.

Herein we present data on FceRI-mediated activation events in
BMMCs derived from mice deficient in PAG (PAG-KO mice) and
from the corresponding wild-type (WT) mice (PAG-WT mice).
We also attempted to determine whether any differences in acti-
vation are detectable between BMMCs in which PAG is down-
regulated by RNA interference and the corresponding control
cells. Furthermore, we examined the role of PAG in cells activated
through another important mast cell surface receptor, KIT. The
combined data indicate that PAG functions as a positive or nega-
tive regulator of mast cell signaling and that the specific effect
depends on the particular signaling pathway. We also show that
PAG-deficient mice have a distinct phenotype in vivo, as assessed
by induction of a passive systemic anaphylaxis response.

MATERIALS AND METHODS

Mice and cells. Mice deficient in PAG were generated by use of a modified
bacterial artificial chromosome technology as previously described (25,
26). Briefly, the bacterial artificial chromosome clones were electropo-
rated into strain 1295v/] embryonic stem cells. Targeting in clone 7 was
confirmed by fluorescence in situ hybridization. PAG-KO mice derived
from clone 7 were born in the expected Mendelian frequency and were
healthy. Transgenic founders were backcrossed to C57BL/6 mice for more
than eight generations. For experiments, PAG-KO mice were mated with
C57BL/6 mice, and their F1 descendants were genotyped by PCR using the
following primers: PAG 1 F (5'-GAC AGC ACA GGA AAG GCC AAG-
3"),PAG2 R (5'-GTG TCC ACC GGT CCC TTC TG-3"), and PAG ZEO
R (5'-CCA GGG TGT TGT CCG GCA C-3"), giving PCR products of 498
and 390 bp for the WT and PAG-KO alleles, respectively. Bone marrow
cells were isolated from the ferurs and tibias of 6- to 8-week-old PAG-KO
mice or their WT littermates (PAG-WT mice). All animal studies were
performed in compliance with the Guide for the Care and Use of Labora-
tory Animals (27) and were approved by the Animal Care and Usage Com-
mittee of the Institute of Molecular Genetics. Cells were cultured in RPMI
1640 medium supplemented with 100 U/ml penicillin, 100 pg/ml strep-
tomycin, 71 pM 2-mercaptoethanol, minimum essential medium
(MEM) nonessential amino acids, 0.7 mM sodium pyruvate, 2.5 mM
L-glutamine, 12 mM p-glucose, recombinant mouse stem cell factor (SCF;
20 ng/ml; PeproTech EC), mouse recombinant interleukin-3 (IL-3; 20
ng/ml; PeproTech EC), and 10% fetal calf serum (FCS).

Antibodies and reagents. The following monoclonal antibodies
(MAbs) were used: anti-LAT (28), anti-LYN (29), anti-FceRI B chain
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(30), trinitrophenol (TNP)-specific immunoglobulin E (IgE) (IGEL b4.1)
(31), and anti-hypoxanthine guanine phosphoribosyltransferase (anti-
HPRT; Santa Cruz Biotechnology Inc.). Antipaxillin was obtained from
BD Transduction Laboratories. Polyclonal antibodies specific for LYN
and LAT were prepared in the Department of Signal Transduction,
Prague, Czech Republic, by immunization of rabbits with the correspond-
ing recombinant proteins or their fragments (32). Rabbit anti-IgE was
prepared by immunization with whole IGEL b4.1. Polyclonal antibodies
specific for FYN, actin, phospholipase Cy1 (PLCy1), PLCy2, GRB2, CSK,
KIT, STATS, SHIP1, phospho-KIT (Y568/570), and phospho-focal adhe-
sion kinase (phospho-FAK; Y925), as well as horseradish peroxidase
(HRP)-conjugated donkey anti-goat [gG, goat anti-mouse IgG, and goat
anti-rabbit IgG, were obtained from Santa Cruz Biotechnology Inc. Anti-
bodies specific for phospho-SYK (Y525/Y526), phospho-STATS5 (Y694),
phospho-SH2-containing inositol 5’ -phosphatase 1 (SHIP1; Y1020), and
the Myc tag were obtained from Cell Signaling. PAG-specific rabbit poly-
clonal antibody was from Exbio. HRP-conjugated antiphosphotyrosine
MAD (PY-20) was obtained from BD Biosciences. Antibodies specific for
tumor necrosis factor alpha (TNF-a), IL-6, and IL-13 were purchased
from PeproTech EC. Anti-mouse FceRI labeled with fluorescein isothio-
cyanate (FITC) and anti-mouse KIT-allophycocyanin (APC) conjugates
were obtained from eBiosciences. **Ca (specific activity, 773 MBq/mg
Ca®") and [y-**P]ATP (specific activity, 222 TBq/mmol) were purchased
from the Institute of Isotopes Co., Ltd. (Budapest, Hungary). A donkey
anti-rabbit IgG—Alexa Fluor 488 conjugate and thapsigargin were ob-
tained from Invitrogen. Mowiol 4-88 mounting solution was from Merck.
Colloidal gold nanoparticles (Au-NPs; diameter, 30 nm), consisting of
approximately 2 > 10" Au-NPs/ml, were obtained from BBInterna-
tional. All other reagents were from Sigma-Aldrich.

Lentivirus shRNA constructs and cell transduction. A set of four
murine Pagl (Swiss-Prot accession number Q3U1F9) short hairpin
(shRNA) constructs based on the pLKO.1 vector (TRCN0000124814
[shRNA14], TRCN0000124815 [shRNA15], TRCN0000124816 [shRNA16],
and TRCN0000124817 [shRNAI17]) were obtained from Open Biosys-
tems. Each of the Pagl shRNA constructs (14 pg) was mixed with Opti-
MEM (1 ml; Invitrogen), 21 pl of ViraPower lentiviral packaging mix
(Invitrogen), and 82 pl of Lipofectamine 2000 (Invitrogen). The mixture
was homogenized by vortexing for 10 s and then incubated at room tem-
perature for 20 min before it was added to semiconfluent (70%) HEK-
293FT packaging cells growing in 20 ml of freshly added Dulbecco’s me-
dium supplemented with antibiotic and 10% FCS in 150-cm® tissue
culture flasks. Three days later, the viruses in the culture supernatant were
concentrated by centrifugation at 25,000 rpm for 2 h using a JA-25.50
rotor (Beckman Coulter). The pellets were resuspended in 1 ml of culture
medium and added to 29 ml of culture medium containing 5 % 107
BMMCs. After 2 days, the medium was changed to virus-free medium and
the cells were cultured for an additional 2 days (recovery period). Stable
selection was achieved by culturing the transduced cells for 1 week in the
presence of puromycin (5 pg/ml). Cells were pooled and analyzed for
PAG expression by immunoblotting. Cells with the highest reduction in
the amount of PAG, obtained with shRNA14 and shRNA15, were used for
further experiments. Cells transfected with empty pLKQO.1 vector were
used as negative controls. For rescue experiments, mouse Pagl cDNA
(RefSeq accession number BC145761; catalog number 40131064; Open
Biosystems) was amplified using forward primer 5'-AAAGAATTCGCCG
CCACCATGGGCCCTGCAGGAAGCGT-3' (the EcoRlI restriction site is
underlined, the coding sequence is in bold) and reverse primer 5'-TTTG
TCGACGAGCCTGGTGACATCTCTGC-3" (the Sall restriction site is
underlined, the coding sequence is in bold). The amplified DNA was
cloned via the EcoRI and Sall restriction sites (upstream of Myc) into the
pFLAG-CMV-5a expression vector (Sigma-Aldrich) modified to express
the Myc tag (kindly provided by V. Korinek). The cassette encoding the
Myc-tagged Pagl sequence was then amplified with the same forward
primer described above and reverse primer 5'-TTTGCGGCCGCTTACA
GGTCCTCCTCTGAGA-3" (the Notl restriction site is underlined, the
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coding sequence is in bold) and recloned via EcoRI and NotI restriction
sites into the pCDH-CMV-MCS-EF1-Puro expression lentivector
(pCDH; catalog number CD510B-1; System Biosciences). The construct
was verified by DNA sequencing. Viruses with pCDH-Pag-myc or empty
pCDH were produced as described above. Medium with virus (30 ml) was
filtered through a 0.22-pm-pore-size filter and divided into two aliquots.
The first aliquot was used to transduce the WT or PAG-KO BMMCs at day
0. The second aliquot was preserved at 4°C and used for the second trans-
duction of the same cells at day 3. Stable selection was achieved by cultur-
ing the cells for 7 days in the presence of puromycin (2 pg/ml), added 5
days after the first transduction.

Flow cytometry. To determine the surface expression of FceRl, cells
were exposed to FITC-conjugated anti-FceRI (1 pg/ml). The samples
were evaluated by flow cytofluorometry using a FACSCalibur instrument
(BD Biosciences). For rescue experiments, cells were sensitized with TNP-
specific IgE for 20 h of incubation in culture medium without IL-3 and
SCF. Then they were washed and activated by antigen (TNP-bovine se-
rum albumin [BSA] conjugate; 15 to 25 mol of TNP/mol of BSA; 100
ng/ml) for 90 min and fixed in 4% paraformaldehyde for 10 min at 37°C.
The cells were washed once in phosphate-buffered saline (PBS), and free
binding sites were blocked with 5% normal donkey serum (Jackson Im-
munoResearch Laboratories) in PBS. After washing, the cells were incu-
bated for 45 min with anti-TNF antibody diluted 1:100 in PBS with 0.5%
BSA. After repeated washing, the cells were incubated for 30 min with a
secondary donkey anti-rabbit IgG—Alexa Fluor 488 antibody conjugate,
washed, and analyzed by flow cytometry using an LSR II flow cytometer
(Becton Dickinson). For analysis of peritoneal mast cells, mice were sac-
rificed and injected intraperitoneally with 5 ml of PBS supplemented with
1% FCS. The peritoneal cavity was gently massaged for 30 s, and the
injected PBS with free peritoneal fluid cells was withdrawn. One milliliter
of PBS with peritoneal cells was spun down (400 X g, 5 min), and the cells
were washed in cold PBS and stained for FceRI (as described above) or
KIT using the anti-mouse KIT-APC conjugate.

Cell activation. Before the experiments, BMMCs were cultured for 48
h in medium without SCF, followed by incubation for 12 to 16 h in SCF-
and IL-3-free medium supplemented with IgE (1 pg/ml). Sensitized cells
were washed in buffered salt solution (BSS; 20 mM HEPES, pH 7.4, 135
mM NaCl, 5mM KCl, 1.8 mM CaCl,, 5.6 mM glucose, | mM MgCl,, 0.1%
BSA). To quantify degranulation, the cells (0.15 > 10°) in 30-pl aliquots
were transferred into the wells of a 96-well plate and challenged with 30 .l
of antigen (TNP-BSA conjugate), thapsigargin, or SCF at the concentra-
tions indicated in Results. The degree of degranulation was determined as
the amount of B-glucuronidase released into the supernatant, as de-
scribed previously (33). Briefly, 40-pl aliquots of the cell supernatants
were mixed in white wells of a 96-well plate (Nunc) with 40 pl of B-gluc-
uronidase substrate (40 pM 4-methylumbelliferyl-B-p-glucuronide hy-
drate). After incubation for 60 min at 37°C, the reaction was stopped by
adding 200 pl of ice-cold 0.2 M glycine buffer, pH 10.0, and fluorescence
was determined in an Infinite M200 microtiter plate reader (Tecan) with
355-nm excitation and 460-nm emission filters. The total content of the
enzyme in the cells was evaluated by measuring the levels of enzyme in the
supernatant from cells lysed in 1% Triton X-100.

Extracellular calcium uptake. Calcium uptake was determined by a
modification of a previously described procedure (34). Briefly, IgE-sensi-
tized BMMCs (2 X 10°) were resuspended in 100 .l BSS-BSA with 1 mM
Ca®", mixed with 100 pul of BSS-BSA supplemented with **Ca®" and
various concentrations of antigen or thapsigargin, and incubated for se-
lected time intervals at 37°C. The reactions were terminated by placing the
tubes on ice and then suspending 100-pl aliquots on the walls of micro-
test tubes to make them separated by air space from the 12% BSA in PBS
(300 1) at the bottoms. Cells with bound **Ca®" were separated from free
*3Ca*" by centrifugation through 12% BSA at 3,220 g for 15 minat 4°C.
The cell pellets were recovered by freezing the tubes and slicing off the
tube bottoms, and the cell pellets were solubilized with 1 ml of 1% Triton
X-100. The radioactivity was counted in 10 ml scintillation liquid (Eco-
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Lite; ICN Biomedicals) in a scintillation counter with QuantaSmart soft-
ware (PerkinElmer).

Immunoprecipitation and immunoblotting. Cells were pelleted and
solubilized in ice-cold lysis buffer for immunoprecipitation (25 mM Tris-
HCI, pH 8.0, 140 mM NacCl, 1 mM Na,VO,, 2 mM EDTA, 1 pg/ml
aprotinin, 1 pg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride) sup-
plemented with 1% n-dodecyl-B-p-maltoside and 1% Nonidet P-40 (for
most experiments), 0.2% Triton X-100 (for FeeRI immunoprecipitation),
or 1% Brij 96 (for kinase assays). After incubation (30 min on ice), the
lysates were spun down (16,000 X ¢ for 5 min at 4°C) and postnuclear
supernatants were immunoprecipitated with the corresponding antibod-
ies prebound to UltraLink-immobilized protein A or G (Pierce, Thermo
Scientific). The immunoprecipitates were size fractionated by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immu-
noblotted with phosphotyrosine-specific PY-20-HRP conjugate or with
protein-specific antibodies, followed by HRP-conjugated anti-mouse or
anti-rabbit IgG antibody. Some phosphorylated proteins were deter-
mined by direct immunoblotting with phosphoprotein-specific antibod-
ies, followed by immunoblotting with the corresponding secondary HRP-
conjugated anti-mouse or anti-rabbit IgG. The HRP signal was detected
by chemiluminescence. Immunaoblots were quantified by use of a lumi-
nescent image analyzer (LAS-3000; Fuji Photo Film Co., Tokyo, Japan)
and further analyzed by Aida image analyzer software (Raytest). The
amount of phosphorylated proteins was normalized to the amount of
immunoprecipitated proteins after stripping off the membranes, followed
by development with the corresponding antibodies. In some experiments,
parallel immunoblots instead of stripped membranes were used.

Sucrose density gradient fractionation. Sucrose density gradient sep-
arations were performed as previously described (35), with some modifi-
cations. Briefly, BMMCs (30 X 10°) were lysed with 0.8 ml ice-cold lysis
buffer (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 10 mM EDTA, 1 mM
Na,VO,, 10 mM glycerophosphate, 1 mM phenylmethylsulfonyl fluoride,
100% diluted protease inhibitor cocktail, 5 mM iodoacetamide) supple-
mented with 1% Brij 96. The lysates were homogenized by passing them
10 times through a 27-gauge needle and adjusted to 40% (wt/vol) using
809% stock sucrose in 25 mM Tris-HCI, pH 7.5, 125 mM NaCl, and 2 mM
EDTA. The gradient was prepared by adding 0.5 ml 80% sucrose at the
bottom of a polyallomer tube (11 by 60 mm; Beckman Instruments),
followed by 1.5 ml of 40% sucrose containing the cell lysate, 2 ml of 30%
sucrose, and 1 ml of 10% sucrose. The gradient was ultracentrifuged at
210,000 % g for 4 h at 4°C using an SW55 Ti rotor (Beckman Instru-
ments), and 0.5-ml fractions were collected from the top.

Immunocomplex kinase assay. The in vitro kinase assays were per-
formed as previously described (36), with some modifications. FeeRI,
LYN, and FYN were immunoprecipitated from nonactivated or antigen-
activated cells lysed in lysis buffer for immunoprecipitation. Proteins im-
mobilized to antibody-armed protein A beads were washed with kinase
buffer (25 mM HEPES-NaOH, pH 7.2, 3 mM MnCl,, 0.1% Nonidet P-40,
100 mM Na,VO,, 20 mM MgCl,) and then resuspended in 25 pl kinase
buffer supplemented with 2.5 wCi (92.5 kBq) of [y-**P|ATP, 100 uM
ATP, and 0.5 pg/pl of acid-denatured enolase as the exogenous substrate.
After incubation for 30 min at 37°C, the immunoprecipitates were eluted
from the beads with reducing 2 X -concentrated SDS-PAGE sample buffer
and boiled for 7 min. The **P-labeled proteins were size fractionated by
SDS-PAGE, transferred to a nitrocellulose membrane, and visualized by
autoradiography. Films were quantified with Aida image analyzer soft-
ware.

Cytokine and chemokine detection. [gE-sensitized BMMCs were ac-
tivated with different concentrations of antigen. One hour later, mRNA
was extracted using a TurboCapture 96 mRNA kit (Qiagen). Single-
stranded cDNA was synthesized with Moloney murine leukemia virus
reverse transcriptase (Invitrogen) according to the manufacturer’s in-
structions. Real-time PCR amplifications of cDNAs were performed in
10-pl reaction volumes of a quantitative PCR (qPCR) mix containing 1 M
1,2-propanediol, 0.2 M trehalose, and SYBR green 1 (37) in 384-well
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plates sealed with LightCycler 480 sealing foil (Roche Diagnostics) and
analyzed in a LightCycler 480 apparatus (Roche Diagnostics). The follow-
ing primer sets (sense/antisense) were used for amplification of the differ-
ent cDNA fragments (the sizes of the amplified fragments are indicated in
parentheses): actin, 5'-GATCTGGCACCACACCTTCT-3'/5'-GGGGTG
TTGAAGGTCTCAAA-3" (138 bp); glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH), 5'-AACTTTGGCATTGTGGAAGG-3'/5'-ATCCA
CAGTCTTCTGGGTGG-3' (69 bp); ubiquitin, 5'-ATGTGAAGGCCAA
GATCCAG-3"/5"-TAATAGCCACCCCTCAGACG-3' (160 bp); TNF-a,
5'-CCCTCACACTCAGATCATCTTCT-3'/5-GCTACGACGTGGGCT
ACAG-3' (61 bp); IL-6, 5'-GAGGATACCACTCCCAACAGACC-3/5"-
AAGTGCATCATCGTTGTTCATACA-3' (141 bp); IL-13, 5'-AGACCA
GACTCCCCTGTGCA-3"/5"-TGGGTCCTGTAGATGGCATTG-3" (123
bp); CCL3, 5'-CATCGTTGACTATTTTGAAACCAG-3' /5" -GCCGGTT
TCTCTTAGTCAGGAA-3' (72 bp); and CCL4, 5'-CTTGGAGTTGAAC
TGAGCAGC-3"/5-AGAGGGGCAGGAAATCTGAA-3" (126 bp). The
following cycling conditions were used: 3 min at 95°C, followed by 50
cycles of 10 s at 95°C, 20 s at 60°C, and 20 s at 72°C. Threshold cycle (Cy)
values were determined by automated threshold analysis of the cycler. The
specificity of the PCR was evaluated by examining melting curves. The
genes for actin, GAPDH, and ubiquitin were used as reference genes, and
the expression levels of all mRNAs were normalized to the geometric
mean level of expression of these genes. The relative increase in the ex-
pression level of a cytokine was normalized to the level of expression by
nonactivated WT cells in each experiment.

For detection of cytokines, an immuno-PCR method was used as de-
scribed previously (38). Briefly, anti-TNF-a (1 pg/ml), anti-IL-6 (2 pg/
ml}, or anti-IL-13 (1 pg/ml) in 100 mM borate buffer (pH 9.5) was dis-
pensed in 50-pl aliquots into the wells of a real-time 96-well plate
(Eppendorf). After overnight incubation at 4°C, each well was washed
four times with 200 pl of Tris-buffered saline (10 mM Tris-HCI, pH 7.4,
150 mM NaCl) containing 0.05% Tween 20 (TBST), and the remaining
binding sites were blocked by 2 h of incubation at 37°C with TBST sup-
plemented with 2% BSA. After washing, 50 pl of serial dilutions (0.1 to
100 ng/ml) of recombinant TNF-a, IL-6, or IL-13 (all from PeproTech
EC) or the tested samples diluted in PBS—1% BSA was added. The samples
were incubated for 1 h at 37°C, and after washing with TBST, 50 pl of
Au-NPs armed with thiolated DNA oligonucleotide template (5'-thiol
modifier C6 §-5/18-atom hexa-ethyleneglycol spacer-CCTTGAACCT
GTGCCATTTGAATATATTAAGACTATACGCGGGAACA-3'] and with
the corresponding cytokine-specific antibody was applied into each well. The
wells were incubated for 1 h at 37°C and washed with TBST and deionized
water. Fifty-microliter aliquots of PCR master mix solution (see above) sup-
plemented with 60 nM oligonucleotide primers 5'-CCTTGAACCTGTGCC
ATTTG-3" and 5 -GTCCCTCCATCTTCCTACTGTTCCACATGTTC
CCGCGTATAGTCTT-3" were then dispensed into each well. The plates
were sealed, and the amount of template DNA bound to antigen-anchored
functionalized Au-NPs was evaluated by real-time PCR using a Realplex4
Mastercycler apparatus (Eppendortf) with the following cycling conditions: 2
min at 94°C, followed by 40 cycles of 20sat 94°C, 20 s at 53°C, and 20 s at 72°C.
For the calculation of TNF-a, [L-6, and IL-13 concentrations, the corre-
sponding C values were substituted into the regression equations obtained
from the calibration curves constructed from the concentration series of ap-
propriate recombinant proteins.

Chemotaxis assay. Chemotaxis responses were assayed in 24-well
Transwell chambers (Corning) with 8-wm-pore-size polycarbonate filters
in the upper wells. Chemoattractants (antigen or SCF) in 0.6 ml che-
motaxis medium (RPMI 1640 supplemented with 1% BSA and 20 mM
HEPES, pH 7.4) were added to the lower wells. IgE-sensitized BMMCs
(0.3 3 10°in 120 pl chemotactic medium) were added to the upper wells.
Cells migrating into the lower wells during the 8 h of incubation (37°C,
5% CO,) were counted using an Accuri C6 flow cytometer (BD Biosci-
ences).

Confocal microscopy. BMMCs (3 X 10°) were attached to fibronec-
tin-coated multitest slides (MP Biomedicals). Cells were fixed with 4%
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paraformaldehyde for 15 min at room temperature and permeabilized in
0.3% Triton X-100 for 20 min. Free binding sites were blocked with 5%
normal donkey serum, and the cells were stained with rabbit anti-Myc tag
antibody, followed by labeling with secondary antibody (donkey anti-
rabbit IgG—Alexa Fluor 488 conjugate). After 60 min, the cells were
washed and mounted in Mowiol 4-88 mounting solution supplemented
with Hoechst 33258 nucleic acid stain (1 pg/ml; Molecular Probes) to
label the nuclei. Samples were examined with a confocal laser scanning
microscope (Leica TCS SP5) equipped with a X 63 (numerical aperture,
1.4) oil immersion objective.

Passive systemic anaphylaxis. The systemic anaphylactic reaction is
accompanied by the release of histamine from activated mast cells, leading
to a decreased body temperature (39). The body temperature was mea-
sured with an accuracy of +0.1°C using a VitalView data acquisition sys-
tem with ER-4000 energizer receivers, G2 E-mitter transponders, and
VitalView software (Mini Mitter). G2 probes were implanted intra-ab-
dominally into mice while they were under systemic anesthesia with iso-
flurane (Abbott Laboratories). Monitoring of body temperature was ini-
tiated 9 days after the surgery. Mice aged 11 to 18 weeks were sensitized by
tail vein injection of TNP-specific IgE (3 pug in 100 pl PBS per mouse), and
24 h later, anaphylaxis was induced by intravenous administration of
antigen (500 pg in 100 wl PBS per mouse). The body temperature was
recorded at 1-min intervals for at least 3 h after antigen challenge.

Serum IgE quantification. Ninety-six-well enzyme-linked immu-
nosorbent assay plates (Nunc) were coated for 16 h at 4°C with rat anti-
body specific for mouse IgE (1 pg/ml in PBS; 50 pl/well; BD Biosciences).
Wells were washed (four times with TBST) and blocked by incubation at
22°C with TBST-2% BSA. After 2 h, the plates were washed and incubated
for 1 hat 22°C with various concentrations of mouse IgE standard (1.95 to
125 ng/ml in PBS-1% BSA; BD Biosciences) or mouse serum samples
(diluted 1:5 in PBS-1% BSA). Then, the wells were washed and the cap-
tured IgE was detected with biotinylated rat anti-mouse IgE antibody (2
pg/ml in PBS-1% BSA; BD Bioscience), washed, and incubated for 30
min with streptavidin-HRP conjugate (diluted 1:1,000 in PBS-1% BSA;
BD Biosciences). Peroxidase substrate solution (0.5 mg/ml o-phenylene-
diamine and 0.015% H,0, in 0.1 M NaH,PO,, pH 6.0) was used for
colorimetric reaction. The reaction was stopped by adding 50 pl of 4 M
H,50,, and the absorbance at 492 nm was determined using an Infinite
M200 plate reader (Tecan).

Statistical analysis. The significance of intergroup differences was
evaluated by Student’s ¢ test.

RESULTS

Positive regulatory role of PAG on antigen-induced degranula-
tion. To examine the role of PAG in mast cell signaling, we isolated
bone marrow cells from homozygous F1-descendant PAG-KO
and PAG-WT mice and cultured them in the presence of IL-3 and
SCF to obtain BMMGs. Cells with or without PAG exhibited com-
parable growth parameters under in vitre conditions (not shown),
suggesting that PAG had no effect on the growth response of mast
cells to IL-3 and SCF. The same PAG-WT BMMCs were used for
the production of PAG-KD cells after transduction with lentiviral
vectors containing PAG shRNA constructs based on a pLKO vec-
tor (shRNA14 to shRNA17), followed by selection in puromycin.
PAG-WT BMMCs infected with empty lentiviral vector were used
as a negative control (pLKO). PAG-KO and PAG-WT cells ex-
pressed comparable amounts of surface FceRI, as detected by flow
cytometry (Fig. 1A). Similarly, no difference in surface FceRI was
observed among various PAG-KD cells and controls (not shown).
As expected, we found no detectable PAG in PAG-KO cells us-
ing immunoblotting with PAG-specific antibody (Fig. 1B). The
amount of PAG in PAG-KD cells was substantially reduced com-
pared to that in control (pLKO) cells. The strongest inhibition was
observed in the cells infected with the shRNA14 and shRNA15
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FIG 1 Positive regulatory role of PAG in antigen- or thapsigargin-induced
degranulation. (A) BMMCs derived from WT mice (PAG-WT) or PAG-defi-
cient mice (PAG-KO) were stained for surface FceRI by use of an anti-FceRI-
FITC conjugate. Unstained WT cells were used as negative controls. Samples
were analyzed by flow cytometry. (B, C) The presence of PAG in lysates from
PAG-WT and PAG-KO BMMCs (B) or WT BMMCs infected with empty
PLKO lentiviral vector (pLKO) or lentiviral vectors shRNA14 to shRNAL7 (C)
was determined by immunoblotting (IB). As loading controls, the membranes
were also developed for LYN (B) or actin (C). The amount of PAG normalized
to its amount in cells infected with the empty pLKO vector and actin loading
control (fold) is also shown (C). For each panel, the results of one representa-
tive experiment out of a minimum of three performed are shown. (D, E)
PAG-WT or PAG-KO BMMCs were sensitized (D) or not (E) with TNP-
specific IgE (1 pg/ml) and then stimulated for 30 min with various concentra-
tions of antigen (Ag) (D) or thapsigargin (Th) (E). (F, G) PAG-WT BMMCs
were infected with empty pLKO lentiviral vector (pLKO) or with PAG
shRNA14 and shRNAL15 vectors (PAG-KD), and stable transfectants were ac-
tivated with antigen (F) or thapsigargin (G), as described above. The amount
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constructs, which reduced PAG expression by 73% and 75%,
respectively (Fig. 1C). Infection with constructs containing
shRNA16 and shRNA17 reduced PAG expression by 25% and 51%,
respectively. Guided by these data, we used viruses containing
shRNA14 and shRNA15 for further experiments with BMMCs. Be-
cause of the similar knockdown characteristics of these constructs,
data from BMMGs infected with these shRNAs were combined and
are presented under the common heading of PAG-KDs.

Using BMMCs with PAG-KO and PAG-KD and the corre-
sponding controls, we first investigated whether PAG deficiency
has any effect on mast cell degranulation after FceRI triggering.
Degranulation was estimated from the amount of B-glucuroni-
dase released from activated cells. BMMCs were sensitized with
TNP-specific IgE and then exposed to various concentrations of
antigen. After 30 min, PAG-KO cells exhibited significantly lower
levels of degranulation than WT cells at all concentrations of the
antigen tested (0.05 to 1.0 pg/ml; Fig. 1D); the total amount of
B-glucuronidase released from both cell types by Triton X-100
was similar (data not shown). These data indicate that the absence
of PAG reduces antigen-induced degranulation but does not in-
terfere with the production of B-glucuronidase in secretory vesi-
cles. Significant inhibition of degranulation was also observed in
PAG-KO cells activated with various concentrations of thapsi-
gargin (0.1 to 2.0 pM; Fig. 1E). Thapsigargin induces the release of
Ca®" from intracellular stores by inhibiting the endoplasmic re-
ticulum (ER) ATPase (40). The combined data suggest that PAG
notonly is involved in the CSK-mediated FceRI-proximal regula-
tion of SFKs but also could still have other functions distal to
FceRI regulation.

To test whether compensatory developmental alterations
could be responsible for the unexpected properties of PAG-KO
BMMCs, we examined antigen- and thapsigargin-induced de-
granulation in cells with PAG-KD and the corresponding con-
trols. The data shown in Fig. 1F and G demonstrate that stimula-
tion of PAG-KD cells with antigen or thapsigargin decreased the
level of degranulation compared to that in the pLKO controls,
supporting previous findings that PAG is a positive regulator of
mast cell degranulation.

Positive regulatory role of PAG on Ca’* response. Farly
events in mast cell signaling involve the release of Ca>" from in-
tracellular stores followed by the influx of extracellular Ca®"
through store-operated Ca** (SOC) channels in the plasma mem-
brane (41). To determine whether PAG has a role in this process,
we quantified Ca>* uptake in PAG-deficient and control BMMCs.
The data presented in Fig. 2A show that stimulation with antigen
causes significantly lower levels of uptake of extracellular **Ca**
in PAG-KO cells than in PAG-WT cells, reaching a peak at ap-
proximately 5 min after triggering in both cell types. Inhibition of
Ca?* uptake in PAG-KO cells was observed 5 min after triggering
at all concentrations of the antigen tested (Fig. 2B). Significant
inhibition of Ca®" uptake in PAG-KO cells was also seen after
stimulation for various time intervals (Fig. 2C) or with various

of B-glucuronidase (B-glucur.) released from the cells was determined 30 min
after triggering. Data represent means * SEs calculated from 11 independent
experiments performed in duplicate or triplicate in panels D and E and from 6
to 8 independent experiments performed in duplicate or triplicate in panels F
and G. The statistical significance of differences between PAG-WT and
PAG-KO cells or pLKO and PAG-KD cells is shown: ***, P < 0.001.
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FIG 2 Positive regulatory role of PAG on antigen- or thapsigargin-induced
calcium uptake. (A, B) PAG-WT and PAG-KO BMMCs were sensitized with
IgE and then stimulated for various time intervals with antigen (0.5 p.g/ml) (A)
or with various concentrations of antigen for 5 min (B) in the presence of 1
mM extracellular **Ca**. The reactions were terminated by centrifugation of
the cells through a BSA gradient, and cell-bound radioactivity (in the sedi-
ment) was determined. (C, D) PAG-WT and PAG-KO BMMCs were activated
for various time intervals with 1 wM thapsigargin (C) or with various concen-
trations of thapsigargin for 5 min (D), and the uptake of **Ca®* was deter-
mined as described above. (E, F) PAG-WT BMMCs were infected with empty
PLKO lentiviral vector (pLKO) or with PAG shRNA vectors (PAG-KD), and
stable transfectants were activated with antigen (E) or thapsigargin (F) and
analyzed as described above. Data represent means *+ SEs from three to six
independent experiments performed in duplicate or triplicate. *, P < 0.05; **,
P < 0.01; ***, P < 0.001.

concentrations of thapsigargin (Fig. 2D). A positive regulatory
role of PAG in calcium uptake after antigen (Fig. 2E) or thapsi-
gargin (Fig. 2F) activation was also evident when PAG-KD cells
were compared to the corresponding PAG-expressing (pLKO)
controls. These data imply that the observed inhibition of degran-
ulation in PAG-deficient cells could be at least in part attributable
to decreased calcium mobilization.

Localization of CSK in lipid rafts depends on PAG. Previous
studies localized PAG almost exclusively to lipid rafts, where it
could interact with CSK and through this interaction negatively
regulate lipid raft-associated SFKs (15). This conclusion was based
on data evaluating the distribution of PAG in fractions after su-
crose density gradient ultracentrifugation of lysates from cells dis-
integrated in nonionic detergents (11, 12) or 0.5 M NaHCO; (21).
However, there are inconsistencies regarding the role of PAG in
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FIG 3 Localization of CSK in lipid rafts depends on PAG. IgE-sensitized
PAG-WT BMMCs (A) or PAG-KO BMMCs (B) were nonactivated (Control)
or activated for 5 min with antigen (250 ng/ml). After solubilization in lysis
buffer containing 1% Brij 96, the whole-cell lysates were fractionated by su-
crose density gradient ultracentrifugation as described in Materials and Meth-
ods. Individual fractions were collected and analyzed by immunoblotting for
the presence of PAG, CSK, and LYN. Fractions containing DRMs are indi-
cated. Representative data from three independent experiments are shown.

the localization of CSK in lipid rafts. One study found that the
level of lipid raft-associated CSK in thymocytes was greatly re-
duced in the absence of PAG (18), whereas another concluded that
PAG is dispensable for the localization of CSK in lipid rafts (17).
To determine whether PAG contributes to the localization of CSK
in lipid rafts in BMMCs, nonactivated or antigen-activated
PAG-WT and PAG-KO BMMCs were solubilized in a buffer sup-
plemented with 1% Brij 96 and fractionated by sucrose density
gradient ultracentrifugation, and their presence in individual frac-
tions was analyzed by immunoblotting. The distribution of LYN
kinase, a well-known lipid raft marker in BMMCs, was also exam-
ined. In accordance with previous data (42), most of the LYN
(88%) in nonactivated cells was associated with detergent-resis-
tant membranes (DRM; fractions 1 to 3). Five minutes after acti-
vation with antigen, this amount was reduced by approximately
half (Fig. 3A). In the same gradient fractions, less PAG was found
in DRMs (55%), and no significant changes were observed after
stimulation with antigen. Only a small fraction of CSK was
found in DRM fractions (4%), and no significant changes were
observed after activation with antigen. When lysates from
PAG-KO BMMCs were analyzed, no CSK was found in DRM
fractions from activated and nonactivated cells even after a longer
exposure (Fig. 3B), suggesting that PAG is involved in the local-
ization of CSK in DRMs.

PAG and tyrosine phosphorylation of signal transduction
proteins. The first biochemically defined step after FceRI trigger-
ing is tyrosine phosphorylation of the FceRI subunits by SFK LYN,
followed by engagement of other kinases and phosphorylation ofa
number of signal transduction proteins. To specify the role of
PAG in these processes, we examined tyrosine phosphorylation of
FceRI and several selected proteins involved in early stages of an-
tigen-induced mast cell signaling (SYK, LAT, extracellular signal-
regulated kinase [ERK]) (43), as well as proteins involved in cell
movement (FAK and paxillin) (44). In initial experiments, we
looked for proteins phosphorylated on tyrosine in total cellular
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lysates. We found that PAG-WT cells differed from PAG-KO cells
in several tyrosine-phosphorylated proteins not only after antigen
stimulation but also in the nonactivated state (Fig. 4A). Further
analysis showed that FceRI triggering caused an increase in ty-
rosine phosphorylation of FceRI B and vy chains in WT cells and
that this process was significantly reduced in PAG-KO cells (Fig.
4B). Tyrosine phosphorylation of SYK (Fig. 4C) and its substrates,
LAT (Fig. 4D) and ERK (Fig. 4E), was also impaired in PAG-
deficient cells. In contrast, FAK (Fig. 4F) and the focal adhesion-
associated adaptor protein paxillin (Fig. 4G) showed elevated
basal levels of tyrosine phosphorylation in PAG-KO cells; this dif-
ference was maintained after FceRI triggering (Fig. 4F and G).

The observed decrease in tyrosine phosphorylation of FceRI B
and v subunits in antigen-activated PAG-KO cells suggested an
imbalance between PTKs and PTPs in the vicinity of the receptor.
To examine FeeRlI-associated PTK activity toward its endogenous
substrate, FceRI was immunoprecipitated from nonactivated and
antigen-activated PAG-WT and PAG-KO cells, and the immuno-
complexes were analyzed by in vitro kinase assays with [y-""P]ATP.
Using PAG-WT cells, we observed a significant increase in radio-
activity bound to FceRI B and y receptor subunits after activation
with antigen (Fig. 5A and B). Surprisingly, when the receptor was
precipitated from PAG-KO cells, strong phosphorylation of the
receptor 3 and + subunits was observed in nonactivated cells and
was decreased after FceRI triggering. These data, together with the
results of immunoblotting experiments showing weak and com-
parable tyrosine phosphorylation of the f and y subunits of FceRI
isolated from nonactivated PAG-WT and PAG-KO cells, suggest
that the activity of PTKs bound to FceRI isolated from PAG-KO
cells is enhanced.

To determine the enzymatic activities of total LYN and FYN, the
kinases were immunoprecipitated and their activities were assessed
by an in vitro kinase assay. To overcome the problem with possible
variation in the extent of nonphosphorylated residues in the target
proteins, we used acid-denatured enolase as the exogenous substrate
in immunocomplex kinase assays. The data in Fig. 5C to F show low
but significantly higher levels of autophosphorylation of the LYN and
FYN kinases immunoprecipitated from PAG-KO cells than of those
immunoprecipitated from PAG-WT cells. Importantly, enolase
phosphorylation was also enhanced in LYN and FYN immunopre-
cipitates obtained from PAG-KO cells. In contrast to the findings of
previous studies (3, 19), we did not observe any increase in the activity
of the kinases after FceRI triggering, which is probably due to the
different culture condition used (45).

LYN is a positive regulator of PTPs (46, 47), which could be
responsible for the decreased tyrosine phosphorylation of several
substrates, as shown in Fig. 4A to E. One of the phosphatases
involved in the regulation of mast cell degranulation and calcium
responses is SHIP1. LYN kinase phosphorylates SHIP1 and thus
enhances its enzymatic activity and downregulates degranulation
(47, 48). In further experiments, we therefore examined tyrosine
phosphorylation of SHIP1 in BMMCs from PAG-WT and
PAG-KO mice. In nonactivated WT cells, SHIP1 showed baseline
phosphorylation which was enhanced after FceRI triggering (Fig.
5G and H). Compared to PAG-WT cells, nonactivated PAG-KO
cells exhibited significantly higher levels of SHIP1 tyrosine phos-
phorylation. After activation with antigen, the difference between
PAG-WT and PAG-KO cells became insignificant.

Different regulatory roles of PAG in SCF signaling. An im-
portant surface receptor of mast cells is KIT, which binds SCF and
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thereby triggers mast cell activation and enhances activation in-
duced by FceRI (49). However, no data on the involvement of
PAG in SCF-induced activation are available. To determine a pos-
sible role of PAG in KIT-mediated activation, PAG-WT and
PAG-KO BMMCs were activated with different concentrations of
SCF and degranulation was examined. PAG-WT cells released in-
creasing amounts of B-glucuronidase when activated with 25 to
200 ng/ml SCF. The extent of SCF-induced degranulation was
higher than that described in previous studies (50, 51) and was
apparently related to the growth of bone marrow cells in the pres-
ence of both IL-3 and SCF. When BMMCs were derived from
cultures containing IL-3 alone, their SCF-induced degranulation
was low (45). PAG-KO cells released significantly more B-gluc-
uronidase than PAG-WT cells at all concentrations of SCF tested
(Fig. 6A). This effect was associated with higher levels of KIT ty-
rosine phosphorylation in PAG-KO cells (Fig. 6B and C). How-
ever, an opposite effect of PAG on FceRI- and KIT-mediated sig-
naling events was absent when tyrosine phosphorylation of
PLCy1 was examined. Stimulation of PAG-WT cells with antigen
as well as with SCF resulted in tyrosine phosphorylation of PLCy1,
even though it was slower in SCF-activated cells. Similar findings
have been previously described (50) and indicate that FceRI-acti-
vated PTKs are more potent for the phosphorylation of PLCy1
than that of KIT. In PAG-KO cells, the extent of PLCy1 tyrosine
phosphorylation was significantly inhibited in both antigen- and
SCF-triggered cells (Fig. 6D and E). A similar effect was observed
when PLCy2 was examined (data not shown). No significant ef-
fect of PAG was observed when the tyrosine phosphorylation of
several other signaling molecules (SYK, LAT, FAK, paxillin) was
examined in PAG-WT and PAG-KO cells. Furthermore, no effect
of PAG on the calcium response was observed in SCF-activated
BMMCs (not shown).

An important aspect of mast cell physiology is chemotaxis di-
rected by various ligands (52). Here we compared chemotaxis
toward antigen or SCF in cells differing in PAG expression. In
transwell migration assays, PAG-WT BMMCs exhibited faster mi-
gration toward the antigen than PAG-KO cells. The difference was
almost 2-fold and was significant (Fig. 6F). When SCF was used as
a chemoattractant, both cell types migrated faster and no signifi-
cant difference between them was evident. To exclude possible
compensatory developmental alterations in PAG-KO cells, we
also compared the chemotaxis of BMMCs with PAG-KD and their
corresponding controls (pLKO cells). We found significantly
lower levels of migration of PAG-KD cells than of pLKO cells after
exposure to antigen. Again, no significant difference between the
two cell types was observed when SCF was used as a chemoattrac-
tant (Fig. 6G).

Positive regulatory role of PAG in cytokine and chemokine
production. Previous studies showed that activation of mast cells
resulted in the rapid tyrosine phosphorylation of several tran-
scription factors. We selected STATS, which has been extensively
studied in FceRI- or KIT-activated cells (53, 54), as the transcrip-
tion factor. To elucidate the role of PAG in this process, we exam-
ined tyrosine phosphorylation of STAT5 in nonactivated and an-
tigen- or SCF-activated PAG-WT and PAG-KO cells (Fig. 7A and
B). Antigen-induced tyrosine phosphorylation of STAT5 was pos-
itively regulated by PAG. A significantly lower level of phosphor-
vlation of STAT5 in PAG-KO cells was observable even without
activation, but activation intensified the difference. Phosphoryla-
tion of STAT5 was also observed in cells stimulated with SCF
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(Fig. 7A and B). However, no significant difference between
PAG-WT and PAG-KO cells was observed.

The decreased phosphorylation of STATS5 in antigen-stimulated
PAG-KO cells suggested the reduced production of cytokines and
chemokines in such cells (55). Detailed analysis at the protein and
mRNA levels showed that, indeed, the levels of three selected cyto-
kines, TNF-w, IL-6, and IL-13, were significantly reduced in antigen-
stimulated PAG-KO cells compared with their levels in PAG-WT
cells at both the protein and mRNA levels (Fig. 7C). Antigen-acti-
vated PAG-KO BMMCs also exhibited significant inhibition of tran-
scription of two chemokines, CCL3 and CCL4 (Fig. 7D).

Phenotype rescue of PAG-KO cells. Next, we attempted to
confirm the role of PAG as a positive regulator of cytokine pro-
duction. We prepared a PAG-myc construct in the pCDH vector
and transfected it into PAG-KO BMMCs. Control cells were
transfected with the empty pCDH vector, and puromycin-resis-
tant cells were further analyzed. Staining for myc after cell per-
meabilization and confocal microscopy showed the association of
the PAG-myc with the plasma membrane (Fig. 8A). No signal was
observed in cells transduced with empty pCDH (Fig. 8B). Further-
more, immunoblotting analysis with Myc tag-specific antibody
confirmed the expression of PAG-myc in cells transduced with the
pCDH-PAG-myc vector but not the pCDH empty vector (Fig.
8C). These data suggest that PAG-myc was expressed as expected.
Next, we examined the production of TNF-« in antigen-activated
PAG-WT and PAG-KO cells transfected with empty pCDH and
PAG-KO cells transfected with pPCDH-PAG-myc. For this analysis
we selected flow cytometry, which allowed us to evaluate TNF-«-
positive cells, after gating out the cellular debris detected in for-
ward and side scatter plots. This eliminated the problem associ-
ated with the presence of different proportions of living cells and
debris in various transduction experiments. Data presented in Fig.
8D indicate that the level of production of TNF-a in cells trans-
fected with the empty pCDH vector was significantly lower in
PAG-KO cells than in PAG-WT cells. PAG-KO cells transfected
with pCDH-PAG-myc produced significantly more TNF-a than
pCDH transfectants. These data confirm the phenotype rescue in
PAG-KO cells.

Impaired passive systemic anaphylaxis in PAG-KO mice. Fi-
nally, we examined degranulation in antigen-activated mast cells
under in vivo conditions. We induced passive systemic anaphy-
laxis in PAG-KO and PAG-WT mice by sensitizing them with
TNP-specific IgE MAb and subsequent challenge with antigen. In
control mice, the decrease in body temperature was observable
within the first 60 min and was followed by slow recovery for more
than 180 min after antigen injection (Fig. 9A). In PAG-KO mice,
the decrease in body temperature was less pronounced and recov-
ery was faster, being complete 150 min after antigen administra-

Regulation of Mast Cell Signaling by PAG/CBP Adaptor

tion. The difference in body temperature between PAG-WT and
PAG-KO mice was significant in the interval ranging from 45 to
170 min after antigen administration. The observed decrease in
systemic anaphylaxis was not likely attributable to decreased
numbers of mast cells in PAG-KO mice, as inferred from compa-
rable mast cell (KIT and FceRI positive) counts in the peritoneal
lavage fluid of PAG-WT and PAG-KO cells (Fig. 9B). Further-
more, we found no significant difference in serum IgE levels be-
tween PAG-WT and PAG-KO mice (Fig. 9C). This finding indi-
cates that the production of IgE is not affected by the absence of
PAG and that the decreased anaphylactic response in PAG-KO
mice is not caused by enhanced production of IgE, which might
preclude sensitization with antigen-specific IgE.

DISCUSSION

In this study, we used BMMCs derived from PAG-KO and
PAG-WT mice to understand the role of PAG in FceRI and SCF
signaling. To minimize the possible effect of compensatory devel-
opmental alterations in PAG-KO cells, we also used BMMCs with
PAG-KD and corresponding controls. Several lines of evidence
indicate that PAG has positive as well as negative regulatory roles
in FceRI- or KIT-mediated signaling, depending on the receptor
triggered and the signaling pathway involved.

First, when stimulated with antigen, mast cells derived from
PAG-KO mice exhibited decreased degranulation. In view of pre-
vious results obtained with other immunoreceptors (17, 18, 26),
this was an unexpected finding because phosphorylated PAG was
regarded as a plasma membrane anchor of CSK, a negative regu-
lator of SFKs. Furthermore, overexpression of PAG reportedly
resulted in decreased degranulation in RBL-2H3 cells (21). The
positive regulatory role of PAG in FceRI-mediated signaling de-
scribed here was not the consequence of developmental changes
caused by the absence of PAG, since a similar phenotype was also
observed in PAG-KD BMMCs where PAG expression was down-
regulated by RNA interference, nor was the decreased degranula-
tion caused by the reduced production of B-glucuronidase or the
reduced expression of FceRI in PAG-KO and PAG-KD cells. In-
terestingly, a defect in degranulation was also observed in PAG-
deficient cells activated by thapsigargin, a noncompetitive inhib-
itor of ER Ca®" ATPase.

Second, antigen-activated PAG-KO cells exhibited decreased
tyrosine phosphorylation of FceRI B and v subunits. This change
implies that the reduced degranulation in PAG-deficient cells is
caused at least in part by inhibition of the earliest stages of mast
cell signaling, starting from reduced phosphorylation of the FceRI
[ and v subunits, followed by impaired membrane anchoring,
phosphorylation, and activation of SYK. The exact molecular
mechanism of the impaired phosphorylation of FceRI in PAG-

FIG 4 Antigen-induced tyrosine phosphorylation of signal transduction proteins is dependent on PAG. (A to G) IgE-sensitized PAG-WT and PAG-KO cells
were activated (Activ.) for the indicated time intervals with antigen (250 ng/ml). The cells were lysed, and total cellular lysates were analyzed by immunoblotting
with the tyrosine-specific MAb PY-20-HRP conjugate (PY). Alternatively, FceRI (B), LAT (D), and paxillin (G) were immunoprecipitated (IP) from the lysates
and examined by immunoblotting with tyrosine-specific MAD as in the experiment whose results are shown in panel A. For SYK (C), ERK (E), and FAK (F),
size-fractionated proteins in cell lysates were directly analyzed by immunoblotting with the corresponding phosphoprotein-specific antibodies. For loading
controls, the membranes were analyzed by immunoblotting for LYN kinase (A), the FceRI 8 chain (B), SYK (C), LAT (D), ERK (E), FAK (F), and paxillin (G).
Panel A and the tops of panels B to G show representative immunoblots from at least three experiments. The bottoms of panels B to G show the results of
densitometry analysis of the corresponding immunoblots in which signals from tyrosine-phosphorylated proteins in activated cells were normalized to the
signals in nonactivated cells and loading control proteins. Means + SEs were calculated from a minimum of four independent experiments. The statistical
significance of the differences between PAG-WT and PAG-KO cells is also shown: *, P < 0.05; **, P < 0.01; **¥, P < 0.001. p-SYK, p-ERK, and p-FAK,

phosphorylated SYK, ERK, and FAK, respectively.
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FIG 5 PAG-dependent regulation of LYN and FYN kinase (kin.) activities and SHIP1 tyrosine phosphorylation. (A) IgE-sensitized PAG-WT and PAG-KO
BMMCs were activated or not for 2 min with antigen (250 ng/ml) and then solubilized with lysis buffer containing 1% Brij 96. FceRI-IgE complexes were
immunoprecipitated and incubated in a kinase buffer containing [y-*P]ATP. After the kinase assay, >*P-labeled proteins were size fractionated, transferred to
nitrocellulose membranes, and examined by autoradiography. The relative amounts of the FceRI B chain were determined by immunoblotting. The positions of
FceRI B and vy chains are indicated. (B) Autoradiograms obtained as described in the legend to panel A were quantified, and the signals corresponding to the FceRI
B and +y chains were normalized to the signals in nonactivated PAG-WT cells and the amount of FceRI B chain immunoprecipitated. (C to F) The cells were
activated and solubilized as described in the legend to panel A. LYN (C and D) and FYN (E and F) were immunoprecipitated and incubated in kinase buffer
supplemented with [y-*?P]ATP and acid-denatured enolase, used as an exogenous substrate. Kinase assays and further analyses were performed as described in
the legend to panel A. Autoradiograms were quantified, and the signals corresponding to LYN, FYN, and enolase were normalized to the signals in nonactivated
PAG-WT cells and the amount of immunoprecipitated LYN (D) or FYN (F). (G and H) IgE-sensitized PAG-WT and PAG-KO BMMCs were activated for the
indicated time intervals with antigen as described in the legend to panel A. The cells were lysed and analyzed by immunoblotting with phosphorylated-SHIP1
(p-SHIP1)-specific antibody. The amount of SHIP1 was used as a loading control. (H) Densitometry analysis of the immunoblots in which the signal for
phospho-SHIP1 was normalized to the signal in nonactivated PAG-WT cells and the amount of SHIP1. The results of representative experiments are shown in
panels A, C, E, and G. The means *+ SEs in panels B, D, F, and H were calculated from three to five independent experiments. The statistical significance of

intergroup differences is indicated: ¥, P < 0.05; **, P < 0.01; **¥, P < 0.001.

deficient cells is unknown and is likely connected to local changes
in the activity and/or the topography of SFKs and PTPs within
the FceRI signalosome. Our finding that FceRI immunocom-
plexes isolated from nonionic detergent-solubilized nonactivated

4294 mcb.asm.org

PAG-KO cells show kinase activity higher than those isolated from
PAG-WT cells would be compatible with this hypothesis, pro-
vided that PTKs are more stably associated with isolated FceRI
immunocomplexes than PTPs. Furthermore, we found that ty-
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(Control) or with chemotaxis medium supplemented with antigen (250 ng/ml)

lower wells were determined after 8 h. (G) The experiments were performed

or SCF (100 ng/ml) in the lower wells. The numbers of cells migrating into the
as described in the legend to panel F, except that cells with PAG-KD and the

corresponding controls (pLKO) were used. Means = SEs were calculated from a minimum of nine independent experiments performed in triplicate (A), three
independent experiments (C, E, and G), or six independent experiments (F). The statistical significance of differences between PAG-WT/PAG-KO cells (A, C, E,

and F) and pLKO/PAG-KD cells (G) is shown: ¥, P < 0.05; **, P < 0.01; ***, P

rosine phosphorylation of SHIP1, a negative regulator of mast cell
activation (48, 56), is increased in nonactivated PAG-KO cells.
This could be caused by the enhanced enzymatic activity of LYN,
which phosphorylates and activates SHIP1 (47), and in this man-
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< 0.001.

ner could contribute to decreased calcium and degranulation re-
sponses (48, 56).

In contrast to FceRI and several other signaling proteins in-
volved in the calcium response (SYK, LAT, and PLCy), FAK and at
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FIG 7 Decreased tyrosine phosphorylation of STAT5 and production of cytokines and chemokines in antigen-activated PAG-KO BMMCs. (A) Cells were
activated for different time intervals with antigen (250 ng/ml) or SCF (50 ng/ml), lysed, and analyzed for STATS5 tyrosine 694 phosphorylation by
immunoblotting. As loading controls, the membranes were also immunoblotted with STAT5-specific antibody. Representative immunoblots are shown.
(B) The immunoblots were analyzed by densitometry, and the relative amount of tyrosine-phosphorylated STAT5 (p-STAT5) was normalized to its
amount in nonactivated cells and the corresponding loading control. (C, D) The levels of production of cytokines (TNF-a, [L-6, and IL-13) at the protein
level (C, top) and mRNA level (C, bottom) and chemokines (CCL3 and CCL4) (D) were evaluated at the mRNA level in PAG-WT and PAG-KO BMMCs
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qPCR, respectively. Means = SEs were calculated from 4 to 12 independent experiments. The statistical significance of differences between PAG-WT and
PAG-KO cells is shown: *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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FIG 8 Phenotype rescue of PAG-KO BMMCs. (A, B) PAG-KO BMMCs were
transfected with the pCDH-PAG-myc vector (A) or the control empty vector
(pCDH) (B). Puromycin-resistant transfectants were isolated and attached to
fibronectin-coated slides. Then, the cells were fixed, permeabilized, and la-
beled for PAG-myc with an anti-Myc tag/anti-IgG—Alexa Fluor 488 conjugate
(green) and Hoechst 33258 (blue). Bars, 10 pwm. (C) Puromycin-resistant
pCDH-PAG-myc- or empty pCDH vector-transfected cells were solubilized,
and the presence of PAG-myc was determined by immunaoblotting with anti-
Myc tag antibody. As loading controls, the membranes were developed for
HPRT. (D) PAG-WT or PAG-KO BMMCs stably transfected with the pCDH
vector (PAG-WT+pCDH and PAG-KO+pCDH, respectively) or PAG-KO
BMMCs transfected with pCDH-PAG-myc (PAG-KO+pCDH-PAG-myc)
were sensitized overnight with IgE and then activated with antigen (100 ng/
ml). After 90 min the cells were fixed and stained with TNF-a specific rabbit
antibody, followed by anti-rabbit IgG-Alexa Fluor 488 conjugate. The cells
were analyzed by flow cytometry, and the ratios of the mean fluorescence
intensity between activated and nonactivated cells were normalized to those
for the pCDH-transfected PAG-WT controls. Data show means *+ SEs calcu-
lated from three independent experiments. The statistical significance of the
differences is indicated: *, P < 0.05; ***, P << 0.001.

least one of its substrates, the multidomain scaffolding adaptor
protein paxillin, showed enhanced tyrosine phosphorylation in
PAG-KO cells. The molecular mechanism of enhanced phosphor-
ylation of FAK and paxillin in PAG-KO cells remains to be deter-
mined but apparently reflects changes in the activity of SFKs and
PTPs which use FAK and paxillin as a substrate (57, 58).

Third, PAG-deficient BMMCs showed reduced calcium up-
take after activation with antigen. This could be attributed to the
reduced tyrosine phosphorylation and activity of PLCy, which
cleaves the plasma membrane-bound phosphatidylinositol 4,5-
bisphosphate into diacylglycerol and inositol 1,4,5-trisphosphate;
the latter binds to its receptors and regulates the release of calcium
from intracellular organelles. Increases in cytoplasmic calcium
lead to the influx of extracellular calcium into the cytoplasm
through SOC channels. Reduced calcium uptake in PAG-KO cells
was observed not only after exposure to antigen but also after
activation with thapsigargin. This could be related to previous
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FIG 9 Decreased passive systemic anaphylaxis in PAG-KO mice. (A)
PAG-WT (n = 17) and PAG-KO mice (n = 16) were passively sensitized with
TNP-specific IgE (3 pg/mouse) and 24 h later were challenged with antigen
(500 g per mouse) to induce systemic anaphylaxis. Body temperature re-
sponses at various time intervals after antigen administration were recorded.
Means = SEs are shown. Statistically significant differences (P << 0.05) between
PAG-WT and PAG-KO mice are indicated by the black line below the curves.
iv., intravenous. (B) Percentage of mast cells (KIT and FceRI positive) in
peritoneal lavage fluid of PAG-WT and PAG-KO mice. (C) Serum IgE levels in
PAG-WT and PAG-KO mice. Data are means = SEs calculated for three (B) or
four (C) animals in each group.

findings documenting that PLCv is involved in thapsigargin-in-
duced Ca®>* entry (59—61) and reduced phosphorylation of PLCy
in PAG-deficient cells. Furthermore, it has been shown that
STIM1, which is indispensable for opening SOC channels in mast
cells (62, 63), needs for its function expression and phosphoryla-
tion of SYK and LYN kinases (64). Enhanced tyrosine phosphor-
ylation of SHIP1 and, presumably, its increased enzymatic activity
(45, 46) could also contribute to decreased calcium mobilization
in activated PAG-KO cells.

Fourth, PAG-KO cells exhibited higher degranulation when
activated by SCF. SCF binds to KIT, a type III plasma membrane
receptor tyrosine kinase. After SCF binding, the receptor forms a
dimer that stimulates its intrinsic tyrosine kinase activity, creating
phosphotyrosine binding sites for FYN (65) and LYN (66) kinases
and many other signaling molecules, including SHIP1 and PLCy
(67). These molecules are apparently integrated into signaling cir-
cuits regulated by PAG.

Fifth, it has previously been shown that activation through
FceRI as well as KIT rapidly stimulates STATS5 tyrosine phosphor-
ylation and that STATS5 deficiency greatly reduces early and late
mast cell responses (68). PAG-KO cells exhibited lower tyrosine
phosphorylation of STAT5 when activated via FceRI but not when
activated via KIT. This difference could be explained by the differ-
ent kinases involved in STAT5 phosphorylation. In SCF-activated
cells, KIT activates STATS partly through the tyrosine kinase JAK2
(69). In contrast, JAK2 is dispensable in IgE-activated cells, which
use FYN for STAT5 phosphorylation (53). Phosphorylated
STATS5 serves as a transcription factor for a number of inflamma-
tory genes (55). The reduced transcription of genes for cytokines
(TNF-a, IL-6, and IL-13) and chemokines (CCL3 and CCL4) and
the reduced production of TNF-q, IL-6, and IL-13 in antigen-
activated PAG-KO cells could be a direct consequence of impaired
STATS tyrosine phosphorylation.

Sixth, IgE-sensitized PAG-KO cells exhibited decreased che-
motaxis toward antigen. Mast cell chemotaxis is a complex
process dependent on numerous signaling molecules and cell sig-
naling pathways (52). The observed inhibition of tyrosine phos-
phorylation of the FeeRI B and + subunits, SYK, and LAT in an-
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In this study we provide evidence that downregulation of ORMDL3 expression in
mast cells enhances AKT and NF-kB-directed signaling pathways and chemotaxis and

contributes to the development of mast cell-mediated local inflammation in vivo.
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Abstract Single-nucleotide polymorphism studies have
linked the chromosome 17q12-q21 region, where the human
orosomucoid-like (ORMDL)3 gene is localized, to the risk of
asthma and several other inflammatory diseases. Although
mast cells are involved in the development of these diseases,
the contribution of ORMDLS3 to the mast cell physiology is
unknown. In this study, we examined the role of ORMDL3
in antigen-induced activation of murine mast cells with
reduced or enhanced ORMDL3 expression. Our data show
that in antigen-activated mast cells, reduced expression of
the ORMDLS3 protein had no effect on degranulation and
calcium response, but significantly enhanced phosphoryla-
tion of AKT kinase at Ser 473 followed by enhanced
phosphorylation and degradation of IkBa and translocation
of the NF-kB p65 subunit into the nucleus. These events
were associated with an increased expression of proinflam-
matory cytokines (TNF-«, IL-6, and IL-13), chemokines
(CCL3 and CCL4), and cyclooxygenase-2 dependent syn-
thesis of prostaglandin D2. Antigen-mediated chemotaxis
was also enhanced in ORMDL3-deficient cells, whereas
spreading on fibronectin was decreased. On the other hand,
increased expression of ORMDL3 had no significant effect
on the studied signaling events, except for reduced antigen-
mediated chemotaxis. These data were corroborated by
IgE-antigen-dependent cutaneous

increased passive
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anaphylaxis in mice with locally silenced ORMDL3 using
short interfering RNAs. Our data also show that antigen
triggers suppression of ORMDL3 expression in the mast
cells. In summary, we provide evidence that downregulation
of ORMDL3 expression in mast cells enhances AKT and
NF-kB-directed signaling pathways and chemotaxis and
contributes to the development of mast cell-mediated local
inflammation in vivo.

Keywords Mast cell - RNA interference -
ORMDL3 knockdown - Prostaglandin D2 - Degranulation -

Chemotaxis - Proinflammatory cytokines
Abbreviations

Ag Antigen

BMMC  Bone marrow-derived mast cell
BSS Buffered saline solution

Bp Base pairs

[Ca12+]i Concentrations of free intracellular Ca>*
COX Cyclooxygenase
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NT Nontarget

03 KD ORMDL3 knockdown
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ORM Orosomucoid

ORMDL  Orosomucoid-like
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SERCA  Sarco/endoplasmic reticulum Ca®" ATPase
sh Short hairpin

siRNA Short interfering RNA

SNP Single-nucleotide polymorphisms
TNP 2,4,6-Trinitrophenol
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Introduction

Orosomucoid-like  (ORMDL)3 protein  has attracted
increased attention since the discovery of single-nucleotide
polymorphisms (SNPs) in the chromosome 17ql12-q21
region that were associated with onset of asthma in
childhood [1]. Further studies confirmed these data in
ethnically diverse populations [2, 3]. Interestingly, SNPs
associated with 17q12-q21 were also linked to chronic
obstructive pulmonary disease [4], ulcerative colitis [5],
primary biliary cirrhosis [6], type | diabetes [6], Crohn
disease [6, 7] and rheumatoid arthritis [8]. It has been
suggested that the risk alleles for asthma mapped in the
17q12-g21 region are linked to increased levels of the
ORMDL3 gene transcript [1, 6], but the risk alleles
implicated in the predisposition to primary biliary cirrho-
sis, type | diabetes and Crohn disease are associated with
decreased ORMDL3 mRNA levels [6]. Since ORMDL3 1s
only one of several genes in the chromosome 17ql12-q21
region, the observed data underline the complexity of
inflammatory diseases [6, 9].

Human and mouse ORMDL3 genes encode 153 aa
proteins belonging to the conserved ORMDL family con-
sisting of three members. All three members of this family
(ORMDL-3) are embedded in the endoplasmic reticulum
membrane [10]. Pivotal studies of ORMDL3 yeast homo-
logs, orosomucoid (ORM)1 and ORM?2, showed that ORM
proteins are negative regulators of sphingolipid synthesis
[11, 12] and that knockdown of all three ORMDL isoforms
resulted in increased ceramide production in distinct
mammalian cell lines [11, 13, 14]. Further experiments
showed that disruption of sphingolipid homeostasis in the
mouse model increased bronchial reactivity in the absence
of inflammatory stimulus [15]. ORMDL3 has also been
found to play a role as a regulator of Ca®* homeostasis in
the endoplasmic reticulum [16, 17] and as a trigger of
unfolded protein response [16, 18, 19].

Several studies attempted to explain the physiological
role of ORMDL3 in cells and tissues relevant to asthma.
Mice challenged with allergen exhibited enhanced expres-
sion of ORMDL3 in macrophages, eosinophils and lung
epithelial cells [18]. Furthermore, a lung epithelial cell line
transfected with ORMDL3 ¢DNA showed increased tran-
scription of genes encoding metalloproteases, chemokines
and oligoadenylate synthetases [18]. In addition, bone
marrow-derived eosinophils transduced with ORMDL3
¢DNA showed enhanced rolling and nuclear localization of
the phosphorylated NF-kB p65 subunit [20]. Transgenic
mice overexpressing human ORMDL3 exhibited increased

@ Springer

levels of serum IgE and showed spontaneous development
of enhanced airway responsiveness. This correlated with
increased numbers of CD4" cells, macrophages, cosino-
phils and neutrophils, and enhanced Th2 cytokine levels in
the lungs of transgenic mice [19]. Although mast cells are
crucial effector cells in IgE-dependent allergic disorders
[21, 22] and are critical for promoting the severity of col-
lagen-induced arthritis, which is an
inflammatory disease [23], the involvement of ORMDL3 in
FceR1-dependent activation and mast cell-mediated
inflammation has not yet been determined.

In this study, we decided to test the hypothesis that
changes in the expression levels of ORMDL3 could mod-
ulate mast cell proinflammatory responses. Bone marrow-
derived mast cells (BMMCs) with enhanced or reduced
expression of ORMDL3 were produced and examined. We
focused on the NF-xB signaling axis, which is an important
player in the transcription of proinflammatory cytokines
and immunoregulatory proteins [24] and is involved in the
promotion of inflammation [25-27]. We found that
ORMDL3-deficient cells exhibited significantly increased
translocation of the NF-xB p65 subunit into the nucleus.
These events were accompanied by enhanced expression of
genes encoding proinflammatory cytokines, chemokines,
and cyclooxygenase (COX)-2, an inducible enzyme
involved in prostaglandin (PG)D2 synthesis [28]. In an
attempt to identify the signaling pathway that precedes
activation of NF-kB, we found that AKT kinase exhibited
increased phosphorylation. We also studied the roles of
ORMDL3 in the migration of mast cells toward antigen
(Ag) and changes in ORMDL3 expression after high-
affinity IgE receptor (FceRI) triggering. Altogether, our
data provide evidence that in mast cells, ORMDL3 func-
tions predominantly as a negative regulator of FceRI-
mediated signaling events leading to the expression of
proinflammatory mediators and chemotaxis. These data

autoimmune

were corroborated by the finding of enhanced passive
cutaneous anaphylaxis (PCA) in mice with locally silenced
ORMDL3.

Materials and methods
Cells and lentiviral infection

BMMCs were derived from femurs and tibias of 8- to
10-week-old BALB/c mice bred. maintained, and used in
accordance with the Institute of Molecular Genetics
guidelines  (Permit number 12135/2010-17210) and
national guidelines (2048/2004-1020). The cells were cul-
tured in RPMI-1640 medium supplemented with 100 U/ml
penicillin, 100 pg/ml streptomycin, 71 pM  2-mercap-

toethanol. MEM non-essential amino acids, 0.7 mM
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SulfoLink™ Immobilization Kit for Peptides (Pierce)
according to the manufacturer’s instructions. Fura-2, AM
was obtained from Life Technologies. All other reagents
were obtained from Sigma-Aldrich.

- ; 2+
B-Glucuronidase release and Ca”™" response

BMMCs were sensitized with TNP-specific IgE (IGEL b4
1 mAb, I pg/ml) in stem cell factor- and IL-3-free culture
medium for 16 h, unless stated otherwise. Then the cells
were washed in buffered saline solution (BSS: 135 mM
NaCl, 5mM KCL 1.8mM CaCl2, 5.6 mM glucose,
20 mM HEPES, pH 7.4) supplemented with 0.1 % BSA
and activated with Ag (TNP-BSA conjugate, 15-25 mol
TNP/mol BSA). The extent of degranulation was evalu-
ated by determining B-glucuronidase concentrations as
described previously [33] except that an Infinite 200 M
(TECAN) plate reader was used at 355 nm excitation and
460 nm emission wavelengths. Calcium mobilization was
determined using Fura-2 acetoxymethyl ester (Fura-2 AM:
Life Technologies) as a reporter. Cells were incubated
with Fura-2 AM (1 ng/ml) and probenecid (2.5 mM) in
BSS supplemented with 0.1 % BSA and incubated in the
shaker for 30 min at 37 °C. Fura-2 AM-loaded cells were
washed twice with 2.5 mM probenecid in BSS-0.1 % BSA
and then transferred to BSS-0.1 % BSA supplemented
with 2.5 mM probenecid and incubated in Thermomixer
(Eppendorf; 15 min, 37 °C, 500 rpm). Cells were pelleted
by centrifugation at 500xg for 3 min, resuspended in
BSS-0.1 % BSA and transferred to white polysorp 96 well
plate (NUNC, Thermo Scientific). After | min, BSS-0.1 %
BSA supplemented with Ag (final concentration 100 ng/
ml) was added using the TECAN injector system. Mea-
surement continued up to 200 s. Levels of Ca®* were
determined by spectrofluorometry using the Infinite 200 M
plate reader with excitation wavelengths at 340 and
380 nm and with a constant emission at 510 nm. To
determine basal concentrations of free intracellular Ca®*
([Caz+]i) in various cell types, Triton X-100 (0.1 % final
concentration) was added to the Fura-2-loaded cells and
Fura-2  fluorescence was determined. Then, EGTA
(16 mM final concentration) was added and Fura-2 fluo-
rescence was again determined. Calcium concentrations
were then calculated using the formula: [Caz*']i =
Kq % Sp/Spa ¥ (R — R/ (Riax — R), where Ky repre-
sents the dissociation constant for Fura-2 (224 nM), Sp
the average fluorescence obtained at 380 nm after EGTA
addition, Sy, the average fluorescence obtained at 380 nm
after addition of Triton X-100, R,;, the mean ratio cal-
culated from the data acquired after EGTA addition,
Rax the mean of ratio calculated from data acquired after
addition of Triton X-100, and R the ratio of fluorescence
obtained at 340/380.
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Detection of ORMDL, cytokines, and chemokines
at the mRNA level

[gE-sensitized BMMCs were activated with different con-
centrations of Ag. One hour later, mRNA was extracted
using a TurboCapture 96 mRNA kit or RNeasy miniKit
(Qiagen). Single-stranded cDNA was synthesized with
M-MLYV reverse transcriptase (Invitrogen) according to the
manufacturer’s instructions. Real-time PCR amplifications
of cDNAs were performed in 10 pl reaction volumes of
gPCR mix containing 1 M 1 2-propanediol, 0.2 M tre-
halose and SYBR green 1 [34] in 384-well plates sealed
with LightCycler 480 sealing foil and analyzed by
LightCycler 480 (Roche Diagnostics). The following
cycling conditions were used: 3 min at 95 °C, followed by
50 cycles of 10 s at 95 °C, 20 s at 60 °C and 20 s at 72 °C.
Threshold cycle (Ct) values were determined by automated
threshold analysis of the cycler. Specificity of the PCR was
evaluated by examining the melting curves. For data pre-
sented in Fig. 2a, actin, GAPDH, ubiquitin, TBP, SDHA,
and HPRT were used as reference genes and the expression
levels of ORMDL3 mRNA were normalized to the geo-
metric mean of the reference genes in nonactivated control
cells. In all other experiments, actin, GAPDH, and ubiq-
uitin were used as the reference genes. The relative
changes in the mRNA expression levels were normalized
to the ones of the corresponding controls. The following
primer sets were used for amplification of different cDNA
fragments (sense/antisense; numbers in square brackets are
sizes of the fragments in bps): actin, 5-GATCTGGCAC
CACACCTTCT-3"/5-GGGGTGTTGAAGGTCTCAAA-3
[138]: GAPDH, 5-AACTTTGGCATTGTGGAAGG-3'/
5-ATCCACAGTCTTCTGGGTGG-3' [69]; ubiquitin, 5'-
ATGTGAAGGCCAAGATCCAG-3/5"-TAATAGCCACC
CCTCAGACG-3' [160]; HPRT, 5-CTGGTGAAAAG
GACCTCTCGAA-3'/5-CTGAAGTACTCATTATAGTC
AAGGGCAT-3 [109]; TBP., 5-GAAGAACAATCCAG
ACTAGCAGCA-3"/5'-CCTTATAGGGAACTTCACATC
ACAG-3" [128]; SDHA, 5-AAGGCAAATGCTGGAG
AAGA-3'/5-TGGTTCTGCATCGACTTCTG-3' [112]:
ORMDL3, 5- CCAACCTTATCCACAACCTGG-3/5'-
GACCCCGTAGTCCATCTGC-3' [124]; ORMDL2, 5'-C
ACAGCGAAGTAAACCCCAAC-3"/5'-AGGGTCCAGA
CAACAGGAATG-3" [134]; ORMDLI, 5-ACAGTGA
GGTAAACCCCAATACT-3"/5-GCAAAAACACATACA
TCCCCAGA-3" [174]; TNF-a, 5-CCCTCACACTCAG
ATCATCTTCT-3'/5-GCTACGACGTGGGCTACAG-3’
[61]; IL-6, 5-GAGGATACCACTCCCAACAGACC-3/5'-
AAGTGCATCATCGTTGTTCATACA-3" [141]; IL-13,
5-AGACCAGACTCCCCTGTGCA-3'/5'-TGGGTCCTGT
AGATGGATTG-3" [123]; CCL3, 5-CATCGTTGACT
ATTTTGAAACCAG-3'/5'-GCCGGTTTCTCTTAGTCA
GGAA-3' [72]; CCL4, Y-CTTGGAGTTGAACTGAGCA
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GC-3"/5-AGAGGGGCAGGAAATCTGAA-3' [126]:
SERCA2b, 5-GAGAACGCTCACACAAAGACC-3'/5'-
CAATTCGTTGGAGCCCCAT-3' [120]; COX-2, 5'-TG
AGCAACTATTCCAAACCAGC-315'-GCACGTAGTCT
TCGATCACTATC-3' [74].

For detection of cytokine secretion, the nano-iPCR
method was used as described [35]. Briefly, anti-TNF-o,
anti-IL-13 (each at | pg/ml), or anti-IL-6 (2 pg/ml) in
100 mM borate buffer (pH 9.5) was dispensed in 50 pl
aliquots into wells of a real-time 96-well plate (Eppendorf).
After overnight incubation at 4 °C, each well was washed
four times with 200 pl of TBST (10 mM Tris—HCI, pH 7.4,
150 mM NaCl, and 0.05 % Tween 20) and the remaining
binding sites were blocked by 2 h incubation at 37 °C with
TBST supplemented with 2 % BSA. After washing, 50 pl
of serial dilutions (0.1-100 ng/ml) of recombinant TNF-a,
IL-13 or IL-6, or the tested samples diluted in PBS-1 %
BSA were added. The samples were incubated | h at 37 °C
and after washing with TBST, 50 pl of gold nanoparticles
armed with thiolated DNA oligonucleotide template were
added and further processed as described [35]. For calcu-
lation of the cytokine concentrations, the obtained Ct
values were compared with those from the corresponding
calibration curves.

PGD2 measurements

IgE-sensitized mast cells were seeded at 2 x 10° cells per
well in 100 pl of BSS-BSA buffer in a 96-well culture
plate. Cells were stimulated by adding 100 pl of Ag to a
final concentration of 100 ng/ml for 5 h. Cell-free super-
natants were collected and assessed for PGD2 using
competitive enzyme immunoassay based on measurement
of PGD2-methoxylamine hydrochloride derivate according
to the manufacturer’s conditions (Cayman Chemicals). For
detection, the Infinite 200 M plate reader was used.
Supernatants of nonactivated and activated cells were
diluted 1/10 and 1/40, respectively, to be read within the
range of the respective standard curve.

Gel electrophoresis and immunoblotting

Whole-cell extracts were prepared by washing the cells in
cold PBS, solubilizing them in hot SDS-sample buffer [36],
sonicating, and boiling for 5 min. Proteins were size frac-
tionated on 10 or 125 % SDS-PAGE gels,
electrophoretically transferred onto nitrocellulose mem-
brane, and analyzed by immunoblotting with protein- or
phosphoprotein-specific Abs. Bound primary Abs were
detected with HRP-conjugated secondary Abs. The HRP
signal was detected with chemiluminescence reagent [37]
and quantified by a Luminescent Image Analyzer LAS
3000 (Fuji Photo Film Co.). Aida software (Raytest GmbH)

was used for signal quantification. Protein levels were
normalized to the corresponding controls.

Flow cytometry analysis

To quantify the surface expression of FceRl and KIT,
BMMCs (3 x 10°ml) were exposed simultancously to
anti-mouse FceRI-FITC and anti-mouse KIT-allophyco-
cyanin for 30 min on ice. Then, the cells were washed with
ice-cold PBS and evaluated using an Accuri C6 flow
cytometer (BD Biosciences).

Cell adhesion and spreading

IgE-sensitized BMMCs were loaded with calcein-AM and
transferred into a 96-well plate (Thermo Scientific) coated
with fibronectin (10 ng/ml) diluted in PBS [38]. Cells acti-
vated for 30 min with 100 ng/ml of Ag were examined for
adhesion assay using the Infinite 200 M plate reader with
excitation and emission filters at 485 nm and 538 nm,
respectively. For cell spreading, wells in 96-well glass-
bottom plates (InVitroSci) were coated with fibronectin
(50 pl; 50 pg/ml) diluted in PBS. Wells were then washed
with PBS, and 30 x 10% cells in BSS-0.1 % BSA were
added per well. Cells were allowed to attach for 30 min at
37 °C, washed, and activated or not with Ag. After 30 min,
cells were fixed with 3 % paraformaldehyde in PBS for
30 min at room temperature. For filamentous (F)-actin
staining, cells were exposed to Alexa Fluor 488-phalloidin
conjugate (Invitrogen, #A12379), diluted 1:100 in PBS
supplemented with L-a-lysophosphatidylcholine (80 pg/
ml). After 1 h, cells were washed and kept in PBS supple-
mented with Hoechst 33258 stain (1 pg/ml) until
measurement. Cells were then examined with the Scan®
system (Olympus).

Chemotactic response

Ag-Mediated chemotactic responses were evaluated using
24-well Transwell chambers (Corning) with 8 um poly-
carbonate filters as described previously [38]. Cells
migrating into lower compartments within the 8-h incu-
bation period were counted using an Accuri C6 Flow
Cytometer (Becton—Dickinson).

F-actin assay

The total amount of F-actin in nonactivated and Ag-activated
cells was determined by flow cytometry. BMMCs in a 96-well
plate (5 x 10* cells per well) were exposed to various stimuli
at 37 °C, fixed with 3 % paraformaldehyde in phosphate-
buffered saline, and then permeabilized and stained in a single
step by a mixture of lysophosphatidylcholine (200 mg/ml)
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and 1000x diluted Alexa Fluor 488-phalloidin (Molecular
Probes) in phosphate-buffered saline. The fluorescence
intensity was measured using LSRII flow cytometer (Becton—
Dickinson). The acquired data were analyzed using FlowJo
software (Tree Star Inc).

Confocal microscopy

IgE-sensitized BMMCs (3 x 105) were attached (60 min
at 37 °C) to a fibronectin-coated multitest slide (MP
Biomedicals) and then activated by Ag. After 30 min, the
cells were fixed with 4 % paraformaldehyde for 15 min at
room temperature and permeabilized with 0.3 % Triton
X-100 for 20 min. Free binding sites were blocked with
5 % donkey serum (Jackson ImmunoResearch Laborato-
ries) in PBS and the cells were stained with a mixture of
rabbit Abs against p65 subunit of NF-xkB diluted 1:400
(#8242) and 1:200 (#sc-372), followed by labeling with
secondary antibody, donkey anti-rabbit-Alexa Fluor 488
conjugate, and diluted 1:200 in PBS containing 1 % BSA.
ORMDL was labeled with rabbit polyclonal serum (de-
scribed in Antibodies and reagents) followed by labeling
with donkey anti-rabbit-Alexa Fluor 568 (1:100). After
60 min incubation, the cells were washed and mounted in
Mowiol 4-88, supplemented with 1 pg/ml Hoechst 33258
to label nuclei. Samples were examined with a confocal
laser scanning microscope Leica TCS SP5 equipped with
an X63/1.4.N.A. oil-immersion objective. STIMI-YFP
(kind gift of Dr. T. Meyer, Stanford University Medical
School) was used as an endoplasmic reticulum marker.
Golgi marker (YFP-GT) was from Clontech Laboratories.
ORMDL3-YFP was cloned into the NI-YFP plasmid

(Clontech)  using  forward  primer 5-AAACTC-
GAGGCCGCCACCATGAATGTG  GGCACAGCAC-3'
and reverse complementary primer S5-AAA-

GAATTCGGTACTTATTGATTCCAAAG-3, introducing
Xhol and EcoRI restriction endonuclease sites (underlined).
respectively. Amaxa Nucleofector II (Lonza Cologne AG,
Cologne, Germany) was used to nucleofect mast cells using
a Mouse Macrophage Kit and program Y-001.

Image analysis

Image processing and analysis were performed using
CellProfiler software (Broad Institute, Boston, MA) [39].
For cell spreading, areas corresponding to individual cells
were identified by F-actin staining with Alexa Fluor
488-phalloidin and the mean values were calculated from
200 to 400 cells in each sample. The fraction of NF-kB p65
subunit in the nucleus was determined as the difference
between NF-kB mean fluorescence in the nucleus (stained
with Hoechst 332578) and NF-kB mean fluorescence in the
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cytoplasm as described [40]. Fifty to hundred cells were
evaluated per sample and the values obtained for each cell
were plotted in GraphPad Prism (San Diego, CA, USA).
Other charts were done in SigmaPlot 8.0 (San Jose, CA,
USA).

Short interfering RNA (siRNA)-mediated inhibition
of ORMDL3 expression and measurements of PCA

To silence ORMDL3 in the mouse ear, we followed the
experimental procedure described by Kanada et al. [41]
with some modifications. The specificity of ORMDL3
siRNAs was first confirmed by immunoblotting analysis of
lysates from BMMCs nucleofected by Amaxa Nucleofector
11 48 h earlier with 1 pg of ORMDL3 siRNA pool (Accell
Mouse OrmdI3 siRNA; E-049023-00-0005; Dharmacon) or
I ng control siRNAs ORMDL3 (O3_siRNA; Accell Non-
targeting Pool: D-001910-10-05; Dharmacon) using a
Mouse Macrophage Kit and program Y-001 as recom-
mended by the manufacturer (Lonza). For PCA, 20 pL of
PBS containing 4 pg/ml of anti-TNP-specific IgE and
2.5 pg of ORMDL3 siRNAs pool was injected into the
right ear. As a control, 20 pL of anti-TNP-specific IgE
(4 pg/ml) and 2.5 pg of control siRNA was injected
intradermally into the left ear. After 48 h, the mice were
challenged with an intravenously injected PBS (200 pl)
containing Ag (100 ng TNP-BSA) and 1 mg of Evans
blue. Two hours later, the mice were killed and the ears
removed for measurement of the amount of extravasated
dye. Formamide (0.75 ml) was then added to each ear,
which was then homogenized with the T-25 ULTRA-
TURRAX Digital High-Speed Homogenizer Systems
(IKA) and incubated at 80°C for 2 h. The samples were
centrifuged at 14,000x g for 15 min and supernatants were
used for measurement of absorbance at 620 nm.

Statistical analyses

Unless stated otherwise, the significance of intergroup dif-
ferences was evaluated by Student’s 1 test; *, P < 0.05; #%,
P<0.01; ** P <0.00l. Microsoft Excel 2010 or
GraphPad Prism was used for statistical analysis evaluation.

Results

Properties of BMMCs with reduced or enhanced
expression of ORMDL3

Although ORMDL3 expression was described in various
cells of the immune system [1, 18], its presence in mast
cells has not yet been determined. Here, we used RT-PCR
to show the expression of ORMDL3 in BMMCs. We found
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that ORMDL3 as well as ORMDLI1 and ORMDL2 are
expressed in BMMCs (Fig. 1a). We did not observe any
variations in the expression of ORMDL3 during BMMC
cultivation in medium supplemented with IL-3 and SCF
(data not shown). Using BMMCs transduced with markers
of endoplasmic reticulum or Golgi apparatus, we confirmed
previous findings [16, 18] that endogenous ORMDL pro-
teins detected by the NVG antibody recognizing all three
ORMDLs (Fig. Sla, ¢, d) are associated with the endo-
plasmic reticulum and perinuclear membrane, but not with
the Golgi apparatus (Fig. 1b). Next, we examined whether
the changes in ORMDL3 expression influence mast cell
effector functions. To induce ORMDL3 knockdown
(O3_KD), BMMCs were transduced using the pLKO.1
lentiviral vector with ORMDL3 shRNAs (200, 201, 202,
and 203, Fig. lc). As controls, BMMCs were transduced
with the empty pLKO.1 vector. Quantification of
ORMDL3 mRNA expression by RT-gPCR showed its
30-80 % decrease after transduction of ORMDL3 shRNAs
(Fig. Ic). To find out whether silencing of ORMDL3 is
accompanied by changes in expression of other ORMDL
family members, we assessed the expression of all mem-
bers of the ORMDL family in BMMCs with O3_KD. Data
in Fig. 1d indicate that silencing with the O3_KD vector
(shRNA 200) led to a significant reduction of ORMDL3
mRNA without any effect on the expression of ORMDLI
and ORMDL2 mRNA. For production of cells with
enhanced expression of ORMDL3, we used pCDH vectors
containing ORMDL3 cDNA tagged with myc at the N
terminus (myc-03) or C terminus (O3-myc). Cells trans-
duced with ORMDL3 ¢DNAs exhibited an 8- to 12-fold
increase in ORMDL3 mRNA when compared with cells
transduced with the empty pCDH vector, but expression of
ORMDLI1 and ORMDL2 mRNAs was not significantly
changed (Fig. 1e). It should be noted that orientation of the
tag attached to ORMDL3 influenced the mobility of the
proteins in the gel ([11]; Fig. 1f). However, because in
functional assays we did not see any significant differences
between cells transduced with the two constructs, the data
obtained with both of them were pooled and are presented
as cells with ORMDL3 overexpressors (O3_OE). The
observed downregulation or upregulation of ORMDL3
mRNA in cells with O3_KD or O3_OE, respectively,
resulted in the expected changes in the intensity of the band
corresponding to the ORMDL family proteins as detected
by immunoblotting with polyclonal serum. The amount of
the band corresponding to the ORMDL proteins was
reduced by 60-80 % depending on the shRNA used
(Fig. 1f). The characteristics of the rabbit serum used for
immunoblotting (TPF) are shown in Fig. S1b, c¢. Both sera
(NVG and TPF) recognize other members of the ORMDL
family, as determined by their reactivity with cells

expressing cDNAs encoding ORMDLI1 and ORMDL2
(Fig. S1c). Therefore, we refer to the corresponding band
of 17 kDa as ORMDL. In BMMCs transfected with myc-
03 or O3-myc vectors, ORMDL3 protein was enhanced
approximately three to fourfold (Fig. 1f), although the
increase of ORMDL3 expression at the mRNA level was
more prominent (Fig. le). BMMCs with both O3_KD (all
four shRNAs) and O3_OE (myc-O3 or O3-myc vectors)
had preserved expression of FeeRI and KIT receptors on
the plasma membrane (Fig. S2), but statistical evaluation
revealed that shRNAs 201 and 202 exhibited significant
changes in the expression of c-Kit (P < (0.05) and shRNA
201 as well as in FceRI expression (Fig. 1g: P < 0.05).
Based on these results, we excluded shRNAs 201 and 202
from further work. All experiments with O3_KD are based
on shRNA 200. Cells transduced with shRNA 203 exhib-
ited similar properties to those with shRNA 200. Based on
these findings, experimental data were pooled and all data
are presented as O3_KD. Alcian blue staining of cytospin
slides showed that the morphology of O3_KD and O3_OLE
mast cells was not different from that of cells transduced
with appropriate controls (see examples in Fig. Lh).

Ag activation of BMMCs induces downregulation
of ORMDL3

A previous study showed that challenge with allergen
induced expression of ORMDL3 in mouse bronchial
epithelial cells, lung macrophages, or BM-derived eosino-
phils, but not in peripheral blood neutrophils [I8].
Moreover, increased ORMDL3 expression in bronchial
airway epithelial cells was stimulated with IL-4 and TL-13
[18] and in eosinophils triggered with IL-3 and eotaxin-1
[20]. In further experiments, we therefore examined whe-
ther FceRI activation of BMMCs would also lead to
changes in ORMDL3 expression. Interestingly, in IgE-
sensitized cells, activation with Ag resulted in a significant
decrease of ORMDL3 mRNA expression |, 4, and 6 h
after FceRI triggering, but ORMDLI and ORMDL2
mRNA expression was not significantly affected (Fig. 2a).
At the protein level, for detection we used polyclonal
antibodies recognizing all members of the ORMDL family
(Fig. Sla—c). Data presented in Fig. 2b and c indicate that
there is a slight, but significant decrease in ORMDL family
member expression in cells activated for 8-24 h with Ag.
Attenuation of ORMDL3 transcription in activated cells
was also observed in cells with O3_KD, in which the
residual amount of ORMDL3 mRNA was further lowered
(Fig. 2d). Thus, FceRlI-activated mast cells exhibit down-
regulation of ORMDL3 and in this regard differ from
activated eosinophils, lung macrophages, and bronchial
airway epithelial cells.
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4Fig. 1 Properties of BMMCs with reduced or enhanced ORMDL3
expression. a Expression of ORMDLI1-3 mRNAs in BMMCs as
determined by RT-PCR followed by agarose gel electrophoresis and
staining with ethidium bromide. DNA marker in bps is shown in line
M. b Colocalization of endogenous ORMDL proteins (shown in red
pseudocolor) with STIM1-YFP, a marker of endoplasmic reticulum
(ER upper panel; green pseudocolor), but not with GT-YFP, a marker
of Golgi (lower panel green pseudocolor) is shown. Nuclei were
stained with Hoechst 33258 (shown in blue pseudocolor); bars 5 pm.
¢ BMMCs with O3_KD were obtained after transduction with
lentiviruses containing four shRNAs denoted 200, 201, 202, and 203.
Control cells were transduced with empty pLKO.1 vector. ORMDL3
mRNAs were quantified by RT-qPCR. d RT-qPCR quantification of
individual ORMDL family members in cells with O3_KD or in
control cells transduced with empty pLKO.1 vector. ¢ BMMCs with
03_OE were obtained after transduction with lentiviruses containing
ORMDL3 cDNAs terminally tagged with myc at the N-(myc-O3) or
C-(03-myc) end. Control cells were transduced with empty pCDH
vector. The levels of ORMDLI] and ORMDL2 mRNAs are shown.
RT-qPCR data in c—e were normalized as described in “Materials and
methods™ and represent the means and SEMs calculated from three to
seven independent experiments. f Quantification of ORMDL proteins
(serum not specific for ORMDL3) by immunoblotting in whole-cell
lysates after transduction of the cells as in ¢ and e. Numbers under the
immunoblots indicate the amounts of ORMDL proteins normalized to
control cells transfected with pLKO.1 vector (for O3_KD) or pCDH
vector (for O3_OE) and to the amount of P-actin used as a loading
control (fold change). The positions of endogenous (En.) and
exogenous (Ex.) ORMDL3 and B-actin are indicated by arrows.
g Statistical evaluation of FeeRI and c¢-Kit expression in the
transduced BMMCs. h Alcian blue staining of cytospin preparations
of BMMCs transduced as above; bars 10 pm

BMMCs with reduced or enhanced expression

of ORMDL3 do not exhibit changes in SYK tyrosine
phosphorylation, degranulation, and Ca®* response
after FceRI triggering

FeeRI-mediated signaling events are initiated by tyrosine
phosphorylation of the FceRI B and y subunits by Src
family kinase LYN, followed by propagation of the signal
through activity of the Src family kinases and SYK kinase
[22]. To examine a possible role of ORMDL3 in FceRI
signaling, we first examined phosphorylation of SYK in
Ag-activated BMMCs with reduced or enhanced ORMDL3
expression. Our data indicate that cells with O3_KD
(Fig. 3a) or O3_OE (Fig. 3b) show similar SYK phos-
phorylation as the corresponding controls.

Next, we examined Ag-induced degranulation estimated
by the release of f-glucuronidase from preformed secretory
lysosomes. We found that BMMCs with O3_KD (Fig. 3¢)
or O3_OE (Fig. 3d) exhibited similar degranulation as the
control cells. We also compared cells transduced with
pLKO.l and nontransduced wild-type (WT) cells to show
that mast cell degranulation is not changed by lentivirus
transduction (Fig. S3a).

Previous studies have shown that ORMDL3 affects
Ca”* mobilization in lymphocytes and eosinophils [16, 17,
20] and regulates the expression of sarco/endoplasmic

reticulum Ca®t ATPase (SERCA)2b [19]. Interestingly,
BMMCs with O3_KD (Fig. 3¢) or O3_OE (Fig. 3f)
exhibited similar Ca>" mobilization to cells transduced
with empty pLKO.1 or pCDH vectors. We also compared
cells transduced with pLKO.1 and WT cells to show that
calcium mobilization in mast cells is not changed by len-
tivirus transduction (Fig. S3b). We also found that
expression of mRNA for SERCA2b was not significantly
changed in activated and nonactivated mast cells with
03_KD (Fig. 3g) or O3_OE (Fig. 3h) when compared with
the corresponding controls. The mRNA levels of SER-
CA2b in cells transduced with pLKO.1 were comparable to
those in WT cells (Fig. S3¢). In line with the SERCA2b
expression, the basal levels of [C‘.:12+]-l were not changed in
03_KD (Fig. S4a) or O3_OE (Fig. S4b) when compared
with the corresponding controls. We conclude that early
FceRI-induced activation events, including SYK tyrosine
phosphorylation, degranulation, and calcium responses in
mast cells, are not affected by enhanced or reduced
expression of ORMDL3. Furthermore, we show that
changes in ORMDL3 protein levels have no significant
effect on SERCA2b expression.

Negative regulatory role of ORMDL3
in the expression of cytokines and chemokines

Mast cells are potent producers of various cytokines and
chemokines involved in both asthma and autoimmune
diseases [22, 23, 42, 43]. In further experiments, we
therefore quantified the levels of mRNA encoding cytoki-
nes (TNF-o, 1L-6, and IL-13; Fig. 4a) and chemokines
(CCL3 and CCL4: Fig. 4b) in BMMCs with O3_KD.
Using RT-qPCR, we found that all the studied transcripts
for cytokines and chemokines were significantly increased
in cells with O3_KD when compared with control cells
transduced with empty pLKO.1 vector in both nonactivated
and Ag-activated cells (Fig. 4a, b). The observed increase
in cytokine mRNA levels corresponded to enhanced
secretion of the cytokines TNF-a, IL-6 and IL-13 from Ag-
activated BMMCs with O3_KD (Fig. 4c). In contrast, no
significant changes in the transcription of TNF-a, IL-6, and
IL-13 at the RNA (not shown) or protein (Fig. 4d) level
were observed when BMMCs with O3_OE were compared
with the corresponding controls. These data indicate that
ORMDL3 in mast cells is a negative regulator of the pro-
duction of proinflammatory cytokines such as TNF-a, IL-6,
and IL-13 and chemokines CCL3 and CCL4.

ORMDL3 functions as a negative regulator
of Ag-mediated chemotaxis

The observed changes in the expression of genes for
cytokines and chemokines depending on the expression of
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Fig. 2 Changes in ORMDL3 expression in Ag-activated BMMCs.
a BMMCs were sensitized for 16 h with IgE and then activated with
Ag (100 ng/ml) or not (0 h) for the indicated time intervals.
ORMDL3, ORMDL2, and ORMDL] mRNAs were quantified by
RT-qPCR and normalized as described in “Materials and methods”.
The means and SEMs were calculated from three independent
experiments performed in duplicate. b Immunoblot quantification of
ORMDL proteins at various time intervals after activation of IgE-
sensitized BMMCs with Ag (100 ng/ml). Numbers under the
immunoblots indicate the relative amounts of ORMDL3 normalized
to its amount in nonactivated cells and the amounts of HPRT, B-actin,
and GRB2 were used as loading controls (Average fold change). A
representative immunoblot from seven independent experiments with
similar results is shown. ¢ Statistical evaluation of ORMDL proteins
expression is shown. ORMDL3 was normalized to its amount in
nonactivated cells and the amount of the average fold change of three
loading controls mentioned above. d RT-qPCR quantification of
ORMDL3 in nonactivated (control) or Ag-activated (100 ng/ml; 1 h)
BMMCs with the empty vector (pLKO.1) or O3_KD. Data are
normalized as in a. The means and SEMs were calculated from six
independent experiments performed in duplicate

ORMDL3 led us to examine the capability of IgE-sensitized
cells to migrate toward Ag and to adhere and spread on
fibronectin-coated substrates. BMMCs with O3_KD exhib-
ited a significantly stronger chemotactic response to all
tested concentrations of Ag when compared with control
cells transfected with empty pLKO.1 vector (Fig. 5a). In
contrast, BMMCs with O3 OE showed a less efficient
chemotactic response than the corresponding control cells
(Fig. 5b). We also compared cells transduced with pLKO.1
and WT cells to show that mast cell migration is not changed
by lentivirus transduction (Fig. S3d). When adhesion to
fibronectin was measured, cells with O3_KD (Fig. S5a) or
O3_OE (Fig. S5b) exhibited adhesion similar to the corre-
sponding control cells. In contrast, spreading on fibronectin-
coated surfaces after exposure to Ag was reduced in cells
with O3_KD (Fig. 5c¢, d). When compared to control cells,
cells with O3_OE exhibited no significant difference in Ag-
induced spreading (Fig. Se. f). We also compared cells
transduced with pLKO.1 and WT cells and showed that Ag-
induced mast cells adhesion to and spreading on fibronectin
was not changed by lentivirus transduction (Fig. S3e. f).
Finally, we examined the depolymerization of F-actin in Ag-
activated cells with O3_KD (Fig. S5¢) or O3_OE (Fig. S5d)
and corresponding controls and found that F-actin content
was independent of ORMDL3 expression levels.

Upregulation of NF-kB signaling axis in mast cells
with O3_KD

Previous studies with eosinophils showed that increased
expression of ORMDL3 enhanced translocation of NF-kB
into the nucleus and its activation [20]. Based on our
findings that reduced expression of ORMDL3 upregulated
the expression of cytokine and chemokine genes (Fig. 4a—
d) and that these mediators were directed by transcription
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factor NF-kB [44-48], we decided to analyze the NF-kB
signaling axis in BMMCs with enhanced or decreased
ORMDL3 protein levels. First, we examined the phos-
phorylation of IkBa, a negative regulator of NF-kB
signaling. We found that 5 min after Ag activation,
BMMCs with O3_KD exhibited higher phosphorylation of
IkBa than control pLKO.1 cells. Interestingly. we found
that IkBa in activated BMMCs with O3_KD is more
degraded than in control cells (Fig. 6a). This is in accord
with the previously described observation that phosphory-
lation of IkBa triggers its degradation [49]. Densitometry
evaluation of the data and normalization of plkBx to LYN
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Fig. 3 Early activation events a pLKO.1 03_KD
in BMMCs with enhanced or
reduced ORMDLS3 expression. Act. (min): 0 1 5 15 0 1 5 15
a Ag-induced tyrosine
phosphorylation of SYK as pSYK —» -—— - . =
determined by immunoblotting
of whole-cell lysates from SYK —» -
BMMC's with O3_KD or control PR T = .
cells transfected with empty Fold change: 1.0 95 138 85 1.3 8.0 15.0 8.1
pLKO.1. IgE-sensitized cells
were activated for various time
intervals with Ag (100 ng/ml). b PCDH 03_OE
The positions of pSYK and Act. (min): 0 1 5 15 0 1 5 15
SYK, used as loading controls,
are indicated by arrows. SYK —» — — - -
b Phosphorylation of SYK was P
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lysates were from cells with SYK P "™ v s s e v o —
03_OE or control cells
transfected with empty pCDH. Foldchange: 1.0 70 1314 71 11 7.6 91 8.0
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Fig. 4 Expression of cytokine and chemokine genes and production
of cytokines in BMMCs with O3_KD and O3_OE. a RT-qPCR
quantification of mRNAs encoding TNF-o, [L-6, and IL-13 in
nonactivated or Ag-activated (100 ng/ml; 1 h) BMMCs with O3_KD
and the corresponding control cells, pLKO.1. Means and SEMs were
calculated from 13 to 16 independent experiments. b RT-gPCR
quantification of mRNA for CCL3 and CCL4 chemokines from cells
as in a. The means and SEMs were calculated from six to eight
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experiments. Data in a and b were normalized as described in
“Materials and methods™. ¢, d Quantification of cytokines TNF-o, IL-
6, and IL-13 secreted into the supernatants of nonactivated or Ag-
activated (100 ng/ml; 6 h) BMMCs with O3_KD or pLKO.1 control
(¢) and O3_OE or pCDH control (d) as determined by nano-iPCR.
The means and SEMs were calculated from four to five independent
experiments
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Fig. 5 Negative regulatory role
of ORMDL3 in Ag-mediated
chemotaxis, but not cell
spreading on fibronectin. a,

b Migration of BMMCs toward
various concentrations of Ag
was determined in IgE-
sensitized BMMCs with
0O3_KD (a) or O3_OE (b) and
the cormresponding controls. The

N
(&)

O pLKOA
20 Hl O3 KD

Migrated cells (x10%) g,

means and SEMs were 0 50 100
Ag (ng/ml)

calculated from four to eight
independent experiments
performed in duplicate. ¢— c
f Spreading of BMMCs with
O3_KD (¢, d), O3_OE (e, f),
and the corresponding controls.
The cells were attached to
fibronectin-coated slides and
activated with Ag (100 ng/ml)
for 30 min. Representative
fluorescent images are shown in
¢ and e; bars 10 pm.
Quantification and statistical
evaluation of data obtained as in
¢ and e are shown in d and f,
respectively. The means and
SEMs were calculated from five
independent experiments

Control
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kinase, used as a loading control, showed significantly
higher IkBa phosphorylation in O3_KD cells than control
pLKO.1 cells (Fig. 6b). BMMCs with O3_OE showed a
small, but nonsignificant decrease of [kBa phosphorylation
(not shown). Based on these data, we next examined the
consequences of reduced ORMDLS3 levels on translocation
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of the NF-kB p65 subunit into the nucleus in BMMCs. We
found that Ag-induced translocation of the p65 subunit into
the nucleus was higher in BMMCs with O3_KD than in
control cells (Fig. 6¢). The difference was statistically
significant (Fig. 6d). Interestingly, resting BMMCs with
03_KD also exhibited increased p65 nuclear localization
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when compared with resting control pLKO.I cells. These
data are consistent with the findings that basal levels of
mRNAs for cytokines (Fig. 4a) and chemokines (Fig. 4b)
were higher in cells with O3_KD than in control cells. We
also compared cells transduced with pLKO.1 and WT cells
and found that p65 nuclear localization after activation was
not changed by lentivirus transduction (Fig. S3g).

To determine which signaling pathways are involved in
enhanced IxkB~ phosphorylation we examined phosphory-
lation of ERK kinase. which is involved in IkBa
phosphorylation [50]. We found that mast cells with
decreased expression of ORMDL3 exhibited similar ERK
phosphorylation as pLKO.1 control cells (Fig. 6e, ). Next,
we therefore tested phosphorylation of AKT kinase, which
is a positive regulator of NF-kB signaling [51]. Interest-
ingly, BMMCs with O3_KD exhibited significantly
enhanced phosphorylation of AKT at Ser 473 at all
examined time points, but phosphorylation of AKT at Thr
308 was not significantly affected (Fig. 6g—i). To exclude
the possibility that the observed immunological responses
are not specifically activated by siRNA [52], we compared
the phosphorylation of IkBa and AKT (at Ser 473) in WT
cells, BMMCs transduced with empty pLKO.I, or cells
transduced with NT shRNA (Fig. S6a). We found that cells
with O3_KD showed enhanced responses when compared
with all controls. We also used the same controls in
experiments with cytokines to demonstrate that lentiviral
transduction had no impact on cytokine production and that
cytokines were specifically increased by O3_KD
(Fig. S6b—d). Collectively, these data demonstrate that
decreased expression of ORMDL3 is accompanied in Ag-
activated cells by enhanced phosphorylation of AKT,
increased translocation of the p65 subunit into the nucleus,
and enhanced production of cytokines.

ORMDL3 is a negative regulator of COX-2
expression and PGD2 synthesis

We also examined the expression of an inducible enzyme,
COX-2, which is regulated by NF-kB [53, 54]. COX-2
converts arachidonic acid to PGH2, a precursor of PGD2
and PGE2 [28]. When compared with control cells
(pLKO.1), BMMCs with O3_KD exhibited significantly
higher levels of COX-2 mRNA than both resting and Ag-
activated control cells (Fig. 7a), while cells with O3_OE
showed decreased COX-2 mRNA expression when com-
pared with the control cells (pCDH); however, the
difference was not significant (Fig. 7b). These data were
corroborated by studies of the COX-2 protein in Ag-acti-
vated BMMCs. After 5 h stimulation with Ag, we observed
a higher increase of COX-2 levels in cells with O3_KD
cells (Fig. 7¢); this difference was

than in control
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Fig. 6 Negative regulatory role of ORMDL3 in AKT and NF-xkBp
signaling axis in Ag-activated BMMCs. a Phosphorylation of IkBa
and its amount was determined by immunoblotting of whole-cell
lysates from BMMCs with O3_KD and control cells (pLKO.1) with
the corresponding antibodies. Representative immunoblots from four
independent experiments areshown. Numbers under the immunoblots
indicate the relative amounts of pIkBa and [kBa normalized to their
amounts in nonactivated pLKO.1 control cells and the amount of Lyn
used as a loading control (Fold change). b Quantification and
statistical evaluation of pIkBax in pLKO.1 control cells and O3_KD
cells activated with Ag for 5 min as in a. Means and SEMs were
calculated from four independent experiments. ¢ Representative
confocal microscopy pictures of NF-kB p65 subunit (p65) localiza-
tion in the nuclei (stained with Hoechst 33258) and cytoplasm in
nonactivated or Ag-activated (100 ng/ml; 30 min) BMMCs with
03_KD or pLKO.I control; bars 10 pm. d Quantification of NF-xB
p65 subunit localization in the nucleus of nonactivated or Ag-
activated (100 ng/ml, 30 min) O3_KD and pLKO.1 control cells.
Values from two independent experiments as in ¢ (50-100 cells per
experiment) were plotted; each symbol represents one cell, red
horizontal lines indicate means. e—i Phosphorylation of ERK at Tyr
204 (e, ), AKT at Ser 473 (g, h), and AKT at Thr 308 (g. i) was
assessed by immunoblotting with the corresponding antibodies of the
whole-cell lysates from BMMCs with O3_KD or pLKO.1 controls.
Representative immunoblots from at least three in each group are
shown in e and g. Numbers under the immunoblots indicate the
relative amounts of pERK (e) or pAKT (g) normalized to their
amounts in nonactivated pLKO.1 control cells and the amount of
ERK or AKT used as loading controls (fold changes). Quantification
and statistical analyses of differences in fold changes between cells
with O3_KD and pLKO.1 controls in pE.RKY204 (), pAKTS‘”S (h),
and pAKTTgm (i) are also shown. Means and SEMs were calculated
from three experiments in each group

significant (P << 0.05; n = 3). On the other hand, Ag-ac-
tivated cells with O3_OE showed lower COX-2 levels than
the corresponding control cells (Fig. 7d); however, this
difference was not significant (P > 0.05; n = 3). The
stronger band of exogenous ORMDL3-myc after 5h of
activation in Fig. 7d was reproducibly observed. Ag-in-
duced activation apparently induces enhanced transcription
from the CMV promoter. We found that this enhancement
was not ORMDL3 specific, rather it depended on the CMV
promoter, as several other ORMDL family nonrelated
proteins cloned into the same pCDH vector exhibited a
similar increase (data not shown).

Supernatants collected from the experiments as depicted
in Fig. 7 ¢, d were assessed for PGD?2 levels. We found that
Ag-activated mast cells with O3_KD released significantly
higher amounts of PGD2 than appropriate controls
(Fig. 7e). Furthermore, PGD2 expression was not signifi-
cantly changed in mast cells with O3_OE (Fig. 7f). To
show that COX-2 expression is independent of immuno-
logical responses toward dsRNAs, we compared COX-2
production in cells with O3_KD and controls (NT and
WT). We found that in O3_KD cells activated with Ag, the
levels of COX2 were more elevated than in control cells
(Fig. S6e). These data support the negative regulatory role
of ORMDL3 in the activation of the NF-kB signaling axis.
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Fig. 7 Increased COX-2 a mRNA COX-2 levels b  mRNA COX-2levels
expression and PGD2 synthesis
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Silencing of ORMDL3 enhances mast cell-dependent
PCA

To evaluate whether ORMDLS3 has a function in mast cells
in vivo, we silenced ORMDL3 locally by intradermal
injection of the ORMDL3 siRNA pool. First, we examined
the efficiency of ORMDL3 siRNA in vitro. When com-
pared with BMMCs exposed to nontargeting control
siRNA pool, the ORMDL3 siRNA pool reduced ORMDL
expression by approximately 60 % as determined by
immunoblotting (Fig. 8a. b; serum specific for all members
of murine ORMDL family). For FceRI-mediated PCA
reactions, mice were intradermally injected with ORMDL3
siRNAs together with TNP-specific IgE into the right ears
and control siRNAs together with TNP-specific IgE into
the left ears. After 48 h, challenged

mice were

@ Springer

intravenously with Ag (TNP-BSA) and Evans blue dye and
2 h later Evans blue in both ears was quantified. Data
presented in Fig. 8c show that ears injected with ORMDL3
siRNA displayed significantly higher amounts of Evans
blue than ears injected with control siRNA. These data
corroborate  previous results obtained with BMMCs
in vitro. Based on these results, we conclude that silencing
of ORMDLS3 in vivo leads to enhanced local inflammation
triggered by mast cells.

Discussion
In this study, we examined the role of ORMDL3 protein in

Ag-mediated mast cell signaling. Although enhanced or
reduced expression of ORMDL3 had no effect on Ag-
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induced degranulation and calcium responses, several lines
of evidence presented in this study indicate that ORMDL3
is a negative regulator of proinflammatory activities of
mast cells (Table 1). Increased expression of cytokines,
chemokines, and COX-2 in O3 KD cells could be
explained by our observation that BMMCs with O3_KD
exhibited enhanced phosphorylation of IkBo, which is a
regulator of transcription factor NF-xB [24]. Indeed,
localization of the NF-xB p65 subunit was increased in the
nuclei of Ag-activated ORMDL3-deficient mast cells. It is
known that enhanced nuclear localization of the NF-kB
p65 subunit leads to increased transcription of NF-kB-
regulated genes encoding various cytokines, including
TNF-a, IL-6 and IL-13, chemokines, CCL3 and CCL4, and
COX-2 enzyme [44-48, 53-55]. Moreover, improperly
regulated NF-kB causes a broad variety of inflammatory
diseases [25-27]. Our findings regarding the regulatory
roles of ORMDL3 are different from those obtained with
other cell types, demonstrating a positive regulatory role of
ORMDL3 in cell signaling. For example, eosinophils
overexpressing ORMDL3 exhibited enhanced localization
of the phosphorylated NF-kB p65 subunit in the nucleus
[20]. Furthermore, transfection of ORMDL3 into lung
epithelial cell line A549 increased the expression of several
genes, including those for metalloproteases, ADAM-8 and
MMP-9, chemokines CXCL-10, CXCL-11, IL-8, CCL-20,
and oligoadenylate synthetases [18]. It has also been shown
that the expression of several genes, including TGF-pB1,
ADAMS, MMP9, and CXCL-10, is enhanced in the
bronchial epithelium of transgenic mice overexpressing
ORMDL3 [19]. Recent studies showed that in eosinophils
with O3_OE, ERK kinase played a role in regulating NF-
kB signaling [20]. However, mast cells with O3_KD or
03_OE (not shown) exhibited similar ERKY*** phospho-
rylation when compared with control cells. Although we
did not exclude the possibility that phosphorylation of
other targets in ERK could be affected by changing
ORMDL3 levels, we focused on another potent activator of
the NF-kB pathway, AKT kinase. We found that AKT
kinase is more phosphorylated at the Ser 473 (but not at the
Thr 308) in BMMCs with O3_KD than control cells. These
data suggested a regulatory role of AKT in NF-xB sig-
naling in mast cells with O3_KD. However, the exact
molecular mechanism by which ORMDL3 activates AKT
kinase remains unclear. To exclude the possibility that
immunological responses toward dsRNAs could non-
specifically activate IkBa/AKT phosphorylation, COX-2
expression, and cytokine production, we included cells
transduced with pLKO.1 containing NT shRNA as a con-
trol. It should be mentioned that BMMCs poorly expressed
toll-like receptors recognizing dsRNA, and their activation
by specific ligands had little impact on TNF-a, IL-6, and
IL-13 expression [56].

It has been shown that silencing of all three members
of the ORMDL family potentiates de novo synthesis of
sphingolipids [11]. In our study, we used shRNA to
decrease the expression of ORMDL3 and found that
expression of the other two members, ORMDLI and
ORMDL2, remained unchanged. Thus, we propose that in
mast cells, a decrease in ORMDL3 expression alone is
capable of promoting inflammation without the coordinate
silencing of the ORMDL family genes. It should be noted
that the NF-kB transcription factor is activated by multi-
ple stimuli and that the multiprotein NF-kB signaling
complex is subjected to extensive regulation [24]. TNF-o
is known to be involved in the phosphorylation of IkBu
[57, 58], and autocrine activation of NF-kB by TNF-o was
observed in human mast cells [59]. Collectively, our data
suggest a unique role of ORMDL3 in mast cells in the
negative regulation of proinflammatory mediator synthe-
sis. Interestingly, mast cells with O3_OE exhibited no
significant inhibition of IkBa/AKT signaling and no sup-
pression of proinflammatory mediator production. This
could be explained at least in part by a recently published
study, which showed that the expression levels of
ORMDL3 were crucial for regulation of cell signaling in
lipopolysaccharide-mediated activation of RAW264.7
macrophage cell line and A549 lung epithelial cells [60].
Thus, the relatively low overexpression of ORMDLS3 in
BMMCs could be under the threshold to regulate signaling
pathways leading to the changes in cytokine expression.
Our attempt to increase the exogenous expression of
ORMDL3 in BMMCs failed because of enhanced mor-
tality of BMMCs.

As already mentioned, no significant changes in calcium
mobilization were found in Ag-activated BMMCs with
0O3_KD or O3_OE. These findings are different from those
obtained with ORMDL3-deficient BM-derived eosinophils
which, when compared with wild-type cells, showed
reduced Ca®* response after activation with eotaxin-1 [20].
On the other hand, Jurkat T cells with an siRNA-mediated
0O3_KD exhibited elevated mobilization of Ca’>* when
activated via CD3, while a decreased Ca®* response was
observed in Jurkat cells with O3_OE [17]. Recent data
showed that transgenic mice with elevated expression of
ORMDL3 exhibited enhanced lung expression of SER-
CA2b, a known regulator of cytosolic calcium
concentrations [19]. In contrast, our data with BMMCs
showed that the expression of SERCA2b was not affected
by changes in the ORMDLS3 levels. These data are in line
with our finding that BMMCs with decreased or enhanced
expression of ORMDL3 exhibited similar levels of basal
[Ca2+]i, and Ag-induced calciom mobilization when
compared with corresponding control cells.

ORMDL3 has been described as an inducible gene upon
Alternaria allergen challenge of mouse lung epithelial cells,

@ Springer



1282

V. Bugajev et al.

o

o
o
I

N 15

& =

>y & b

L & ]
e oy

& o S

¢ (o} z

£

ORMDL > W_— a

z

ﬁ-actin —»> — — o
Fold change: 1.00 0.41

Fig. 8 Enhanced PCA in mice pretreated with ORMDLS3 siRNA (O3
siRNA). a Specificity of the O3 siRNA. BMMCs were exposed to 03
siRNA pool or non-targeting control siRNA. 48 h later, the cells were
lysed and analyzed for ORMDL3 and [-actin by immunoblotting. The
position of ORMDL3 and B-actin, used as a loading control, is
indicated by an arrow. Numbers under immunoblots indicate the
relative amount of ORMDL3 normmalized to its level in cells
nucleofected with control siRNA and the amount of [-actin.

Table 1 Summary of Ag-induced responses of BMMCs with
03_KD or O3_OE when compared with control cells

[§]
|

o
w0
1

o
=2}
1

o
o
1

Parameter BMMCs with
03_KD 03_OE

Degranulation - -
Ca’* response - -
SERCA2b (mRNA) - -
Chemotaxis toward Ag T 1
Adhesion to fibronectin - -
Spreading on fibronectin 1 -
F-actin content - -
Phosphorylation of IkBa (Ser 32/36) T -
Phosphorylation of AKT (Ser 473) T -
Phosphorylation of AKT (Thr 308) - -
Phosphorylation of ERK (Tyr 204) - -
Nuclear p65 subunit of NF-kB T -
Production of cytokines (mRNA and protein)

TNF-u T -

IL-6 T -

IL-13 1 -
Production of chemokines (mRNA)

CCL3 T -

CCL4 1 -
Expression of COX-2 (mRNA and protein) T -
PGD2 synthesis T -

BMMCs with O3_KD or O3_OE exhibited unchanged (), decreased
(1) or increased (T) responses when compared to control cells trans-
duced with the corresponding empty vectors (pLKO.1 or pCDH)

lung eosinophils, and lung macrophages, but not lung
neutrophils [18]. Moreover, IL-4 and IL-13 were capable of
inducing ORMDL3 expression in lung epithelial cells [18].
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b Quantification of ORMDL3 from data as in a. Means + SEMs
are shown (n = 5). ¢ Role of ORMDLS3 in PCA. TNP-specific IgE
and O3 siRNA were injected intradermally into the right ears and
TNP-specific IgE and control siRNA into the left ears. After 48 h,
TNP-BSA was administered intravenously together with Evans blue
dye and mice were killed 2 h later. Extravasation of Evans blue in
both ears was determined. Means 4+ SEMs are shown (n = 7)

These data were extended to mouse BM-derived eosino-
phils, which exhibited IL-3- and eotaxin-1-dependent
induction of ORMDL3 expression [20]. In contrast to these
data, our studies with mouse mast cells showed that
expression of the ORMDL3 gene was downregulated after
FceRI triggering. Interestingly, a similar decrease was
observed in our previous study in which gene expression
was analyzed in nonactivated and Ag-activated BMMCs
(Gene Expression Omnibus repository dataset GSE40731
[61]). The data show that 2 h after FceRI triggering,
ORMDL3 was decreased to 0.6 in WT and to 043 in
pLKO.1-transduced cells (n =3 for each group, adj.
P value <0.006). There were no significant changes
between ORMDLI1 and ORMDL2. The amounts of all
ORMDL family members were not significantly changed
between WT and pLKO.1 BMMCs. These data suggest a
distinct regulation of ORMDL3 gene expression in Ag-ac-
tivated mast cells when compared with activated
cosinophils, macrophages, and lung epithelial cells [18, 20].
Recently, it has been shown that lipopolysaccharide acti-
vation of macrophage cell line RAW267.4 induces
coordinated transient suppression of expression of genes
encoding the ORMDL family and in this way regulates
sphingolipids homeostasis [14]. Chemotaxis is another
example of distinct ORMDL.3 regulatory roles in mast cells
and eosinophils. ORMDL3-deficient eosinophils exhibited
decreased chemotaxis toward eotaxin-1 [20]. while we
showed that BMMCs with O3_KD increasingly migrate
toward Ag. Moreover, O3_KD exhibited decreased Ag-in-
duced spreading on fibronectin. These data are consistent
with previous observations of indirect relationship between
mast cell migration and cell spreading [62]. The observed
difference between mast cells and eosinophils could be
caused by distinct chemoattractants and different methods
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used and/or different involvement of ORMDLS3 in chemo-
taxis of BMMCs and bone marrow-derived eosinophils.

Dysregulation of ORMDL3 expression is linked to
various inflammatory diseases [1, 4-7]. It has been shown
that upregulation of ORMDL3 stimulates the release of
proinflammatory mediators [18, 20] and that ORMDL3
transgenic mice exhibit the proinflammatory phenotype
[19]. On the other hand. decreased expression of all
members of the ORMDL family led to activation of sph-
ingolipid synthesis [11]. In this study, we showed for the
first tme that O3 KD alone is able to enhance the
inflammatory response of mast cells. In BMMCs with
03_KD, we described a complex phenotype based on the
enhanced AKT-NF-kB signaling axis, followed by
of TNF-a, IL-6, and IL-13 and
enhanced expression of COX-2 associated with increased
PGD?2 synthesis. In addition, the chemotactic response of
IgE-sensitized BMMCs to Ag was increased in cells with
O3_KD and decreased in O3_OE. Moreover, we have
found that ORMDL3 mRNA levels are decreased after
challenge of IgE-sensitized BMMCs with Ag. These data
were corroborated by an in vivo study, which showed that
decreased ORMDL3 expression in mast cells was capable
of inducing Ag-dependent inflammation. The opposite
results obtained in mast cells versus other cell types
described in the literature could be explained by formation
of different functional complexes of ORMDL3 with other
molecules in various cell types. Clarification of this issue
and ORMDL3 properties in human mast cells requires
further studies.

Collectively, our data show that ORMDL3 is predomi-
nantly a negative regulator of proinflammatory responses
in Ag-activated murine mast cells, both in vitro and in vivo.

increased secretion
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1.7 ETHANOL INHIBITS HIGH-AFFINITY IMMUNOGLOBULIN E RECEPTOR
(FceRI) SIGNALING IN MAST CELLS BY SUPPRESSING THE FUNCTION OF
FceRI-CHOLESTEROL SIGNALOSOMES

PL0S One. 10(12):e0144596, 2015.

In this study we show that short-term exposure of BMMCs to nontoxic concentrations of
ethanol inhibits FceRI-mediated degranulation, calcium response, and production of several
cytokines (TNF-a, IL-6, and IL-13) in a dose-dependent manner. We found that ethanol interferes
with the function of FceRI-cholesterol signalosomes and support the lipid-centric theory of ethanol

action in this system at the early stages of cell activation.
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Abstract

Ethanol has multiple effects on biochemical events in a variety of cell types, including the
high-affinity immunoglobulin E receptor (FceRlI) signaling in antigen-activated mast cells.
However, the underlying molecular mechanism remains unknown. To get better under-
standing of the effect of ethanol on FceRI-mediated signaling we examined the effect of
short-term treatment with non-toxic concentrations of ethanol on FceRl signaling events in
mouse bone marrow-derived mast cells. We found that 15 min exposure to ethanol inhibited
antigen-induced degranulation, calcium mobilization, expression of proinflammatory cyto-
kine genes (tumor necrosis factor-a, interleukin-6, and interleukin-13), and formation of
reactive oxygen species in a dose-dependent manner. Removal of cellular cholesterol with
methyl-B-cyclodextrin had a similar effect and potentiated some of the inhibitory effects of
ethanol. In contrast, exposure of the cells to cholesterol-saturated methyl-B-cyclodextrin
abolished in part the inhibitory effect of ethanol on calcium response and production of reac-
tive oxygen species, supporting lipid-centric theories of ethanol action on the earliest stages
of mast cell signaling. Further studies showed that exposure to ethanol and/or removal of
cholesterol inhibited early FceRI activation events, including tyrosine phosphorylation of the
FceRlI B and y subunits, SYK kinases, LAT adaptor protein, phospholipase Cy, STAT5, and
AKT and internalization of aggregated FceRl. Interestingly, ethanol alone, and particularly in
combination with methyl-B-cyclodextrin, enhanced phosphorylation of negative regulatory
tyrosine 507 of LYN kinase. Finally, we found that ethanol reduced passive cutaneous ana-
phylactic reaction in mice, suggesting that ethanol also inhibits FceRlI signaling under in vivo
conditions. The combined data indicate that ethanol interferes with early antigen-induced
signaling events in mast cells by suppressing the function of FceRI-cholesterol signalo-
somes at the plasma membrane.

PLOS ONE | DOI:10.1371/journal.pone.0144596 December 14,2015
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Introduction

Although it is known that ethanol has multiple effects on a variety of cells types, the molecular
mechanisms of its action are far from understood. There are two basic theories of ethanol
action on the cells, lipid-centric and protein-centric [1]. The lipid theory of ethanol action pos-
tulates that ethanol, similarly to anesthetics [2,3], dissolves in cellular lipids and acts by non-
specific mechanisms. This theory was supported by experiments showing that alcohols and
anesthetics induce changes in properties of cellular membranes, including fluidity [4], lateral
mobility of lipid molecules [5], phase transition temperature [6,7], and membrane permeability
[8]. The protein theory of alcohol and anesthetics action proposes that the drugs interact spe-
cifically with certain proteins and in this way affect their properties [9]. This theory was mostly
based on experiments suggesting that binding of alcohols and anesthetics induces conforma-
tional changes that diminish or abolish the function of some proteins, such as those forming
neurotransmitter-gated ion channels [10-13]. However, concentrations of ethanol required to
cause significant changes in the receptor functions were often greater than those attainable in
vivo, and effects mediated by lower concentrations have not always been replicated [14].
Previous studies showed that alcohol modulates various components of the immune system
[15-17]. Acute exposure to ethanol resulted in reduced monocyte/macrophage phagocytosis
[18,19], T-cell receptor signaling [20], Toll-like receptor-mediated activation of macrophages

[21,22], and reduced neutrophil migration [23]. It has also been reported that in vitro exposure
of mast cells to ethanol for 1 hour or longer inhibited the high-affinity immunoglobulin E
(IgE) receptor (FceRI)-induced degranulation and production of tumor necrosis factor (TNF)-
o and interleukin (IL)-8 [24,25]. Although these data suggested that ethanol inhibits signal
transduction from the immunoreceptors, molecular mechanisms of the inhibitory action of
ethanol on early steps of immunoreceptor signaling remained enigmatic.

In this study we used primary mouse bone marrow-derived mast cells (BMMCs) and exam-
ined sensitivity to ethanol of the earliest signaling events after FceRI triggering. We also exam-

ined effect of ethanol on FceRI activation in cells with reduced levels of cholesterol and on
passive cutaneous anaphylaxis (PCA) in mice. Our data indicate that ethanol inhibits tyrosine
phosphorylation of the FceRI B and y subunits, the first biochemically defined event after anti-
gen-mediated aggregation of FceRI, and support lipid-centric theory of ethanol action in mast
cells.

Materials and Methods
Mice and cells

Mice were bred and maintained in specific pathogen free facility of the Institute of Molecular
Genetics and used in compliance with the Institute guidelines. All protocols, including killing
mice by decapitation, was approved by the Animal Care and Use Committee of the Institute of
Molecular Genetics (Permit number 12135/2010-17210) and was in compliance with the EU
Directive 2010/63/EU for animal experiments. All efforts were made to minimize suffering of
the mice.

Bone marrow mast cells were isolated from femurs and tibias of C57BL/6 mice (females,
6-8 weeks old). The cells were cultured in RPMI-1640 medium supplemented with 100 U/ml
penicillin, 100 pg/ml streptomycin, 71 uM 2-mercaptoethanol, minimum essential medium
non-essential amino acids, 0.7 mM sodium pyruvate, 2.5 mM L-glutamine, 12 mM D-glucose,
recombinant mouse stem cell factor (SCF; 20 ng/ml, ProSpec), mouse recombinant IL-3 (20
ng/ml, ProSpec) and 10% fetal calf serum (FCS). For PCA experiments, BALB/c male mice
aged 8-12 weeks were used.

PLOS ONE | DOI:10.1371/joumnal.pone.0144596 December 14,2015 2/24
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Antibodies and reagents

The following monoclonal antibodies (mAbs) were used: anti-FceRI B chain [26], trinitrophe-
nol (TNP)-specific IgE mAb (IGEL b4 1) [27], anti-LAT [28], anti-LYN [29], and anti-NTAL
[30]. Polyclonal antibodies specific for LYN and LAT were prepared by immunization of rab-
bits with the corresponding recombinant proteins or their fragments [31]. Rabbit anti-IgE was
prepared by immunization with whole IGEL b4.1. Polyclonal antibodies specific for phospholi-
pase C (PLC)yl, phospho(p)PLCy1 (Tyr 783), STATS5, ERK, pERK (Tyr 783), AKT, pAKT (Ser
473) as well as horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG, and goat anti-

rabbit IgG, were obtained from Santa Cruz Biotechnology Inc. Antibodies specific for pSYK
(Tyr 525/Tyr 526), pSTAT5 (Tyr 694), pLYN (Tyr 507), and pLYN (Tyr 416) were obtained
from Cell Signaling. Antibody specific for pLAT (Tyr 191) cross-reacting with pNTAL was
obtained from Merc-Millipore. PAG-specific rabbit polyclonal antibody was from Exbio.
V450-conjugated rat anti-mouse CD107a (LAMP1) and HRP-conjugated anti- phosphotyro-
sine mAb (PY-20) were obtained from BD Biosciences. Anti-mouse FceRI labeled with fluores-
cein isothiocyanate (FITC) and anti-mouse KIT-allophycocyanin conjugates were obtained
from eBiosciences. Donkey anti-mouse Ig-Alexa Fluor 568 conjugate was obtained from Invi-
trogen. All other reagents were from Sigma-Aldrich.

Flow cytometry

For flow cytometry measurements, BMMCs (10°/sample) were used. To analyze the surface
levels of FceRI and Kit receptor, the labeling proceeded as described previously [32]. For analy-
sis of surface CD107a (LAMP1), BMMCs were activated with various concentrations of antigen
for 10 min at 37°C. Activation was stopped by pelleting the cells at 4°C. Cells were then resus-
pended in 50 pl of phosphate-buftered saline (PBS) containing 1% bovine serum albumin
(BSA) and 1:200 diluted V450-conjugated rat anti-mouse CD107a (LAMP1). After 30 min on
ice, the cells were washed with ice-cold PBS and analyzed by an LSRII flow cytometer (BD Bio-
sciences). Median fluorescence intensities were determined and further processed using FlowJo
software (Ashland).

Cell activation

BMMCs were cultured for 48 hours in medium without SCF, followed by incubation in SCF-
and IL-3-free medium supplemented with TNP-specific IgE (1 pg/ml). After 14 hours the cells
were washed in buffered salt solution (BSS; 20 mM HEPES, pH 7.4, 135 mM NaCl, 5 mM KCl,
1.8 mM CaCl,, 5.6 mM glucose, | mM MgCl,) supplemented with 0.1% BSA and incubated
with or without ethanol and/or other drugs. After 15 min, antigen was added and the cells were
activated in the presence or absence of the drugs. The degree of degranulation was determined
as the amount of p-glucuronidase released into the supernatant as described [32].

Measurement of free intracellular calcium

Changes in concentrations of free intracellular calcium were determined using cell permeant
Fura-2 acetoxymetyl ester (Fura-2 AM; Life Technologies) as a reporter. IgE-sensitized cells
were harvested, washed in BSS-0.1% BSA and transferred to BSS-0.1% BSA supplemented with
Fura-2 AM (1 ng/ml) and probenecid (2.5 mM) used to prevent dye leakage [33], and incu-
bated in the shaker for 30 min at 37°C, 500 rpm. Fura-2 loaded cells were washed twice with
2.5 mM probenecid in BSS-0.1% BSA and then transferred to BSS-0.1% BSA supplemented
with 2.5 mM probenecid and various drugs as specified in the Results. Cells were then incu-
bated in Thermomixer (Eppendorf; 10 min, 37°C, 500 rpm). For measurement in the presence
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of extracellular calcium, cells were pelleted by centrifugation 500 x g for 3 min, resuspended in
BSS-0.1% BSA and transferred to white polysorp 96 well plate (NUNC, Thermo Scientific). To
determine free intracellular Ca** levels in the absence of extracellular Ca®", cells were pelleted
by centrifugation, washed in Ca**-free BSS-0.1% BSA and transferred to the plate. Free intra-
cellular Ca®* was measured on INFINITE M200 (Tecan) as Fura-2 emission at 510 nm after
excitation with 340 nm and 380 nm. Basal level of calcium was usually measured in the first 60
sec, followed by addition of antigen (TNP-BSA, final concentration 100 ng/ml) in BSS-0.1%
BSA. Measurement continued up to 350 s. In the absence of extracellular calcium the cells were
activated with antigen for 5 min followed by addition of CaCl, to final concentration 1 mM
and measurement continued up to 600 s.

Immunoprecipitation and immunoblotting

Activated or nonactivated cells were solubilized in ice-cold lysis buffer (25 mM Tris-HCI, pH
8.0, 140 mM NaCl, I mM Na;VOy, 2 mM EDTA, 1 pg/ml aprotinin, 1 pg/ml leupeptin, 1 mM
phenylmethylsulfonyl fluoride) supplemented with 0.2% Triton X-100 (for FceRI immunopre-
cipitation). After incubation on ice for 30 min, the lysates were centrifuged (16,000 x g for 5
min at 4°C) and postnuclear supernatants were immunoprecipitated with rabbit anti-IgE anti-
body prebound to UltraLink-immobilized protein A (Pierce, Thermo Scientific). The immuno-
precipitated proteins were size-fractionated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), transferred to nitrocellulose membrane and immunoblotted with
PY-20-HRP conjugate or with FceRI-f chain-specific antibody followed by HRP-conjugated
anti-mouse IgG. For immunoblotting analysis of other proteins, the cells were solubilized in
lysis buffer supplemented with 1% n-dodecyl f-D-maltoside and 1% Nonidet P-40 and post-
nuclear supernatants were directly analyzed by SDS-PAGE followed by immunoblotting with
phospho-protein-specific or the corresponding protein-specific antibodies and HRP-conju-
gated secondary antibodies. The HRP signals were detected by chemiluminescence, quantified
by luminescent image analyzer LAS-3000 (Fuji Photo Film Co), and further analyzed by Aida
image analyzer software (Raytest). The amount of phosphorylated proteins was normalized to
the loading controls, run in parallel experiments [32]. We found that this approach gave more
reliable data than normalization towards specific proteins after stripping of the membranes.

Sucrose density gradient fractionation and expression of cytokine genes

Sucrose density gradient separations were performed as previously described [32] and individ-
ual fractions were analyzed by SDS-PAGE followed by immunoblotting with PY-20-HRP and
protein-specific antibodies. Expression of cytokine genes was examined by quantitative poly-
merase chain reaction (QPCR) as described [32].

Confocal microscopy

The wells of microscopy slides (CN Biomedicals) were coated with CellTak (BD Biosciences;

8 ulin 1 ml PBS). IgE-sensitized cells were left to attach to the coated wells for 15 min in BSS-
0.1% BSA and then activated or not with Ag. After 15 min, the cells were fixed for 30 min with
3% paraformaldehyde in PBS and then permeabilized with 0.1% Triton X-100 in PBS for 30
min. After washing with PBS, the samples were blocked in PBS-1% BSA, and subsequently IgE
was detected with Alexa Fluor 568-labeled donkey anti-mouse Ig. After labeling, the cells were
washed and mounted in glycerol mounting solution supplemented with Hoechst 33258 stain
to label nuclei. Samples were examined with a confocal laser scanning microscope Leica TCS
SP5 equipped with an X63/1.4.N.A. oil-immersion objective. The image analysis was per-
formed using a pipeline generated in CellProfiler software (Broad Institute, Boston) [34].
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ROS measurements

Reactive oxygen species (ROS) were examined with cell-permeant 2',7'-dichlorodihydrofluores-
cein diacetate (H,DCFDA; Life Technologies) as a reporter. Cells were sensitized for 16 hours
with anti-TNP IgE (1 pg/ml) at 37°C in culture medium supplemented with 10% FCS, but
devoid of SCF and IL-3. Then, the cells were washed and loaded into the wells of a 96-well
plate (0.25 x 10° cells/well) in 100 pl of the same medium supplemented with H,DCFDA (5 g/
ml) in the presence of probenecid (2.5 mM) and various concentrations of ethanol. After 15
min, the cells were centrifuged and resuspended in 50 pl BSS-BSA. Activation was triggered by
adding 50 pl of 500 ng/ml TNP-BSA (final concentration 250 ng/ml) in the absence or presence
of different concentrations of ethanol. Alternatively, in the experiment with methyl-B-cyclo-
dextrin (M) and cholesterol-saturated Mp (sMp), the cells were stained with H,DCFDA as
above, washed and incubated 15 min in BSS-BSA supplemented or not with 0.5% (v/v) ethanol,
2 mM MB, and/or 2 mM sMp. The activation was triggered by antigen (TNP-BSA; 250 ng/ml
final concentrations) in the presence of the drugs; sMP was prepared as previously described
[35]. After 10 min, changes in fluorescence intensity were monitored in an LSRII flow cytome-
ter (BD Biosciences; Ex/Em 488/505-535 nm).

PCA

Mice were anesthetized by intraperitoneal injection of a cocktail containing ketamine (Narke-
tan 10; 40 mg/kg, final concentration), xylazine (Xylapan; 10 mg/kg), and atropine (Atropin
Biotika; 0.1 mg/kg) and then sensitized by intradermal injection of 20 pl of anti-TNP-specific
IgE (50 ug/ml) in PBS into the left ear; the right ear was injected with 20 pl of PBS alone.
Twenty-four hours later, 5% (v/v), 10% or 20% absolute ethanol in PBS was injected intraperi-
toneally (0.5 ml per mouse weighing 20 g). Mice injected with 0.5 ml of 10% or 20% ethanol
exhibited reduced motoric activity, which lasted for 30 min or 90 min, respectively. Mice chal-
lenged with 0.5 ml of 5% ethanol were without any clinical signs. One hour after ethanol in
PBS or PBS alone injection, each mouse was challenged with an intravenous injection of anti-
gen (TNP-BSA, 100 pg) in 200 pl of PBS containing 1% Evans blue. The mice were killed 30
min later and their ears were removed for measurement of the amount of the Evans blue
extravasated. The dye was extracted by adding 1 ml of formamide to each ear, followed by
homogenization with the IKA T-25 ULTRA-TURRAX digital high-speed homogenizer sys-
tems (IKA) and incubation at 80°C. After 2 h, the formamide solution was centrifuged for 15
min at 13.000 x g and absorbance at 620 nm was determined in the supernatants.

Statistical analysis

Statistical significance of intergroup differences was determined by one-way ANOVA with
Tukey’s post-test using the Prism version 5.04 graphics and statistics software package (Graph-
Pad); ¥, P<0.05; **, P<0.01, ***, P<C0.001.

Results

Short-term exposure to ethanol inhibits FceRI-induced degranulation
and calcium response

To examine the inhibitory effect of ethanol on antigen-induced activation of mast cells, we iso-
lated bone marrow cells from C57BL/6 mice and cultured them for 6-12 weeks in culture
media supplemented with SCF and IL-3. More than 98% of the cells were mast cells as deduced
from expression of both FceRI and KIT receptors (see below). Exposure of BMMCs for 15
min- 2 hours with ethanol at concentrations up to 2% had no toxic effect, as determined by
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trypan blue dye exclusion test (not shown). Pretreatment of IgE-sensitized BMMCs for 15 min
with ethanol at concentrations 0.2-1%, inhibited degranulation induced by multivalent antigen
in a dose-dependent way. Significant inhibition was observed at all concentrations of ethanol
tested when the cells were activated with antigen (50 ng/ml or 100 ng/ml) for 5 min or 15 min,
except for cells treated with 0.2% ethanol and stimulated with antigen (50 ng/ml) for 5 min
(Fig 1A and 1B).

Ethanol at all concentrations used also inhibited, in a dose-dependent way, the calcium
response after stimulation of IgE-sensitized cells with antigen in the presence of extracellular
calcium (Fig 1C). When the cells were stimulated with antigen in the absence of extracellular
calcium, the calcium response was significantly inhibited by 0.5% and 1% ethanol. Addition of
extracellular calcium resulted in increased calcium response, which was significantly lower in
cells exposed to 0.2%, 0.5% or 1% ethanol (Fig 1D). These data suggested that ethanol could act
on early signaling events leading to the release of calcium from internal stores as well as on cal-
cium channels directing influx of calcium from the extracellular space. When the cells were
pretreated with 4-methylpyrazole (4-MP; 0.1 or 1 mM), a known inhibitor of alcohol dehydro-
genase [36], the inhibitory effect of ethanol was not affected (Fig 2), suggesting that ethanol
itself, rather than its metabolite product, is responsible for the inhibitory effect.

Involvement of cholesterol in the inhibitory effect of ethanol on FceRlI-
mediated activation

Recently, Setiawan and Blanchard showed that ethanol interferes with the size and distribution
of cholesterol domains in planar lipid bilayer structures [37]. To determine whether plasma
membrane cholesterol could be involved in the inhibitory effect of ethanol, we evaluated the
effect of MP alone or together with ethanol on FceRI-mediated degranulation. M is a water-
soluble cyclic heptasaccharide that binds cholesterol and can extract cholesterol from the exo-
plasmic leaflet of the plasma membrane by harboring cholesterol in a hydrophobic cavity
[35,38,39]. Exposure of cells for 15 min to 2 mM M alone or in combination with 0.5% etha-
nol had no significant effect on spontaneous release of p-glucuronidase (Fig 3A-3C). In cells
activated with antigen at a concentration 50 ng/ml or 100 ng/ml for 5 (Fig 3A) or 15 min (Fig
3B), degranulation was significantly reduced by both Mp and ethanol. When ethanol and Mf
were used together, the inhibition of degranulation was higher than in cells treated with ethanol
or Mp alone. M is not specific for cholesterol, but has pleiotropic effects on the level and dis-
tribution of various membrane components [40]. Next, we therefore evaluated antigen-induced
degranulation in cells pretreated with cholesterol-saturated Mp (sMp), which increases plasma
membrane cholesterol [35]. We found that sMp, in contrast to Mp, had no significant inhibi-
tory effect on degranulation (Fig 3C). Interestingly, sMB-treatment did not protect the cells
from the inhibitory effect of ethanol (Fig 3B and 3C). We also found that exposure of cells to 2
mM M or sMp with or without ethanol for 15 min had no effect on the FceRI expression as
determined by flow cytometry (not shown).

Degranulation is accompanied by enhanced surface expression of CD107a (LAMP1), a
secretory granule/lysosomal marker detectable by flow cytometry [41]. In agreement with anti-
gen-induced B-glucuronidase release, 2 mM Mp and 0.5% ethanol alone inhibited CD107a
(LAMP1) surface expression, even though ethanol was less potent. An additive effect of the
drugs was observed when the cells were activated with antigen at optimal (100 ng/ml) and
supra-optimal (500 ng/ml) concentrations (Fig 3D).

We also analyzed the combined effect of MP and/or ethanol pretreatment on antigen-induced
calcium response. The data indicate that pretreatment with Mp did not intensify the inhibitory
effect of ethanol (Fig 4A). When the cells were activated in the absence of extracellular calcium,
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Fig 1. Short-term exposure to ethanol inhibits antigen-induced degranulation and calcium response
in BMMCs. IgE-sensitized cells were preincubated for 15 min with various concentrations of ethanol (0—1%),
which was also present during antigen-mediated activation. (A, B) Degranulation (release of B-glucuronidase)
was measured 5 min (A) or 15 min (B) after exposure of the cells to the indicated concentrations of antigen.
(C, D) Calcium response after addition of antigen (arrow, Ag, 100 ng/ml) was measured in the presence of 1
mM extracellular calcium (C), or in its absence (D), followed by addition of 1 mM calcium (arrow, Ca®* in D).
Calcium levels in the absence of antigen activation but in the presence of 1% ethanol is also shownin C and
D (empty circles). Data are means + SEs (n = 6-8). Statistical significance of intergroup differences is shown
inA and B. InC and D, statistical significance of differences between control cells (0% ethanol) and cells
exposedto 0.2% ethanol (violet line), 0.5% ethanol (green line) or 1% ethanol (red line) calculated for the
corresponding time intervals (coloured lines) are also indicated.

doi:10.1371/journal. pone.0144596.g001

the inhibitory effect of ethanol was abrogated by Mp. After addition of calcium, both ethanol
and ethanol+Mp showed comparable responses (Fig 4B). Cells pretreated with sMp showed
increased calcium response and were more resistant to the inhibitory effect of ethanol (Fig 4C).
When the difference between sMf + ethanol and ethanol was calculated, it was lower than the
difference between sMp and controls (Fig 4D). The data suggest that manipulation with the cel-
lular cholesterol modulates sensitivity of antigen-induced calcium response to ethanol, and thus
support the lipid-centric hypothesis of ethanol action in this system.

Ethanol exposure or cholesterol removal inhibit expression of cytokine
genes in antigen-activated BMMCs

Next we examined the effect of short-term pretreatment of BMMCs with various concentra-
tions of ethanol (0-1%) on antigen-induced expression of cytokines. Data presented in Fig 5A
indicate dose-dependent inhibition of antigen-induced mRNA production of TNF-¢, IL-6 and
1L-13, as determined by qPCR. Transcriptional inhibition of cytokines was also observed in
cells with reduced levels of cholesterol after pretreatment with M. When the cells were
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Fig 2. The inhibitory effect of ethanol on antigen-induced degranulation is not affected by blocking
alcohol dehydrogenase. IgE-sensitized cells were pretreated or not (Ctrl) for 15 min with ethanol (0.5%)
and/or 4-MP (0.1 or 1.0 mM). The cells were non-activated or activated with antigen (100 ng/ml) in the
presence of ethanol and/or 4-MP for 15 min and degranulation was determined. Data are means + SEs

(n = 6). Statistical significance of differences between antigen-activated control cells and ethanol-treated cells
isalso shown. 4-

doi:10.137 1/journal.pone.0144596.9002

pretreated simultaneously with both MP and ethanol, less-than-additive effects were observed
(Fig 5B). These data suggest that both drugs could inhibit a similar signaling pathway.

Protective effect of cholestercl against ethanol-mediated inhibition of
ROS in antigen-activated BMMCs

Recent studies indicated that exposure of macrophages to ethanol promoted generation of ROS
[42-44]. To determine whether ROS could also be generated by ethanol in BMMCs, we first
measured ROS production in cells exposed to various concentrations of ethanol. Our data
show that short-term exposure to ethanol had no effect on production of ROS in non-activated
cells (Fig 6A). In cells activated with antigen, in accord with previous studies [45,46], ROSs
were increased. Pretreatment with ethanol resulted in a dose-dependent decrease of ROS after
activation with antigen (Fig 6A). Next we examined whether cholesterol could be involved in
ROS production (Fig 6B). IgE-sensitized cells were pretreated or not with ethanol, Mp, and/or
sMp. In non-activated cells, ethanol had no significant effect on ROS, but pretreatment with
MP reduced baseline ROS production. sMp had a lower inhibitory effect on ROS levels than
MB. In antigen-activated cells, ROS production was more inhibited by Mp than by ethanol. In
contrast, pretreatment with sMp followed by antigen activation resulted in higher ROS produc-
tion than in control cells. When ethanol was combined with M, strong inhibition of antigen-
induced ROS production was observed, whereas ethanol had no inhibitory effect in cells
exposed to sMP. These data suggest that cholesterol has a dramatic effect on ROS production
and its sensitivity to ethanol.

Inhibitory effect of ethanol on tyrosine phosphorylation of FceRl-related
signal transduction proteins

The first biochemically well-defined step in FceRI signaling is tyrosine phosphorylation of the
receptor subunits, followed by formation of the FceRI signalosome and phosphorylation of
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Fig 3. Involvement of cholesterol in the inhibitory effect of ethanol on FceRl-mediated degranulation.
(A, B) IgE-sensitized BMMCs were preincubated for 15 min without (Ctrl) or with MB (2 mM), and/or ethanol
(0.5%), followed by exposure to the indicated concentrations of antigen in the presence of the drugs.
Degranulation was measured 5 min (A) or 15 min (B) after triggering. (C) IgE-sensitized cells were
preincubated for 15 min without (Ctrl) or with MB (2 mM), sMB (2 mM), and/or ethanol (0.5%) and then
activated (Ag; 100 ng/ml) or not in the presence of the drugs. Degranulation was determined 15 min after
triggering. (D) IgE-sensitized cells were preincubated with various drugs as above, then exposed to various
concentrations of antigen and cell activation, measured by CD107a (LAMP1) expression, was determined by
flow cytometry. Data are means = SEs (n = 4-12). Statistical significance of the intergroup differences is also
shown.

doi:10.1371/journal.pone.0144596.9003

other substrates [47]. Next, we therefore investigated global tyrosine phosphorylation of pro-
teins in non-activated or antigen-activated cells pretreated or not with various concentrations
of ethanol. To determine whether there are any changes in association of the tyrosine phos-
phorylated proteins with membrane domains, the cells were solubilized in solubilization buffer
containing 1% Brij-96 and fractionated on sucrose density gradient to separate cellular compo-
nents according to their solubility in detergents and density. Data presented in Fig 7A indicate
distribution of tyrosine phosphorylated proteins in non-activated control cells, not exposed to
ethanol. In low-density detergent-resistant membranes (DRM, fractions 1-3), the key tyrosine
phosphorylated proteins were transmembrane adaptor proteins PAG and NTAL and SRC fam-
ily kinase LYN, as determined by immunoblotting with protein-specific antibodies. A number
of other tyrosine phosphorylated proteins were observed in detergent-soluble fractions (frac-
tions 6-9). In cells pretreated with various concentrations of ethanol (Fig 7B-7D), there were
dose-dependent changes in the distribution of some tyrosine phosphorylated proteins in the
low-density and high-density fractions. Densitometry analysis of the immunoblots showed a
significant increase in the percentage of tyrosine phosphorylated PAG (Fig 7G) and LYN (Fig
7H) in DRMs from cells exposed to low concentrations of ethanol (0.2%). However, when etha-
nol was used at a higher concentration (1%), percentage of tyrosine phosphorylated LYN (Fig
7H) and NTAL (Fig 71) in DRMs was significantly reduced (Fig 7D). In antigen-activated cells,
some proteins were more tyrosine phosphorylated in both low- and high-density fractions
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Fig 4. Involvement of cholesterol in the inhibitory effect of ethanol on FceRI-mediated calcium
response. (A, B) IgE-sensitized BMMCs were incubated for 15 min without (Ctrl) or with ethanol (Et, 0.5%)
and/or MB (2 mM). Calcium response after adding antigen (arrow, Ag; 100 ng/ml) was measured in the
presence of the drugs as indicated. The cells were activated in the presence of extracellular calcium (A) or in
its absence, followed by addition of 1 mM calcium (B, Ca*, arrow). (C) IgE-sensitized cells were incubated
for 15 min in medium alone (Ctrl) or medium supplemented with ethanal (Et; 0.5%), M saturated with
cholesterol (sMB; 2 mM), or sMB (2mM) and ethanol (0.5%). The cells were activated in the presence of the
drugs with antigen (arrow, Ag; 100 ng/ml) and calcium response was determined. (D) Data from Fig 4C were
used to calculate the difference between calcium response in cells exposed to sMB or Ctrl and sMB+Et or Et.
Data are means + SEs (n = 6-12). Statistical significance of differences in A and B [Ctrl versus Et-treated
cells (greenline) and Ctrl versus Mp+Et-treated cells (brownline)], C [sMB versus Ctrl (greenline) and
sMB+Et versus Et (red line)], and D [sMB—Citrl versus sMB+Et—Et (black line)] calculated for the
corresponding time intervals (coloured lines) are also indicated.

doi:10.1371/journal.pone.0144596.9004

(compare Fig 7A and 7E). After activation, the percentage of tyrosine phosphorylated LYN in
DRMs was increased by ethanol (Fig 7H). When PAG-, LYN-, or NTAL-specific antibodies
were used, no significant differences in the distribution of proteins in DRMs from control and
ethanol-pretreated cells were observed (Fig 7G-7H). These data suggest that ethanol at the
concentrations used caused fine changes in the cross-talk between signaling molecules rather
than global changes in the detergent solubility of plasma membrane proteins.

To determine changes in tyrosine phosphorylation of FceRI, the receptor was immunopre-
cipitated and analyzed by immunoblotting with phosphotyrosine-specific antibody, PY-
20-HRP conjugate. In non-activated cells, the receptor j and y subunits exhibited weak tyro-
sine phosphorylation, and ethanol (0.5%) with or without MP had no significant effect on their
phosphorylation (Fig 8A). In cells exposed to Mp alone, a significant increase in tyrosine phos-
phorylation of FceRI p and y subunits was observed, which is in line with our previous studies
indicating that cholesterol removal enhances phosphorylation of various substrates in mast
cells [48]. Tyrosine phosphorylation of FceRI P and y subunits was increased after FceRI trig-
gering, as expected [47], and pretreatment with M, ethanol, and especially MB+ethanol, sig-
nificantly reduced this phosphorylation (Fig 7A).
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Fig 5. Ethanol or cholesterol removal inhibit expression of cytokine genes in antigen-activated
BMMCs. (A) IgE-sensitized cells were preincubated for 15 min with the indicated concentrations of ethanol,
which were also present during activation with antigen (100 ng/ml). mRNAs for TNF-q, IL-6, and IL-13 were
isolated one hour after triggering and quantified by gPCR. (B) The cells were exposed to medium alone (-),
ethanol (0.5%) and/or MB (2 mM) and mBNAs for TNF-q, IL-6, and IL-13 were quantified as above. Data are
means + SEs (n = 6-8). The statistical significance of the intergroup differences is also shown.

doi:10.1371/journal.pone.0144596.9005

Tyrosine phosphorylation of several other proteins involved in FceRI signaling was exam-
ined by direct immunoblotting of size-fractionated cell lysates with phosphotyrosine protein-
specific antibodies. For these experiments we used IgE-sensitized cells pretreated or not with
Mp and/or ethanol (Fig 8B and 8C). The cells were either non-activated or activated with
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Fig 6. Protective effect of cholesterol against ethanol-mediated inhibition of ROS production in
antigen-activated BMMCs. (A) IgE-sensitized cells were incubated for 15 min with the indicated
concentrations of ethanol, which was also present during the activation. Then the cells were activated or not
with antigen (250 ng/ml) and ROSs were determined using H,DCFDA as a substrate. The values on y-axes
indicate fluorescence intensities observed 10 min after triggering. (B) The cells were exposedto BSS-BSA
supplemented or not with ethanol (0.5%), M (2 mM) and/or sMp (2 mM), and after 20 min activated or not
with antigen (250 ng/ml). ROSs were determined as above. Data are means + SEs (n = 6-8). The statistical
significance of the intergroup differences is also shown.

doi:10.1371/journal.pone.0144596.g006
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and examined for tyrosine phosphoproteins by immunoblotting (IB) with PY-20-HRP conjugate (PY-20) or
with antibodies specific for PAG, LYN, and NTAL). Positions of PAG, LYN, and NTAL are indicated by arrows
on the left. Fractions (1-3) containing detergent-resistant membranes are marked (DRM). Numbers on the
right indicate positions of molecular weight markers in kDa. Representative immunoblots from three to four
independent experiments are shown. (G-1) All immunoblots were analyzed by densitometry, and the relative
amounts of PAG (G), LYN (H), and NTAL (I) and their tyrosine phosphorylated forms (PY-20) in DRMs were
determined. Means + S.E. were calculated and the statistical significance of intergroup differences was
determined.

doi:10.1371/journal. pone.0144596.9007

antigen for 5 min. For these studies we selected proteins involved in tyrosine phosphorylation
of the FeeRI subunits (LYN and SYK), regulation of calcium response (LAT and PLCy), and
transcriptional regulation of cytokines (STATS5, ERK, AKT). We found that in non-activated
cells, MP alone and/or ethanol either had no effect (SYK, LAT, pLCyl, STATS5, and AKT) or
slightly but significantly increased phosphorylation of the target (ERK). In antigen-activated
cells, pretreatment with Mp alone and/or ethanol reduced tyrosine phosphorylation of several
target proteins (SYK, LAT, STATS5, and AKT). When pPLCy1 was analyzed, only ethanol and
Mp+ethanol showed inhibitory effects, whereas in the case of pERK, only ethanol alone was
inhibitory.

Activity of mouse LYN kinase is regulated by tyrosine phosphorylation of Tyr 507 (a nega-
tive regulator; Fig 8D) and Tyr 416 (a positive regulator; Fig 8E). To determine whether M
and/or ethanol interfere with phosphorylation of these tyrosines, we performed immunoblot-
ting with LYN-tyrosine-specific antibodies. We found that pretreatment of cells with 0.5% eth-
anol enhanced phosphorylation at LYN-Tyr 507 15 min after FceRI triggering. M together
with ethanol increased phosphorylation of LYN-Tyr 507 at all intervals. In contrast, LYN-Tyr
416 did not exhibit any significant changes in phosphorylation after Mp and/or ethanol expo-
sure and antigen activation. These data suggest that ethanol could inhibit FceRI activation by
enhancing tyrosine phosphorylation of LYN-Tyr 507.

Pretreatment with ethanol and/or cholesterol removal does not interfere
with FceRI expression but affects its internalization

Previous studies with other cell types showed that ethanol interferes with internalization of
plasma membrane receptors, their trafficking, endocytosis, and recycling [49-51]. FeeRI is rap-
idly internalized upon antigen triggering [52,53]. Next, we therefore compared internalization
of antigen-aggregated FceRI in BMMCs pretreated or not with ethanol and/or Mp. Data pre-
sented in Fig 9A indicate that 15 min pretreatment with 0.5% ethanol and/or 2 mM Mp had no
effect on the surface expression of the FceRT and KIT. When the cells were pretreated with eth-
anol and/or Mp and then permeabilized and stained for total IgE, no significant differences in
the amount of internalized IgE were determined in non-activated cells. In cells activated with
antigen for 15 min, IgE was internalized, and pretreatment with ethanol together with M sig-
nificantly reduced the internalization. Pretreatment with ethanol or Mp alone had no signifi-
cant effect on internalization of the antigen-IgE-receptor complexes (Fig 9B and 9C).

Ethanol suppresses IgE-mediated PCA in mice

Finally, we examined whether ethanol could have an inhibitory effect on mast cells under in
vivo conditions. We used PCA in which local activation of mast cells results in increased vascu-
lar permeability, as visibly manifested by leakage of the Evans blue dye into the reaction site of
the ear. This leakage was not affected by intraperitoneal administration of 0.5 ml PBS contain-
ing 5% ethanol (Fig 10A and 10B; compare 0% and 5%) 30 min before the antigen. In contrast,
in mice that were injected with 10% or 20% ethanol in PBS, the vascular permeability of the
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Fig 8. Pretreatment with ethanol inhibits tyrosine phosphorylation of FceRI g and y subunits and
some other proteins involved in FceRl signaling. (A) IgE-sensitized cells were preincubated for 15 min
with BSS-BSA alone (Ctrl) or supplemented with ethanol (0.5%) and/or MB and then activated or not with
antigen (100 ng/ml) in the presence or absence of the compounds. After 5 min the cells were solubilized in
0.2% Triton X-100 and FceRl was immunoprecipitated (IP) from postnuclear supermnatants. The
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immunoprecipitates were resolved by SDS-PAGE and analyzed by immunoblotting with PY-20-HRP
conjugate. For loading controls, the same membrane was stripped and re-blotted with FceRI-B-chain-specific
antibody. Representative immunoblots from three to five independent experiments are shown on the left. The
immunoblots were analyzed by densitometry and the fold increase in tyrosine FceRI- and -y chain
phosphorylation, normalized to non-activated cells and the amount of FceRI-B chain, is also shown onthe
right. (B) IgE-sensitized cells were incubated and activated as above. Five min after triggering the cells were
solubilized, size fractionated, and tyrosine phosphorylated proteins were detected by immunoblotting with the
phosphoprotein-specific antibodies. Antibodies for the corresponding proteins were used for detection of
loading controls. Representative immunoblots from three to fourindependent experiments are shown. (C)
The immunoblots were analyzed by densitometry. Fold increases of protein tyrosine phosphorylation,
normalized to control (Ctrl) non-activated cells and the corresponding protein loads are shown. (D and E) IgE-
sensitized cells were incubated with the drugs as in A and then activated with antigen (100 ng/ml) in the
presence of the drugs for the indicated time intervals. The cells were solubilized, size fractionated, and LYN
phosphorylated on Tyr 507 (D) or Tyr 416 (E) was detected by immunoblotting with the corresponding
antibodies. After stripping, the membranes were developed for LYN used as a loading control. Fold increase
in protein tyrosine phosphorylation, normalized to non-activated cells (Ctrl) and protein load, is also shown.
Means + SEs and the statistical significance of differences in A, C, E, and D were calculated from three to five
independent experiments.

doi:10.1371/journal.pone.0144596.9008

ears was attenuated, as evaluated by the extent of Eva blue staining (Fig 10A, 10% and 20%)
and amounts of Evans blue extracted from the ears (Fig 10B). The difference in PCA between
mice injected with 0.5 ml PBS alone or 0.5 ml PBS containing 10% or 20% ethanol was signifi-
cant (Fig 10B). No significant intergroup differences were noticed when control ears (not sensi-
tized with IgE) were evaluated. The data suggest that ethanol inhibits FceRI-induced mast cell
activation in vivo.

Discussion

Data presented in this study show that short-term exposure of BMMCs to nontoxic concentra-
tions of ethanol inhibits FceRI-mediated degranulation, calcium response, and production of
several cytokines (TNF-a, IL-6, and IL-13) in a dose-dependent manner. To understand the
molecular mechanism of the inhibitory effect of ethanol on these activation events we exam-
ined various candidate targets. Several lines of evidence suggest that ethanol interferes with the
function of FceRI-cholesterol signalosomes and support the lipid-centric theory of ethanol
action in this system, at least at the early stages of cell activation

First, pretreatment of the cells with 4-MP, an inhibitor of alcohol dehydrogenase, together
with ethanol had no effect on the inhibitory action of ethanol on degranulation. Thus, inhibi-
tion of mast cell activation seems to be caused by ethanol itself and not its metabolites. This
conclusion is supported by the finding that up to 2 hours exposure to 2% ethanol in BSS-BSA
at 37°C was not toxic to BMMCs. It should also be noted that the cells in this study were pre-
treated with ethanol only for 15 min before activation, which makes less likely that metabolites
are formed and affect signaling pathways.

Second, antigen-mediated degranulation, calcium response, and production of cytokines
were also inhibited by Mp. In cells treated with Mp, the inhibitory effect of ethanol on degranu-
lation, and IgE receptor internalization was potentiated. Interestingly, when the cells were pre-
treated with Mp saturated with cholesterol, the inhibitory effect of ethanol on calcium response
was reduced. These data suggest that cholesterol is involved in the inhibitory effect of ethanol.

Third, production of ROS after FceRI triggering was also inhibited by ethanol in a dose-
dependent manner and treatment together with M potentiated the inhibitory effect of ethanol.
These findings are in accord with previous data showing that lowering cellular cholesterol by
MP in hepatocytes inhibits ROS production [54]. Interestingly, exposure of the cells to sMP
enhanced ROS production, and the inhibitory effect of ethanol was abolished, confirming that
cholesterol interferes with the inhibitory activity of ethanol.
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Fig 9. Pretreatment with ethanol and cholesterol removal do not interfere with the FceRl expression
but affect its internalization. (A) The cells were incubated or not for 15 min with BSS-BSA alone (Ctrl) or
supplemented with ethanol (0.5%) and/or MB (2 mM) and then stained for surface KIT and FceRlI by direct
immunofluorescence followed by flow cytometry analysis. (B) IgE-sensitized cells were incubated with the
drugs as above and activated or not with antigen (500 ng/ml). After 15 min the cells were fixed,
permeabilized, labeled for IgE and analyzed by confocal microscopy. Bars =5 um. (C) Distribution of IgE in
individual cells was evaluated and the fraction of IgE detected in the cytoplasm was determined. Each spot
represents one cell, bars indicate means. Statistical significance of intergroup differences is also indicated.

doi:10.1371/journal.pone.0144596.9009
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Fig 10. Inhibitory effect of ethanol on mast cell-mediated PCA. PCA was performed as described in
Materials and methods. Sensitizing IgE in PBS and PBS alone were injected into left and right ears,
respectively. (A) Representative photographs of ears of the mice injected intraperitoneally with 0.5 ml (per
mouse weighing 20 g) PBS alone (0%) or with 0.5 ml of PBS containing 5%, 10%, or 20% ethanol, followed
by intravenous administration of Evans blue and antigen in PBS. (B) Quantitative data for ear-tissue extracted
Evans blue from left (IgE) and right (PBS) ears in mice treated as above. Means + SEs were calculated from
3—-4 animals in each group. Statistically significant differences between control mice injected with PBS alone
and mice injected with 10% or 20% ethanol in PBS are shown.

doi:10.1371/journal.pone.0144596.9010

Fourth, immunoprecipitation and immunoblotting analyses showed that ethanol inhibits
tyrosine phosphorylation of FceRI B and y subunits in antigen-activated cells. Phosphorylation
of these targets is the first biochemically well-defined step after FceRI triggering and depends
on the topography and activity of protein tyrosine kinase LYN and protein tyrosine phospha-
tases in the vicinity of the FceRI [55,56]. The impaired tyrosine phosphorylation of the FceRI 8
and y subunits could explain reduced tyrosine phosphorylation of the downstream substrates,
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including SYK, LAT, PLCy, AKT, and STATS5 in ethanol-treated cells. Tyrosine phosphoryla-
tion of these substrates was also inhibited by Mp, but no clear additive effect of ethanol and Mp
was observed. This could be related to a similar mechanism of inhibition of both drugs. The
reduced phosphorylation of FceRI by ethanol was neither caused by reduced phosphorylation
of the positive regulatory Tyr 416 of LYN nor by enhanced phosphorylation of the negative
regulatory Tyr 507 of LYN, which showed enhanced phosphorylation only 15 min after activa-
tion. Surprisingly, when Mp and ethanol were used together, enhanced Tyr 507 phosphoryla-
tion was observed at all time intervals after activation and even in non-activated cells. Tyr 507
is phosphorylated by CSK, which is presumably anchored to the plasma membrane via phos-
phorylated PAG [32]. However, our study did not show enhanced tyrosine phosphorylation of
PAG in the cells pretreated with ethanol. The enhanced phosphorylation of Tyr 507 of LYN
could be related to our recent findings that PAG is both a positive and negative regulator of
FceRI signaling and that in mast cells there are some other not yet discovered anchors of CSK
[32]. Enhanced phosphorylation of LYN Tyr 507 in cells pretreated with ethanol alone, but not
in cells treated with M alone, was not accompanied by the corresponding inhibition of SYK
phosphorylation, which was observed in cells pretreated with both ethanol alone and M
alone. Thus, rather than changes in activity of the LYN kinase, ethanol and Mp could interfere
with formation of the FceRI signalosome in which cholesterol could play a key role and in

which kinases and phosphatases are at equilibrium in nonactivated cells [55]. Nanoscale
changes in lateral organization of proteins and lipids in the plasma membrane and enhanced
actin polymerization have recently been described in ethanol-pretreated cells [57]. In fact,
there could be a direct cross-talk between ethanol and cholesterol, as was noticed in other sys-
tems. For example, Furlow and Diamond showed that the interplay between membrane choles-
terol and ethanol contributes to alterations of the membrane fluidity, viscosity, and
redistribution of surface molecules, which affects neutrophil adhesion, rolling, and tethering
behavior [58].

Fifth, internalization of antigen-aggregated FceRI was significantly inhibited by 15 min pre-
treatment with M and ethanol. In our previous study we found that cholesterol removal by
M enhanced antigen-mediated clustering of the FceRI [48]. These findings, together with a
previous report that aggregated FceRI can be endocytosed by a clathrin-independent mecha-
nism that appears to be mediated by membrane structures enriched in cholesterol [52], suggest

that M and ethanol prevent internalization of the receptor aggregates, which remain for pro-
longed time intervals on the cell surface.

The capacity of externally added cholesterol to reduce the inhibitory effect of ethanol on cal-
cium and ROS responses are more compatible with the lipid-centric theory than the protein-
centric theory of the inhibitory effect of ethanol. How exactly ethanol interacts with lipids and/
or how it affects lipid-protein interactions is not known but could involve direct interaction of
ethanol with cholesterol [59] and the ability of ethanol to mediate and modify organization of
the lipid bilayer structures [7,37]. However, our data do not rule out the possibility that etha-
nol-protein interactions are also involved in the inhibitory effect of ethanol as was observed in
other systems [12,60-62]. This could explain different effects of enhanced cholesterol levels on
the inhibitory action of ethanol in various signaling pathways. For example, the observed
decrease in the inhibitory effect of ethanol on calcium or ROS responses in cells with enhanced
cholesterol levels could reflect the reduced penetration of ethanol through lipid bilayers with
increased rigidity caused by cholesterol [63]. On the other hand, ethanol could act directly as

an inhibitor of some enzymes involved at later stages of degranulation; this could be an expla-
nation of our finding that degranulation was not protected from the inhibitory effect of ethanol
in cells pretreated with sM. In this context, Lisboa et al showed that phosphatidic acid pro-
duced by phospholipase D (PLD) plays an important role in promoting IgE-dependent
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Fig 11. Model of FceRI-mediated activation in ethanol-pretreated mast cells. In nonactivated cells (A), the topography of FceRl and other signaling
molecules, such as SRC family kinase LYN, protein tyrosine phosphatase (PTP), and adaptor proteins (LAT, PAG, and NTAL), prevents signaling. An
important role in this process is played by the plasma membrane cholesterol. Aggregation of the FceRI-IgE complexes by multivalent antigen (B) induces
topographical changes that lead to formation of the FceRl signalosome and enhanced tyrosine phosphorylation of the FceRI B and y subunits by LYN and
SYK kinases. This results in enhanced degranulation, calcium response, cytokine production and numerous other events. In the cells exposed to ethanol
and/or with reduced amount of cholesterol (C), the topography of plasma membrane molecules is slightly modified, resulting in increased tyrosine
phosphorylation of some signaling molecules even in nonactivated cells. Aggregation of the receptor in ethanol-treated cells leads to suboptimal
topographical changes resulting in reduced tyrosine phosphorylation of the FceRI B and y subunits by LYN and SYK kinases and/or enhanced activity of the
corresponding phosphatases (D). This leads to reduced degranulation, calcium response, cytokine production and other events. Ethanol could also bind
directly to some cytoplasmic or plasma membrane proteins, such as ion channel proteins, and in this way inhibit the cell signaling.

doi:10.1371/journal.pone.0144596.g011

signaling events within lipid microdomains in mast cells [64]. As a tool they used 1-butanol,

which subverts production of phosphatidic acid to the biologically inert phosphatidyl butanol.
Similarly, the presence of ethanol could lead to production of phosphatidyl ethanol instead of
phosphatidic acid [65] and in this way inhibit FceRI signaling. However, our and others’ data
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suggest that ethanol inhibits FceRI signaling by another mechanism. We found that the inhibi-
tory effect of ethanol on calcium response and ROS production was blocked by exposure of the
cells to sMP, which is unlikely to change production of PA and/or activity of PLD. Further-
more, it has been recently found that mice deficient in PLD1 and PLD2, which do not produce
any PA, show no changes in early signaling events after FceRI triggering [66].

Model of ethanol action on mast cells and their activation by antigen is shown in Fig 11.
Exposure of the cells to ethanol leads to changes in properties of plasma membrane and topog-
raphy of plasma membrane components, resulting in the observed increase in basal tyrosine
phosphorylation of some membrane proteins, including FceRI. When IgE-sensitized and etha-
nol-treated cells are activated by antigen, tyrosine phosphorylation of the FceRI  and y sub-
units is reduced reflecting suboptimal topography and/or reduced activity of LYN and SYK
kinases and/or enhanced activity of protein tyrosine phosphatases in the vicinity of the recep-
tor. Ethanol could also bind to ion channels or some other plasma membrane or cytoplasmic
proteins and in this way inhibit various signaling events, including degranulation, calcium
response and production of cytokines.

The inhibitory effect of ethanol on mast cell activation was confirmed by experiments in
vivo in which mast cells were sensitized locally by IgE, and ethanol and antigen was adminis-
tered intraperitoneally and intravenously, respectively. The results of PCA assays, which reflect
the activity of mast cells [67] support previous findings indicating that excessive ethanol con-
sumption is associated with increased risk of infection [68]. Experimental studies with animal
and human subjects given ethanol in a controlled setting showed suppression of the innate
immunity and inflammation [69-71]. Attention was focused mainly on the inhibitory effect of
ethanol on activation of macrophages [72,73], monocytes [74] and T cells [20,75-77].

Although previous studies also indicated that mast cells could be the target of ethanol [24,25],
this is the first study showing that ethanol inhibits the earliest events in FceRI signaling and
demonstrate the inhibitory effect of ethanol on mast cells in vivo.

Conclusions

In this study we found that 15 min treatment with non-toxic concentrations of ethanol in vitro
inhibited antigen-induced tyrosine phosphorylation of the FceRI § and y subunits, SYK kinase,
NTAL adaptor protein, PLCy, calcium response, production of ROS, degranulation, and
expression of cytokine genes in a dose-dependent manner. Early activation events were also
inhibited by M, suggesting that cholesterol could be involved. The role of cholesterol in the
inhibitory effect of ethanol was supported by the finding that sMp reduced the inhibitory effect
of ethanol on calcium and ROS responses. The data support the lipid-centric theory of ethanol
action on the initial stages of FceRI signaling. The inhibitory effect of ethanol on mast cell acti-
vation was also observed in a mouse PCA model in vivo, explaining previous findings of the
reduced inflammatory response associated with enhanced consumption of ethanol.
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1.8 NEW REGULATORY ROLES OF GALECTIN-3 IN HIGH-AFFINITY IgE
RECEPTOR SIGNALING

Mol Cell Biol. 36(9):1366-82, 2016

In this study we utilized RNAi-based HTS to identify new regulators of mast cell Ag-
mediated activation via FceRI. We selected 144 genes for screen and identified 15 potential
regulators of mast cell degranulation. We chose Gal3 for detail functional analysis. Gal3 negatively
regulated mast cell degranulation and cytokine expression. FceRI signaling in cells with decreased
expression of Gal3 was upregulated on the level of SYK kinase, suggesting involvement of Gal3
in early signaling upon FceRI triggering. We found that Gal3 did not affect phosphorylation of
FceRI receptor subunits but regulated receptor ubiquitination and internalization. Next, Gal3
positively regulated adhesion and motility of mast cells on fibronectin, that is likely to be caused
by Gal3-controled surface 1-integrin expression in non-activated and also in Ag-activated mast
cells. By contrast Gal3 negatively regulated mast cell chemotaxis towards Ag that is at least by

part caused by negative regulatory function of Gal3 in chemokine production.
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Aggregation of the high-affinity receptor for IgE (FceRI) in mast cells initiates activation events that lead to degranulation and
release of inflammatory mediators. To better understand the signaling pathways and genes involved in mast cell activation, we
developed a high-throughput mast cell degranulation assay suitable for RNA interference experiments using lentivirus-based
short hairpin RNA (shRNA) delivery. We tested 432 shRNAs specific for 144 selected genes for effects on FceRI-mediated mast
cell degranulation and identified 15 potential regulators. In further studies, we focused on galectin-3 (Gal3), identified in this
study as a negative regulator of mast cell degranulation. FceRI-activated cells with Gal3 knockdown exhibited upregulated ty-
rosine phosphorylation of spleen tyrosine kinase and several other signal transduction molecules and enhanced calcium re-
sponse. We show that Gal3 promotes internalization of IgE-FceRI complexes; this may be related to our finding that Gal3 is a
positive regulator of FceRI ubiquitination. Furthermore, we found that Gal3 facilitates mast cell adhesion and motility on fi-
bronectin but negatively regulates antigen-induced chemotaxis. The combined data indicate that Gal3 is involved in both posi-
tive and negative regulation of Fce RI-mediated signaling events in mast cells.

ast cells are important immune cells involved in multiple

biological processes (1, 2). Under pathological conditions,
they are responsible for IgE-mediated hyperreactivity and partic-
ipate in severe diseases, such as allergy and asthma (3). Antigen
(Ag)-mediated mast cell activation leads to the release of secretory
granules containing a variety of preformed mediators (e.g., hista-
mine and proteases), de novo synthesis of cytokines and chemo-
kines, and enhanced production of arachidonic acid metabolites
(4, 5). The principal surface receptor involved in mast cell activa-
tion is the high-affinity receptor for IgE (FceRI), which belongs to
the family of multichain immune recognition receptors. FceRI isa
tetrameric complex formed by an IgE-binding o subunit, a signal-
amplifying B subunit, and a homodimer of disulfide-linked -y sub-
units. Each FceRI B and -y subunit contains one immunoreceptor
tyrosine-based activation motif (ITAM), which, after tyrosine
phosphorylation, serves as a docking site for other signaling mol-
ecules, such as the SRC family kinase LYN or spleen tyrosine ki-
nase (SYK). These two enzymes, together with other kinases, then
phosphorylate various adaptor proteins, including linker of acti-
vated T cells 1 (LAT1) and LAT2 (also known as non-T cell acti-
vation linker [NTAL]). These adaptors are involved in activation
of phospholipase Cy (PLCy) and subsequent signal transduction
events, leading to calcium response and degranulation (6). FceRI
signaling is a complex process that depends on the magnitude of
receptor aggregation and a balance between positive and negative
signals that determine the extent of the response (7, 8). Although
signaling pathways leading to mast cell activation have been ex-
tensively studied in recent years, they are far from being com-
pletely understood.

In recent years, RNA interference (RNAI) technology has be-
come an indispensable tool in the elucidation of protein func-
tions. RNAi-based high-throughput screening techniques have
contributed significantly to identification of signal transduction
pathway components in multiple systems (9-12). In this study, we
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took advantage of a lentiviral delivery method to transduce oth-
erwise minimally transfectable mast cells and to induce knock-
down (KD) of selected genes. We developed a short hairpin RNA
(shRNA)-based high-throughput screening system to identify
new regulators of FceRI signaling and tested 432 shRNAs specific
for 144 selected genes for their effects on FceRI-mediated mast cell
degranulation. Using this method, we identified 11 negative and 4
positive potential regulators of mast cell degranulation. Detailed
analysis of one such regulator, galectin-3 (Gal3), revealed previ-
ously unrecognized functions of Gal3 in FceRI signaling.

MATERIALS AND METHODS

Antibodies and reagents. The following antibodies and their conjugates
were used: mouse IgE monoclonal antibody (MAD) specific for 2,4,6-
trinitrophenol (TNP), clone IGEL b4 1 (13), SYK-specific MADb (14), rab-
bit anti-IgE (15), FceRI B subunit-specific MAb (JRK) (16), mouse IgE
MAD specific for dinitrophenol (DNP) clone SPE-7 (Sigma-Aldrich), rat
anti-KIT—-allophycocyanin conjugate (17-1171) and hamster anti-FceRI-
a—fluorescein isothiocyanate (FITC) conjugate (eBioscience; 11-5898),
rabbit anti-pSYK (2710) and mouse anti-phosphorylated ¢-Jun N-termi-
nal kinase (anti-pJNK) (Cell Signaling; 9255S), rabbit anti-GRB2 (sc-
255), actin (sc-8432), pAKT (sc-7985), extracellular signal-regulated ki-
nase (ERK) (sc-93), pERK (sc-7976), CBL (sc-170), pCBL (sc-26140),
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pPLCy1 (sc-12943), INKI1 (sc-571), Gal3 (sc-20157), galectin-1 (Gall)
(sc-28248), PLCy1 (sc-81), goat anti-AKT1 (sc-1618), rat MADb specific
for lysosomal-associated protein 1 (LAMP1) (sc-19992), horseradish per-
oxidase (HRP)-conjugated goat anti-mouse IgG, goat anti-rabbit IgG,
and donkey anti-goat IgG (Santa Cruz Biotechnology), phosphotyrosine-
specific MAb PY-20-HRP conjugate (610012), rabbit antiphosphoty-
rosine (anti-pY) (610010), and V450-conjugated ratanti-mouse LAMP1
(560648) (BD Biosciences), mouse MAb specific for ubiquitinated pro-
teins (FK2 clone; Affinity Research Products; PW8810), anti-B1-integrin
antibodies (HM B1-1 and 9EG7; BD Pharmingen), secondary antibodies
anti-rabbit, anti-mouse, and anti-rat IgG conjugated to Alexa Fluor 488
(AF488) or AF568 (Invitrogen), AF488-conjugated anti-hamster IgG
(Life Technologies), Fcy-specific anti-rat IgG (Jackson ImmunoResearch
Laboratories), and Fura-2 AM- and AF488-conjugated phalloidin (Life
Technologies). TNP-bovine serum albumin (BSA) conjugate (15 to 25
mol TNP/mol BSA) was produced as described previously (17). Mouse
recombinant Gal3 was obtained from R&D Systems. DNP-human serum
albumin (HSA) conjugate (30 to 40 mol DNP/mol HSA) and all other
reagents were obtained from Sigma-Aldrich if not otherwise specified.

Mice, cells, and lentiviral transduction. Mouse bone marrow mast
cells (BMMCs) were derived from femurs and tibias of 8- to 10-week-old
BALB/c mice bred, maintained, and used in accordance with the Institute
of Molecular Genetics guidelines (permit number 12135/2010-17210)
and national guidelines (2048/2004-1020). The cells were cultured in
RPMI 1640 medium supplemented with 100 U/ml penicillin, 100 pwg/ml
streptomycin, 71 pM 2-mercaptoethanol, minimum essential medium
(MEM) nonessential amino acids, 0.7 mM sodium pyruvate, 2.5 mM
L-glutamine, 12 mM D-glucose, recombinant mouse stem cell factor (SCF)
(15 ng/ml; PeproTech EC), mouse recombinant interleukin 3 (IL-3) (20
ng/ml; PeproTech EC), and 10% fetal calf serum (FCS). A stable cell line
derived from BMMCs (BMMCL [18]) was donated by M. Hibbs (Ludwig
Institute for Cancer Research, Melbourne, Australia) (19). The cells ex-
hibited strong Ca** (15) and degranulation (18) response after activation
by Ag. The cells were cultured in medium as described above but in the
absence of SCF. Lentiviruses for infections were prepared by mixing
1.5-ml aliquots of Opti-MEM medium (Invitrogen) with 21 pl of Vira-
Power Lentiviral Packaging Mix (Invitrogen), 14 pg of lentiviral con-
struct, and 105 pl of polyethylenimine (1 mg/ml; 25 kDa; linear form;
Polysciences). The mixture was incubated for 20 min at room temper-
ature before it was added to HEK-293FT packaging cells in medium for
cultivation of BMMCs in a 150-cm? tissue culture flask. Forty-eight
hours later, virus-containing medium was filtered through 45-pm-
pore-size nitrocellulose filters (Merck Millipore) and used directly for
BMMC infection in the presence of 1 pg/ml protamine. The next day,
the cells were subjected to the new virus load. Two days later, the cells
were transferred to fresh medium containing 3 pLg/ml puromycin (Apollo
Scientific) for selection of positive transductants. A set of murine shRNAs
targeting Lgals3 cloned into the pLKO.1 or pLKO_TRC005 vector
(TRCN0000301479  [shRNA_1], TRCNO0000054863 [shRNA_2],
TRCNO0000054867 [shRNA_3], TRCNO000301547 [shRNA_4], and
TRCN0000301480 [shRNA_5]) was purchased from the RNAi Consor-
tium (Broad Institute, Cambridge, MA). The cells were transduced with
individual shRNAs or with a pool of shRNAs prepared by mixing
shRNA_1, shRNA_2, shRNA_3, and shRNA_5, in equimolar ratios to
obtain 14 g of constructs transfected into packaging cells. The pool of
shRNAs gave results similar to those with individual shRNAs but allowed
us to scale up the experiments. Therefore, most of the pilot experiments
were performed with individual shRNAs and confirmed with cells trans-
duced with the shRNA pool.

Degranulation and Ca®>* response. BMMCs were sensitized with
TNP-specific IgE (1 pg/ml) in SCF- and IL-3-free culture medium for 16
h. The cells were then washed in buffered saline solution (BSS) (135 mM
NaCl, 5 mM KCl, 1.8 mM CaCl,, 5.6 mM glucose, 20 mM HEPES, pH 7.4)
supplemented with 0.1% BSA (BSSA) and activated with Ag (TNP-BSA).
The extent of degranulation was evaluated by determining the concentra-
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tion of B-glucuronidase, as previously described (20). An Infinite 200M
(Tecan) plate reader at 355-nm excitation and 460-nm emission wave-
lengths was used. In some experiments, cells were pretreated with lactose
for 30 min prior to activation; lactose was also present during the activa-
tion. Alternatively, cells were incubated with recombinant Gal3 for 30 min
prior to activation. For analysis of calcium response, cells were loaded
with Fura-2 AM as described previously (20). Kinetic measurements of
intracellular Ca*™ were determined by spectrofluorometry using an Infi-
nite 200M plate reader with excitation wavelengths at 340 and 380 nm and
with constant emission at 510 nm.

shRNA screening and high-throughput degranulation assay. Genes
for RNAi screening were selected on the basis of their expression in mast
cells, as determined by microarray gene expression profiling using an
Affymetrix Gene Titan HT MG-430 PM 24-array plate, as previously de-
scribed (21), and/or a BioGPS gene portal (http://biogps.org/), together
with estimated functions of their products in early signaling events/cal-
cium signaling, cytoskeleton dynamics, cell adhesion/migration, and/or
other plasma membrane functions (see Table SI in the supplemental ma-
terial). The lentivirus-based shRNA library containing 432 shRNA se-
quences specific for 144 genes was obtained from the RNAi Consortium
(see Table S1 in the supplemental material). For shRNA screening in
BMMCIL, the following protocol was established. Cells were cultured in Ts-
cove’s modified Dulbecco’s medium supplemented with mouse recombinant
IL-3 (30 ng/ml) and 10% ECS. Each plate with samples contained in-plate
negative-control shRNAs targeting irrelevant sequences, green fluorescent
protein (GFP) (TRCN0000072181 and TRCN0000072186) or red fluores-
cent protein (RFP) (TRCN0000072212 and TRCN0000072209), and posi-
tive-control shRNAs targeting STIM1 (shRNA_5; TRCN0000175139) or
SYK (shRNA_3; TRCN0000234763). Rows containing in-plate negative
and positive controls were shuffled in different plates to minimize poten-
tial edge effects. On day 1, cells were seeded in 96-well flat-bottom plates
(5 % 10° per well) and transduced with lentiviruses at a multiplicity of
infection (MOI) of 15 in medium supplemented with Polybrene at the
optimal concentration of 8 pg/ml. The plates were centrifuged at 830 X g
for 1 h and then incubated for 16 h at 37°C. On day 2, the medium
containing viruses was changed for fresh medium, and on day 4, fresh
medium supplemented with puromycin (5 pg/ml) was added. The me-
dium containing puromycin was replenished every 3 days. The B-gluc-
uronidase assay was performed more than 14 days after the start of puro-
mycin selection. Before the assay, puromycin was removed for 24 h, and
the cells were sensitized for 4 h with DNP-specific IgE (1 pg/ml) in me-
dium depleted of IL-3. The cells (approximately 10°) were then washed in
BSSA and split into two parts for analysis of nonactivated and Ag-acti-
vated samples (25 pl of cell suspension per well). Activation was triggered
by addition of 25 pul of Ag (DNP-HSA; 10 ng/ml final concentration). This
relatively low concentration of Ag allowed us to score both positive and
negative regulatory hits. The cells were activated for 30 min at 37°C, and
B-glucuronidase released from the cells was determined in 20 .l of cell
supernatants by mixing with 28 pl of 4-methylumberylliferyl-B-p-glucu-
ronide substrate (Invitrogen), 50 pM final concentration. The cell pellets
were then lysed by the addition of 20 wl Triton X-100 at a final concen-
tration of 1% in BSSA to each well and incubated at 37°C for 30 min. The
total B-glucuronidase content was analyzed in 20 pl of cell lysate as de-
scribed above, with the exception that a SpectraMax Gemini reader (Mo-
lecular Devices) was used. Degranulation was enumerated as the percent-
age of the B-glucuronidase activity in the supernatant from the total
B-glucuronidase activity in the supernatant and lysate. Transduced cells
were assayed to obtain a minimum of 3 replicates meeting quality control
criteria for data analysis. Data were collected from two independent len-
tiviral transductions (runs). The extent of gene expression knockdown
was analyzed in cells transduced in the second screen run using reverse
transcription-quantitative PCR (RT-qPCR).

shRNA screen data analysis. Data collected from degranulation as-
says were filtered using the following quality control criteria for each well:
(i) B-glucuronidase activity detected in the well was above the measure-
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ment noise level (>>10,000 relative fluorescence units [RFU]) and (ii) the
B-glucuronidase released from nonactivated cells was less than 30% of the
mean B-glucuronidase release from activated in-plate negative controls.
Subsequently, the data from each well were Z-normalized to the mean
degranulation of activated in-plate negative controls and are shown as a
degranulation ratio. As a quality control for each plate, the following
criteria were used: (i) the mean degranulation of activated in-plate nega-
tive controls reached at least 18% and (ii) the degranulation of activated
in-plate SYK positive controls showed at least 1.5 times the standard de-
viation (SD) (on a Z-normalized scale) difference from the mean degran-
ulation of activated in-plate negative controls. The Z-score for each
shRNA was determined using the mean degranulation and SD of activated
in-plate negative controls, and average Z-scores were calculated using all
the replicates in each run. The statistical significance of differences in
shRNA Z-scores versus the Z-score of negative controls was computed
using a Mann-Whitney test. To limit potential false-negative results from
the assay that showed significant variability (2" = 0.37), we evaluated the
effects of sShRNAs in two independent runs. Based on this evaluation, we
selected the shRNAs with average Z-scores greater than = 1 and reproduc-
ible effects with P values of <<0.05 across two runs; we also accepted P
values of <<0.075 across two runs with at least one P value of <0.05 to
define shRNA hits. shRNAs with effects with opposite directionalities
were excluded from the list of potential mast cell regulators.

RNA isolation and RT-qPCR. RNA was isolated using an RNeasy
minikit (Qiagen) when single samples were isolated. For RNA isolation
from 96-well plates, a Macherey-Nagel kit for 96-well extraction was used
according to the manufacturer’s instructions. RNA was reverse tran-
scribed using either an iScript cDNA synthesis kit (Bio-Rad) or Moloney
murine leukemia virus (MMLV) reverse transcriptase (Invitrogen) ac-
cording to the manufacturer’s protocol. RT-qPCRs were performed in
384-well plates using a PCR mastermix supplemented with 0.2 M treha-
lose, 1 M 1,2-propanediol, and SYBR green I as described previously (22).
RT-qPCRs were performed in a LightCycler 480 (Roche Diagnostics). All
assays were performed at least in duplicate, and reaction mixtures in 10-pl
volumes were processed under the following cycling conditions: initial
3-min denaturation at 95°C, followed by 50 cycles at 95°C for 10 s, 60°C
for 20 s, and 72°C for 20 s. A melting-curve analysis was carried out from
72°C to 97°C with 0.2°C increments; threshold cycle (Cy) values for each
sample were determined by automated threshold analysis. Data from
shRNA-transduced cells from the RNAi screen were normalized to glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA levels of neg-
ative controls present in each 96-well plate with the transduced cells.
Primer pairs specific for positive controls and hits in the screen are listed
in Table S2 in the supplemental material. For analysis of cytokine and
chemokine mRNAs, cells were not activated or activated with Ag (TNP-
BSA; 100 ng/ml; 1 h). Genes for GAPDH, actin, and ubiquitin were used as
reference genes, and the expression levels of all mMRNAs were normalized
to the geometric mean of the expression of the reference genes. The rela-
tive increase in the expression level of a cytokine was normalized to the
level of expression by nonactivated pLKO.1 control cells in each experi-
ment. Primer pairs used for analysis of cytokine and chemokine mRNAs
have been listed elsewhere (20).

Cloning and mast cell transfection. For experiments with transient
Gal3 overexpression, a plasmid encoding human Gal3 (hGal3) (23),
kindly provided by F.-T. Liu (University of California, Davis, CA), was
used for amplification of hGal3 sequence using the forward primer 5'-aa
agaattegecacc ATGGCAGACAATTTTTCGCT -3" (the EcoRI restriction
site is underlined, and the coding sequence is in uppercase) and the
reverse primer 5'-tttggatcctt TATCATGGTATATGAAGCAC-3" (the
BamHI restriction site is underlined, and the coding sequence is in upper-
case). The amplified DNA was cloned, using EcoRTand BamHI restriction
sites, into a pEGFP-N1 expression vector (Clontech Laboratories Inc.;
6085-1). Mouse Gal3 (mGal3) was obtained by PCR amplification from
cDNA produced as described above and cloned into the pCDH-CMV-
MCS-EF1-Puro (Systembio; pCDH) lentiviral expression vector using
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Nhel and Notl restriction sites. For PCR, the following primers were used:
5'-aaaaagctagegecaccATGGCAGACAGCTTTTCGCT-3" (forward; the
Nhel restriction site is underlined) and 5'-tttttgcggccgc TTAGATCATGG
CGTGGTTAG-3' (reverse; the Notl restriction site is underlined). All the
constructs were verified by DNA sequencing. A plasmid with hGal3 was
introduced into BMMCs by Amaxa nucleofection according to the man-
ufacturer’s instructions. A plasmid with mGal3 was used for production
of lentiviruses as described above and introduced into the cells by lentivi-
ral transduction followed by puromycin selection.

PGD, production. IgE-sensitized BMMCs were seeded at 2 < 10° cells
per well in 100 pl of BSSA in 96-well flat-bottom culture plates. The cells
were activated with Ag (TNP-BSA; 100 ng/ml; 25 min). Cell-free super-
natants were collected and assessed for prostaglandin D, (PGD,) using a
competitive enzyme immunoassay according to the manufacturer’s in-
structions (Cayman Chemicals). To be read within the range of the re-
spective standard curves, supernatants of nonactivated and activated cells
were diluted 1/10 and 1/40, respectively.

Immunoblotting and immunoprecipitation. Whole-cell extracts
from nonactivated or Ag (TNP-BSA)-activated cells were prepared by
solubilizing pelleted cells in sodium dodecyl sulfate (SDS) sample buffer
(24), followed by sonication and denaturation of samples at 97°C for 5
min. Proteins were size fractionated by SDS-polyacrylamide gel electro-
phoresis (PAGE), electrophoretically transferred onto nitrocellulose, and
analyzed by immunoblotting with protein- or phosphoprotein-specific
antibodies. For FceRI immunoprecipitation, cells were pelleted and solu-
bilized in ice-cold lysis buffer containing 25 mM Tris-HCI, pH 8.0, 140
mM NaCl, | mM Na;VO,, 2 mM EDTA, 100-fold-diluted protease inhib-
itor cocktail (Sigma-Aldrich; P8340), 1 mM phenylmethylsulfonyl fluo-
ride, and 0.2% Triton X-100. After 30 min incubation on ice, the lysates
were spun down (16,000 X g 5 min; 4°C), and IgE complexes in post-
nuclear supernatants were immunoprecipitated with rabbit anti-IgE an-
tibody prebound to UltraLink-immobilized protein A (Thermo Scien-
tific). Immunoprecipitates were size fractionated as described above and
immunoblotted with phosphotyrosine-specific PY-20—HRP conjugate or
with antibody specific for ubiquitinated proteins. Bound primary anti-
bodies were detected with HRP-conjugated secondary antibodies. HRP
signal was detected with chemiluminescence reagent (25) and quantified
with a luminescent image analyzer (LAS 3000; Fuji Photo Film). Aida
software (Raytest GmbH) was used for signal quantification.

Flow cytometry analysis. To analyze surface levels of FceRI and KIT
receptor, labeling was performed as described previously (20). For analy-
sis of internalized IgE, IgE-sensitized BMMCs were activated or not with
different concentrations of Ag (TNP-BSA) for various times at 37°C. Ac-
tivation was stopped by centrifugation at 4°C (300 X g 4 min), and sam-
ples were split into two; one half was subjected to acid stripping by a
10-min incubation in 0.5 M NaCl and 0.2 M acetic acid (pH 2.7) on ice to
remove surface-accessible IgE, as previously described (26). All the sam-
ples were then fixed for 20 min in 2% paraformaldehyde, washed in PBS,
and then permeabilized in 0.05% Triton X-100 for 10 min. IgE was stained
using AF-conjugated anti-mouse Ig (cross-reacting with IgE) in PBS-1%
BSA. After labeling, the cells were washed 3 times with PBS and analyzed
with an LSRII flow cytometer (BD Biosciences). Median fluorescence in-
tensities were determined and further processed using FlowJo software
(TreeStar, Ashland, OR). To quantify surface expression of B1-integrin
and its activated epitope 9EG7, BMMCs were activated or not with Ag
(TNP-BSA; 100 ng/ml; 3 min). The cells were then exposed to the anti-
B1-integrin antibody HM B1-1 or 9EG7 for 30 min on ice, followed by a
30-min incubation with the corresponding AF488-conjugated anti-ham-
ster or anti-rat (Fey-specific) secondary antibody, respectively. After 30
min of incubation on ice, the cells were washed in ice-cold PBS and ana-
lyzed as described above. For analysis of surface LAMP1, BMMCs were
activated or not with various concentrations of Ag (TNP-BSA; 10 min;
37°C). Activation was stopped by centrifugation at 4°C. The cells were
then resuspended in 50 wl of PBS-1% BSA containing 200-fold-diluted

May 2016 Volume 36 Number 9



V450-conjugated rat anti-mouse LAMP1 and stained on ice for 30 min.
After washing with PBS, the cells were analyzed as described above.

Confocal microscopy. Eight-well multitest microscopy slides (MP
Biomedicals) were coated with CellTak (8 pl in 1 ml of PBS; BD Biosci-
ences). The cells were left to attach to coated slides for 15 min in BSSA and
then activated with Ag (TNP-BSA; 100 ng/ml; 37°C). After activation, the
cells were fixed with 3% paraformaldehyde in PBS for 30 min and perme-
abilized with 0.1% Triton X-100 for 30 min. After washing with PBS, free
binding sites were blocked with 1% BSA and subsequently labeled with
specific antibodies, followed by AF-conjugated secondary antibodies. IgE
was detected with AF-conjugated donkey anti-mouse Ig-specific anti-
body. After labeling, the cells were washed and mounted in 50% (wt/vol)
glycerol in PBS, pH 8.5, supplemented with 0.1% p-phenylenediamine
and 1 pg/ml Hoechst 33258 to label nuclei. For F-actin staining, cells were
permeabilized with L-a-lysophosphatidylcholine (80 pwg/ml) and simul-
taneously labeled with 10 pug/ml of AF488-conjugated phalloidin for 1 hin
PBS-1% BSA. Samples were examined with a confocal laser scanning mi-
croscope (Leica TCS SP5) equipped with a 63 (numerical aperture, 1.4)
oil immersion objective. In each experiment, images were acquired at
identical microscope settings. Image analyses were performed using a
pipeline generated in CellProfiler cell image analysis software (Broad In-
stitute, Cambridge, MA) (27). For examination of protein distribution, 20
to 40 cells were identified using nuclei, and signals from fluorescently
labeled proteins were segmented into 4 concentric rings centered on the
nucleus. The fluorescent intensity of each cell was determined, and the
fraction of the fluorescence in 3 inner rings (cytoplasmic) was calculated.

Cell adhesion, motility, and chemotaxis. IgE-sensitized BMMCs
were loaded with calcein-AM and transferred into wells of a 96-well plate
(Thermo Scientific) coated with fibronectin at a concentration of 10
pg/ml (28). After activation with Ag (TNP-BSA; 100 ng/ml; 30 min),
unbound cells were washed out using a microplate washer (HydroSpeed;
Tecan), and bound cells were determined using an Infinite 200M fluo-
rometer with excitation and emission filters at 485 nm and 538 nm, re-
spectively. Analysis of cell motility on fibronectin after activation with
PGE, was performed as described previously (29). Ag (TNP-BSA; 250
ng/ml)- or PGE, (100 nM)-mediated chemotactic responses were evalu-
ated using 24-well Transwell chambers (Corning) with 8-pm polycarbon-
ate filters, as described previously (28). Cells migrating into lower com-
partments within the 8-h incubation period were counted using an Accuri
C6 flow cytometer (Becton Dickinson). Cell migration toward PGE, (100
ng/ml) was performed in the same way, except that the cells were not
sensitized with IgE. In some experiments, the supernatants from IgE-
sensitized and Ag-activated (TNP-BSA; 100 ng/ml; 6 h) BMMCs at a
concentration of 2 > 10%/ml were used as a source of chemoattractants for
unsensitized cells.

Data analysis. All experiments were repeated independently as indi-
cated in the figure legends. Averages or representative results from all
repeats are shown. Unless otherwise indicated, the significance of inter-
group differences was evaluated by Student’s  test.

RESULTS

Search for new regulators of FceRI signaling using an RNAI-
based high-throughput degranulation assay. To identify new
regulators of FceRI signaling, we developed an shRNA high-
throughput mast cell degranulation assay using BMMCL. The
cells were transduced with shRNA lentiviruses, followed by puro-
myecin selection (Fig. IA). Our optimized protocol included infec-
tion of the cells at an MOI of 15 in the presence of Polybrene at 8
pg/ml. Two weeks after selection, the cells were sensitized with
Ag-specific IgE and activated with Ag, and the amount of B-gluc-
uronidase released from preformed secretory granules was as-
sessed by enzymatic assay (Fig. 1B). shRNAs targeting GFP and
RFP were used as negative controls, and shRNAs targeting STIM 1
and SYK were used as positive controls. STIM1 shRNAs led to 50
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to 80% knockdown efficiency and up to a 5-fold decrease in de-
granulation, and SYK shRNAs led to more than 70% knockdown
of gene expression and up to a 5-fold decrease in degranulation
(Fig. 1C and D). Notably, the STIM1 shRNAs that had smaller
effects on STIM 1 expression levels also had poorer effects on mast
cell degranulation. SYK shRNAs were used to calculate the Z'
factor as 0.37, which is considered acceptable for screening for
RNAI cell-based assays (30).

For screening, we selected 144 genes that are expressed in mast
cells and could be involved in FceRI signaling. The list included
genes with potential roles in early signaling events/calcium signal-
ing, cytoskeleton dynamics, cell adhesion/migration, and/or other
plasma membrane functions. As shown in Table S1 in the supple-
mental material, we tested 432 lentivirus-encoded shRNAs, with 3
different shRNAs targeting each gene. As the Z' factor of the assay
did not pass the 0.5 threshold to be considered an excellent screen-
ing assay, we collected data from two independent transduction
runs. In each run, we collected at least 3 degranulation assays that
passed quality control criteria (see Materials and Methods) to in-
crease confidence in the identification of potential mast cell regu-
lators. To limit potential false-negative results from the assay that
showed significant variability (Z' factor = 0.37), we used a P value
ot <<0.05 (Mann-Whitney test) across two runs, and we also ac-
cepted a Pvalue of <<0.075 across two runs with at least one P value
of <0.05 for shRNAs with an average Z-score greater than *1. To
limit potential false-positive results, the effect of each shRNA had
to pass statistical significance using the above P values in the two
independent runs. Using these criteria, we identified potential
regulators with consistent effects on shRNA levels on mast cell
degranulation: 10 hits using a P value of <<0.05 across two runs
and 5 hits using a P value of <<0.075 across two runs with at least
one P value of <0.05. Data collection and the subsequent pro-
cesses of quality control and hit calling are summarized in Fig. 1E.
Average Z-scores and average degranulation ratios calculated for
all shRNAs in both screen runs, together with an analysis of gene
expression of the identified hits from the second run, are shown in
Table S1 in the supplemental material. Among 15 potential regu-
lators, 11 were negative regulators and 4 were positive regulators
of cell degranulation (Table 1). The effects of all shRNAs on de-
granulation in the second screen run are shown in Fig. 1F. Among
the negative regulatory genes, the KD of the Lgals3 gene, encoding
Gal3, increased cell degranulation in all 3 tested shRNAs, display-
ing 1.67 = 0.03-fold change in mast cell degranulation (P < 0.05).
This was a surprising finding, because previous studies using BM-
MCs from mice with Gal3 knockout (KO) suggested that Gal3 isa
positive regulator of mast cell degranulation (31). We therefore
focused on deciphering the mechanism of the negative regulatory
role of Gal3 in mast cell activation.

Negative regulatory role of Gal3 in Fce RI-mediated mast cell
degranulation, cytokine expression, and PGD, production. To
confirm the negative regulatory role of Gal3 in mast cell degran-
ulation, we expanded the number of shRNAs and analyzed their
effects on Gal3 expression (Fig. 2A and B) and degranulation (Fig.
2C) in BMMCL. The results were compared to those obtained
with cells transduced with an empty vector (pLKO.1). The data
obtained showed that inhibition of degranulation was medi-
ated by different shRNAs targeting Gal3. Next, we transduced
BMMCs with individual shRNAs or pooled shRNA_1, shRNA_2,
shRNA_3, and shRNA 5. Because of the similarity of the data
obtained with these two approaches, we pooled the data and la-
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TABLE 1 Potential regulators of mast cell degranulation identified in shRNA screening in mast cells

NCBI GenBank Fold change in
Symbol gene ID accession no. Official full name degranulation (mean *+ SD)*
Negative regulators
Adora2b 11541 NM_007413.2 Adenosine A2b receptor 1.75 £ 0.76
Basp1 70350 NM_027395.1 Brain acid-soluble protein 1 1.4 = 0.36
Cyfip2 76884 NM_133769.1 Cytoplasmic FMR1-interacting protein 2 1.26 £ 0.19
Diapl 13367 NM_007858.2 Diaphanous homolog 1 1.65 = 0.42
Lgals3 16854 NM_010705.3 Lectin, galactose binding, soluble 3 1.67 £ 0.03
Lpxn 107321 NM_134152.1 Leupaxin 1.38 £ 0.35
Mectpl 78771 XM_127419.3 Multiple C2 domains, transmembrane 1 1.6 = 0.36
Plscrl 22038 NM_011636.2 Phospholipid scramblase 1 1.65 = 0.32
S$100a10 20194 NM_009112.2 S100 calcium binding protein A10 1.52 £ 0.27
Spn 20737 NM_009259.3 Sialophorin 1.33 = 0.07
Tipl 21872 NM_009386.1 Tight-junction protein 1 1.27 = 0.06
Positive regulators
Add2 11519 NM_013458.2 Adducing 2 (beta) 0.67 £ 0.1
Coro7 78885 NM_030205.2 Coronin 7 0.46 * 0.18
Dock8 76088 NM_028785.3 Dedicator of cytokinesis 8 0.52 £ 0.27
ler2 15936 NM_010499.4 Immediate-early response 2 0.42 = 0.17

“ Most effective shRNAs for each gene across both runs (P < 0.05). The following genes had nonsignificant or inconsistent effects on mast cell degranulation: genes encoding
Adcy7, Adora3, Ahnak, Akap2, Alox5ap, Arap3, Arhgdia, Arhgdib, Arhgefl, Avil, Bcap31, Bsg, Cab39, Cd151, Cd200r1, Cd200r3, Cd200r4, Cd244, Cd274, Cd276, Cd300a,
Cd300lb, Cd93, Cd96, Cd97, Cd99, Cdc42, Cdh2, Cfll, Corola, Cotll, Csk, Cyfipl, Cytip, Darc, Dock10, Dockl1, Dstn, Dusp19, Efhd1, Efhd2, Enah, Fcerla, Fcerlg, Fermt3, Fert2,
Fgfrlop2, Frmd4a, Git2, Gng5, Gplba, Gp49a, Gpr34, Grb2, Ier3, Ifitm1, Ifitm2, Inpp5b, Inpp5d, Itgb7, Kcnn4, Kit, Lamp2, Laptm5, Laspl, Lgals1, Lims1, Lpar6, Lst1, March8,
Ms4a2, Msn, Mtss1, Nckapl, Nckap1l, Nckipsd, Ninjl, P2rx7, P2ryl4, Pdcd1lg2, Pdlim5, Pdzklip1l, Pecaml, Pfnl, Plec, Plek, Prnp, Ptger3, Ptp4al, Ptp4a2, Ptp4a3, Ptpnl, Ptpnll,
Ptpn12, Ptpn18, Ptpn2, Ptpn3, Ptpn9, Rabl, Rab27b, Rac2, Rapla, Rassf5, Rdx, Rnf128, Rockl, S100a6, Scin, Sema4d, Sh3bgrl3, Shcl, Sla, Spna2, Spnb2, Svil, Tagln2, Tjp2, Tlnl,

Tmem123, Tmem158, Tmem66, Tspanl3, Tspan31, Tspan4, Tspan5, Tspan8, Twf2, Tyrobp, and Vcl. For details, see Table §1 in the supplemental material.

beled the cells Gal3 KD. BMMCs with Gal3 KD exhibited =70%
decrease of Gal3 expression at the level of both mRNA (Fig. 2D)
and protein (Fig. 2E). They also exhibited enhanced Ag-induced
degranulation (Fig. 2F). The expression of other galectins was not
affected by transduction with Gal3-targeted shRNAs (see Fig. SIA
in the supplemental material), with the exception of Gall mRNA,
which was upregulated up to 2-fold at the mRNA level but not at
the protein level (see Fig. SIB in the supplemental material).
When the cells were activated with thapsigargin, an inhibitor of
sarcoplasmic/endoplasmic reticulum Ca’" ATPase, the differ-
ences in degranulation between BMMCs with Gal3 KD and
pLKO.1 controls were not significant, suggesting that Gal3 is not
involved in the mechanism of granule release and acts upstream of
calcium signaling (Fig. 2G). BMMCs with Gal3 KD had normal
surface expression of FceRI and KIT (Fig. 2H), suggesting that
lentiviral transduction, puromycin selection, and Gal3 KD had no
effect on the expression of these two receptors in nonactivated
mast cells,

Cell activation and degranulation are accompanied by en-
hanced surface expression of LAMP1 secretory granule/lysosomal
marker (32). In agreement with data evaluating B-glucuronidase
release, Ag (TNP-BSA)-activated BMMCs with Gal3 KD showed

significantly higher levels of surface LAMP1 than pLKO.1 controls
(Fig. 2I). Similarly, we found that cells with Gal3 KD activated
with DNP-HSA showed more LAMP1 expression than control
cells, especially when activated with low concentrations of Ag (see
Fig. S2 in the supplemental material). To further confirm the role
of Gal3 in mast cell activation, we next examined mast cell activa-
tion in cells overexpressing Gal3. BMMCs were transiently trans-
fected with a plasmid encoding Gal3 fused to enhanced green
fluorescent protein (EGFP) (pEGFP-hGal3) or a control plasmid
(Fig. 2J), and LAMP1 surface expression was analyzed in EGFP-
positive cells. The data presented in Fig. 2K show that when acti-
vated with Ag (10 to 500 ng/ml), Gal3-overexpressing cells exhib-
ited significantly decreased LAMP1 surface expression compared
with control cells; this supports our findings of a negative regula-
tory role of Gal3 in FceRI signaling.

Gal3 in BMMCs showed mainly cytoplasmic localization, with
some in the nucleus and on the plasma membrane (see Fig. 53 in
the supplemental material). Upon Ag activation, Gal3 localization
did not change. To test whether Gal3 acts on mast cell degranula-
tion via its lectin function, we attempted to block its lectin activity
with lactose. However, as shown in Fig. S4A in the supplemental
material, lactose had no effect on Ag-induced degranulation. Al-

FIG 1 High-throughput degranulation assay protocol and shRNA screening in mast cells. (A) Time axis of lentiviral transduction of BMMCL, selection in
puromycin (Puro) and degranulation assay in one transduction run. (B) Assay design and protocol for high-throughput degranulation assay. Appropriate
numbers of cells (—10%) were transferred from the culture plate (transduced cells) to a new plate and sensitized with IgE (IgE-sensitized cells). The cells were split
into two parts for nonactivated samples (Ag™) or Ag-activated samples (shaded; Ag™). The positions of 4 negative controls (blue), positive-control shRNAs
targeting STIM1 (red), and SYK (green) are indicated. After 30 min of activation, B-glucuronidase (B-glucur.) was measured in cell-free supernatants and in
lysates from cell pellets. (C) Degranulation of control shRNAs. Representative results from pilot experiments are shown. The cells were transduced with
negative-control shRNAs targeting irrelevant sequences (2 GFP and 2 RFP; blue) or positive-control shRNAs targeting STIMI1 (red) or SYK (green). The Z' factor
for the screening assay is also shown. (D) RT-qPCR analysis of gene KD of STIM1 and SYK from cells in panel C. (E) Schematic workflow of data collection,
criteria for data quality control (QC), and hit calling. (F) Overview of all individual shRNAs in the second run of the screen ranked according to percent inhibition
or activation in the degranulation assay. The red bars indicate the positions of all shRNAs targeting Lgals3.
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FIG 2 Upregulated Ag-induced activation of BMMCs with Gal3 KD. (A) RT-qPCR quantification of Gal3 mRNA expression in BMMCL transduced with
shRNAs targeting Gal3 or pLKO.1 control vector. The data are representatives of 3 independent experiments. (B) Quantification of Gal3 protein expression by
immunoblotting (IB) in whole-cell lysates prepared from cells transduced as in panel A. The numbers under the blot indicate the relative amounts of Gal3
normalized to the relative amounts of LYN, used as a loading control, and Gal3 in pLKO.1 control cells. The results are representative of 3 independent
experiments. (C) BMMGCs, transduced as in panel A, were sensitized with IgE and activated for 30 min with various concentrations of Ag, and B-glucuronidase
release was determined. The data are representative of the results of 3 independent experiments. (D) RT-qPCR quantification of Gal3 mRNA expression in
BMMCs with Gal3 KD and in pLKO.1 control cells. Means and standard errors (SE) are shown (n = 7). (E) Quantification of Gal3 protein expression by IB
in whole-cell lysates prepared from BMMCs transduced as in panel D; nontransduced cells are labeled as wild type (WT). The numbers under the blots are as in
panel B; however, actin was used as a loading control. The data are representative of the results of 3 independent experiments. (F) BMMCs transduced as in panel
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ternatively, BMMCs with Gal3 KD were incubated or not for 30
min with recombinant mouse Gal3 prior to activation. The data in
Fig. S4B in the supplemental material show that externally added
Gal3 was ineffective in restoring the Gal3 KD phenotype.

Mast cells are potent producers of cytokines, chemokines, and
other soluble mediators involved in immune responses. There-
fore, we also investigated the role of Gal3 in these processes. Com-
pared with control pLKO.1 cells, BMMCs with Gal3 KD produced
significantly more mRNA for tumor necrosis factor alpha (TNF-
a), IL-6, and IL-13, as well as chemokine C-C motif ligand 3
(CCL3), upon Ag stimulation (Fig. 2L). Production of PGD, was
also significantly increased in BMMCs with Gal3 KD (Fig. 2M).

Together, our data from gene expression knockdown and
overexpression experiments in primary mast cells are consistent
with the results from our shRNA screen in BMMCL and confirm
the negative regulatory role of endogenous Gal3 in Ag-induced
mast cell activation.

Negative regulatory role of Gal3 in F-actin dynamics, cal-
cium response, and phosphorylation of signal transduction
molecules. Consistent with increased degranulation, BMMCs
with Gal3 KD exhibited significantly higher calcium response to
Ag than pLKO.1 control cells (Fig. 3A). To determine whether
Gal3 mediates its effect on mast cell degranulation by affecting
negative regulation mediated by the actin cytoskeleton, we ana-
lyzed the F-actin levels in Ag-stimulated BMMCs with Gal3 KD
and control cells by confocal microscopy. As shown in Fig. 3B and
C, Ag-stimulated BMMCs with Gal3 KD exhibited reduced levels
of F-actin compared to control cells.

Next, we examined global tyrosine phosphorylation using con-
focal microscopy. Nonactivated BMMCs with Gal3 KD and
pLKO.1 control cells showed comparable levels and localization of
tyrosine-phosphorylated proteins (Fig. 4A, left, and B). However,
Ag-activated cells with Gal3 KD showed more intense phospho-
tyrosine staining than control pLKO.1 cells (Fig. 4A, right, and B).
We also examined phosphorylation of key signaling molecules in
the FceRI pathway by immunoblotting. Analysis with antibodies
specific for phosphorylated SYK, PLCvy1, and AKT (Fig. 4C) after
5 min of activation with various concentrations of Ag (10 or 100
ng/ml) and antibodies specific for p]NK (Fig. 4D) after 15 min of
activation with Ag (100 ng/ml) showed significantly upregulated
phosphorylation of the target proteins in activated BMMCs with
Gal3 KD compared with pLKO.1 controls. No significant differ-
ences in phosphorylation of ERK were found between these two
cell types after FceRI triggering (Fig. 4C). In nonactivated cells
with Gal3 KD, the phosphorylation of AKT and ERK was signifi-
cantly increased, suggesting that Gal3 also affects signaling path-
ways in the resting cells. These results demonstrate that Gal3 is

New Regulatory Roles of Galectin-3 in FceRI Signaling

involved in downregulation of early FceRI activation events, in-
cluding phosphorylation of key signaling molecules and calcium
response.

Gal3 regulates IgE internalization and trafficking to endoly-
sosomes. Previous studies have shown that T cells lacking Gal3
exhibited enhanced T cell receptor (TCR) activation events and
that these changes were connected to the impaired downregula-
tion and internalization of TCRs (33). FceRI is rapidly internal-
ized upon its aggregation with IgE-multivalent Ag complexes
(34). Therefore, we next compared internalization of the Ag-ag-
gregated FceRIl in BMMCs with Gal3 KD and control cells. To
quantitatively determine intracellular IgE, we used tlow cytometry
to measure the fraction of total IgE remaining on the cell surface
after acid wash stripping. We found that upon activation with Ag
at concentrations of 500 ng/ml and 1 pg/ml, BMMCs with Gal3
KD showed less acid-resistant and intracellular IgE than pLKO.1
controls (Fig. 5A).

Internalized IgE-FceRI complexes have been shown to be de-
livered into LAMP1-positive endolysosomes (35). To determine
the involvement of Gal3 in this process, we next examined traf-
ficking of IgE-FceRI complexes. In nonactivated cells, IgE staining
was almost exclusively associated with plasma membranes in both
BMMCs with Gal3 KD and pLKO.1 control cells (Fig. 5B). Thirty
minutes after Ag activation, a fraction of IgE in pLKO.1 cells
moved into vesicular structures. In contrast, BMMCs with Gal3
KD showed IgE staining with a diffuse pattern, with IgE predom-
inantly localized near the plasma membrane. We quantified the
amount of IgE localized in the vesicles inside the cells after 30 min
of Ag activation and found that significantly less IgE was associ-
ated with intracellular structures in cells with Gal3 KD than in
controls (Fig. 5C). The combined data indicate that Gal3 facili-
tates internalization of IgE-FceRI complexes upon Ag triggering
and facilitates the trafficking of internalized IgE into the LAMP1-
positive lysosomal compartments.

Gal3 is involved in regulation of FceRI ubiquitination. The
internalization and sorting of FceRI into endosomal compart-
ments is a ubiquitin-dependent process (36). We speculated that
aberrant IgE internalization and trafficking in BMMCs with Gal3
KD could be coupled with impaired ubiquitination of FceRI. To
test this hypothesis, we immunoprecipitated IgE-FceRI com-
plexes from BMMCs with Gal3 KD or pLKO.I control cells and
evaluated the ubiquitination of the FceRI 3 and +y subunits upon
Ag activation. We found that FceRI B and -y subunits in BMMCs
with Gal3 KD had less ubiquitination than those in control cells
(Fig. 6A to C). We also prepared BMMCs overexpressing mGal3-
Myec after lentiviral transduction and selection of puromycin-re-
sistant cells, but the level of mGal3-Myc expression was rather

D were sensitized with IgE and activated with various concentrations of Ag for 30 min, and -glucuronidase was determined. Means * SE are shown (1 = 7). (G)
BMMC:s transduced as in panel D were activated for 30 min with 1 wM thapsigargin, and 3-glucuronidase release was determined. Means and SE are shown (n =
7). (H) Representative flow cytometry plots showing expression of surface FceRI and KIT in BMMCs transduced as in panel D. Nontransfected cells are labeled
as WT. The control fluorescence profile of BMMCs is denoted nonlabeled. (I) BMMCs transduced as in panel D were sensitized with IgE and activated with
various concentrations of Ag for 10 min. Increased surface expression of LAMP1 was determined by flow cytometry. Means = SE are shown (n = 4). (]) BMMCs
were transfected with empty pEGFP vector or pEGFP-hGal3 to overexpress Gal3. Gal3 protein expression was analyzed by IB in whole-cell lysates with anti-Gal3
antibody. Actin is shown as a loading control. The arrows indicate the positions of endogenous Gal3, exogenous EGFP-hGal3 fusion protein, and actin.
Nontransfected cells are labeled as WT. (K) BMMCs were transfected as in panel J, and surface expression of LAMP1 was determined by flow cytometry. Means = SE
are shown (n = 6). (L) Cytokine and chemokine mRNA expression. BMMCs were transduced as in panel D, sensitized with IgE, and activated with Ag (100
ng/ml) for 1 h. mRNAs encoding TNF-«, IL-6, IL-13, and CCL3 were quantified by RT-qPCR. The fold increase in mRNA expression after Ag stimulation was
normalized to nonactivated pLKO.1 control cells. Means and SE are shown (n = 7). (M) PGD, production. BMMCs were transduced as in panel D, sensitized
with IgE, and activated with Ag (100 ng/ml) for 25 min. The amount of PGD, in cell-free supernatants was determined by immunoassay. Means and SE are shown
(n=5).% P<0.05*P<0.01;** P<0.001.
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FIG 3 Calcium mobilization and F-actin dynamics. (A) Intracellular calcium mobilization. BMMCs with Gal3 KD or pLKO.1 control cells were sensitized with
IgE and loaded with Fura 2-AM. The cells were then activated with Agat a concentration of 10 ng/ml (left) or 500 ng/ml (right), and increases in calcium response
were monitored by measuring fluorescence ratios. The arrows indicate the time points of Ag addition, and the bars above the curves represent statistically
significant differences between cells with Gal3 KD and pLKO.1 controls. Means * SE are shown (1 = 6). (B) F-actin response. IgE-sensitized BMMCs as in panel
A were activated with Ag (100 ng/ml) for the indicated times. After fixation, the cells were permeabilized and stained for F-actin with AF488-conjugated
phalloidin. The images were acquired by confocal microscopy. Scale bars, 10 wm. (C) Statistical evaluation of F-actin fluorescence in cells, as in panel B; 5 to 20
cells were analyzed in each experiment. Means and SE were calculated from the results of 4 independent experiments. *, P < 0.05.

moderate in several independent experiments and did not result
in significant differences in ubiquitination of FceRI 8 and y sub-
units in these cells compared to cells transduced with empty
pCDH vector (Fig. 6D to F). Interestingly, no significant differ-
ences in tyrosine phosphorylation of 3 and 'y FceRI subunits were
found between BMMCs with Gal3 KD and pLKO.1 control cells
(Fig. 6G and H). CBL, an E3-ubiquitin ligase, is rapidly phosphor-
ylated after Ag stimulation and is involved in FceRI ubiquitination
(37, 38). Therefore, we also investigated whether phosphorylation
of CBL is dependent on the presence of Gal3. As shown in Fig. 6] to
J, similar levels of CBL phosphorylation were found in cells with
Gal3 KD and pLKO.1 controls. Thus, changes in phosphorylation
of CBL do not explain the observed defect in FceRI ubiquitination
in BMMCs with Gal3 KD.

Regulatory role of Gal3 in mast cell adhesion, motility, and
chemotaxis. Gal3 affects cell adhesion, motility, and migration in
various cell types (39, 40). Previous studies have shown adhesion
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of BMMCs to fibronectin (41). Therefore, we investigated
whether Gal3 KD interferes with the adhesion and motility of mast
cells on fibronectin-coated surfaces. We found that Gal3 had no
effect on binding of nonactivated cells to fibronectin-coated sur-
faces (Fig. 7A). However, after Ag activation, cells with Gal3 KD
showed significantly decreased binding to fibronectin compared
to pLKO.1 control cells.

Upon Ag stimulation of mast cells, 31-integrin, a receptor for
fibronectin, adopts an activated conformation with higher affinity
for fibronectin (42). To determine whether defects in adhesion
and motility of BMMCs with Gal3 KD on fibronectin are related
to changes in B1-integrin activation, we tested the levels of acti-
vated Bl-integrin by flow cytometry with antibody against the
9EG7 epitope. Our data show that nonactivated BMMCs with
Gal3 KD expressed almost doubled the levels of activated B1-in-
tegrin compared with control cells (Fig. 7B). After Ag activation,
levels of activated B1-integrin increased in pLKO.1 control cells

May 2016 Volume 36 Number 9



A Control

Gal3 KD

Relative pY intensity
N

1
0
Omin 5min 0min 5 min
Gal3 KD pLKO.1
C Gal3 KD_ _ pLKO.1
Ag (ng/ml): 0 10 100 0 10 100 —— Gal3 KD —3 Gal3 KD
IB: pPLCy1 - #» <4—PLCy1 m— pLKO.1 == pLKO.1
6 20
PLC Y1 s s s s s s €— PLCY1 = *** ¥ ™
3} > 15
- (2]
o4 o
pPSYK . €4 SYK £ T 10
o N
SYK e e 0 o s i € SYK £2 3 &
E =
GRB2 v e v s e o 4— GRB2 g o g 5
100 0 10 100
_Gal3KD _ pLKO.1 Ag (nglml) Ag (ng/ml)
0 10 100 0 10 100
PAKT ~ SHPEED s s € AKT ==\ (Gald KD —— Gal3KD
pLKO.1 = pKO.1
AKT — - e o 4 AKT 8 * *% 10
- —
X
5o & ®
o
ERK -— 26
p ———— - } ERK1/2 T, T
———— - N N
s ® *%
N | ERK172 S E2r1
- =z 0 -4 0
GRB2 " ™= m ww == == 4-GRB2 10 100 0 10 100
Ag (ng/ml) Ag (ng/ml)
D Gal3KD  pLKO.1 i Gal3 KD
Time (min): 0 5 15 0 5 15 X —e— pLKO.1
- < INK2 £ &
IB: pJNK an < NK1 _g'
@ 44
——— - INK2 £
INKT L e e e e €—JINKAT £ 21
GRB2 s s s e s e €—GRB2 go'
0 5 10 15
Time (min)

FIG 4 Earlyactivation events in BMMCs with Gal3 KD. (A) Global tyrosine phosphorylation in BMMCs with Gal3 KD (top) or pLKO.1 controls (bottom). Cells
were sensitized with IgE and either not activated (Control) or Ag activated (Ag) (100 ng/ml) for 5 min. After activation, the cells were fixed, permeabilized, and
stained with anti-IgE, followed by AF568-mouse Ig-specific secondary-antibody conjugate (red) and anti-pY antibody followed by AF488-rabbit Ig-specific
secondary antibody conjugate (green). Bars, 2 wm. (B) Evaluation of differences in pY fluorescence in cells as in panel A. Each dot represents one cell. Means are
indicated by red bars. A statistically significant difference between BMMCs with Gal3 KD and pLKO.1 controls is indicated. (C) Phosphoprotein analysis.
BMMCs with Gal3 KD or pLKO.1 controls were sensitized with IgE and activated with various concentrations of Ag for 5 min. SDS-PAGE-separated whole-cell
lysates were analyzed with various phosphosite-specific antibodies (pPLCy1, pSYK, pAKT, and pERK), as indicated. For loading controls the membranes were
analyzed by immunoblotting with the corresponding protein-specific antibodies. GRB2 is shown as another loading control. (Left) Representative immunoblots
from at least 3 experiments. (Right) Densitometry analysis of the corresponding immunoblots, in which signals from tyrosine-phosphorylated proteins in
activated cells were normalized to the signal in nonactivated pLKO.1 control cells and loading control proteins. Means and SE were calculated from the results
of three independent experiments. The statistical significance of differences between cells with Gal3 KD and pLKO.1 controls is also shown. (D) BMMCs were
processed and analyzed as in panel C, with the modification that cells were activated with Ag (100 ng/ml) for various times. Phosphorylation of JNK1/2 was
determined by immunoblotting with pJNK antibody. For loading controls, the membranes were analyzed by immunoblotting with JNK1- and GRB2-specific
antibodies. Means = SE are shown (n = 3).*, P < 0.05; **, P < 0.01; ***, P < 0.001.
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FIG 5 Gal3-regulated IgE internalization and trafficking to endolysosomes. (A) IgE internalization in BMMCs with Gal3 KD and control pLKO.1 cells. The cells were
sensitized with IgE and activated with various concentrations of Ag (100 ng/ml, 500 ng/ml, or 1 pg/ml). At various time intervals after triggering (0, 5, 15, or 30 min),
surface IgE was removed by acid stripping, and the cells were fixed and permeabilized. IgE levels were quantified with anti-IgE antibody by flow cytometry. Means * SEs
from the results of 3 independent experiments are shown. (B) Representative confocal images of IgE and LAMP1 localization in BMMCs transduced as in panel A (left,
Gal3 KD; right, pLKO.1 controls). The cells were sensitized with IgE and not activated (0 min) or activated with Ag (100 ng/ml) for various times (5, 15, or 30 min), fixed,
permeabilized, and stained with anti-IgE, followed by AF568 —-mouse Ig-specific secondary antibody conjugate (red) and anti-LAMP1-specific antibody and then by
AF488-secondary antibody conjugate (green). Bars, 5 wm. (C) Quantitative analysis of IgE distribution in nonactivated (0 min) and Ag-activated (30 min) cells from
experiments, as in panel B. IgE fluorescence was analyzed as described in Materials and Methods and plotted as a percentage of cytoplasmic IgE. Each point represents
one cell from 2 independent experiments; the red bars represent the means. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

but remained unchanged in BMMCs with Gal3 KD. One explana- KD expressed significantly larger amounts of 31-integrin on the
tion of these findings could be deregulated B1-integrin internal-  plasma membrane and, when activated with Ag, 3 1-integrin rap-
ization in the absence of Gal3. Therefore, we examined total 31-  idly internalized to a greater extent in BMMCs with Gal3 KD than
integrin on the cell surface. We found that BMMCs with Gal3  in control pLKO.1 cells (Fig. 7C).
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FIG 6 Gal3 promotes ubiquitination of FceRI  and vy subunits without affecting phosphorylation of FceRI and CBL. (A to C) BMMCs with Gal3 KD or pLKO.1
controls were sensitized with IgE and activated with Ag (100 ng/ml) for the indicated times. (A) IgE-FceRI complexes were immunoprecipitated with IgE-specific
polyclonal antiserum. Immunoprecipitates (IPs) were size separated by SDS-PAGE, and ubiquitination was determined by IB with an antibody specific for
ubiquitinated proteins (Ub). The positions of molecular weight standards and the FceRI B and vy subunits are indicated on the left and right, respectively. (B and
C) Quantification of FceRI B (B) and -y (C) subunit ubiquitination from data in panel A. Densitometry data for the subunit ubiquitination were normalized to
the number of B subunits used as loading controls and nonactivated pLKO.1 controls. (D to F) BMMCs were transduced with mGal3-Myc or empty pCDH
vector, puromycin-resistant cells were selected, and FceRI subunit ubiquitination was analyzed as in panel A. Expression of Gal3 (endogenous and exogenous)
and mGal3-Myc was detected with anti-Gal3 and anti-Myc antibodies, respectively. GRB2 was also analyzed as another loading control. (E and F) Quantification
of FceRI B (E) and vy (F) subunit ubiquitination from data in panel D was performed as described above, except that densitometry data were normalized to
nonactivated empty pCDH controls. (G and H) The FceRI IPs were obtained as in panel A, and samples were analyzed for tyrosine phosphorylation of the FceRI
8 and vy subunits with the phosphotyrosine-specific antibody PY-20—HRP (pY). Quantification of the subunit phosphorylation was performed by densitometry
of the blots as in panel G, and data were normalized to the number of FceRI B subunits and pLKO.1 controls. (I and J) Phosphorylation of CBL in BMMCs with
Gal3 KD or pLKO.1I controls. Cells were activated as in panel A, and whole-cell lysates were size separated by SDS-PAGE and analyzed by immunoblotting with
pCBL-specific antibody; because of poor performance of anti-CBL, GRB2 was used as a loading control (I). Quantification of pCBL was performed by
densitometry of the blots as in panel I, and data were normalized to the amount of GRB2 and nonactivated pLKO.1 controls. (B, C, E, F, H, and J) Means = SE
calculated from the results of at least 3 independent experiments. ¥, P < 0.05; **, P < 0.01.
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FIG 7 Involvement of Gal3 in BMMC motility, adhesion, and chemotaxis. (A) Cell adhesion to fibronectin-coated surfaces was analyzed in BMMCs with Gal3
KD or pLKO.1I controls. The cells were sensitized with IgE, loaded with calcein, and left to attach to a fibronectin-coated surface for 30 min. After activation with
Ag (100 ng/ml) or PGE, (100 nM) for 30 min, the fraction of attached cells was determined. Means and SE are shown (n = 5). (B) Activation of B1-integrin in
cells sensitized with IgE and, after washing, activated with Ag (100 ng/ml) or PGE, (100 nM) for 3 min. Surface expression of activated B1-integrin was
determined with an antibody specific for the open conformation of B1-integrin and by flow cytometry. Means and SE are shown (n = 7). (C) Detection of total
surface B1-integrin in cells sensitized with IgE and activated with Ag (100 ng/ml) or PGE, (100 nM) for 3 min. Surface expression of B1-integrin was determined
by flow cytometry. Means and SE are shown (n = 7). (D) Motility was evaluated in cells attached to a fibronectin-coated surface for 15 min and activated with
PGE, (100 nM). Cell movement was recorded at 1-min intervals. Representative cell trajectories over 30 min are indicated in colors. Bars, 50 pm. (E)
Quantification of average velocity in relative units (pixels per min) in cells analyzed as in panel B. Each point represents one cell; the data are from two
independent experiments; the red bars represent means. (F and G) Migration of IgE-sensitized BMMCs with Gal3 KD or pLKO.1 controls toward Ag (100 ng/ml)
(F) or PGE, (100 nM) (G). (H) Migration of nonsensitized BMMCs with Gal3 KD or pLKO.1 control toward supernatants obtained from IgE-sensitized BMMCs
with Gal3 KD or pLKO.1 controls activated for 6 h with Ag (TNP-BSA; 100 ng/ml) or without Ag (Control). Means and SE are shown (n = 3).*, P < 0.05; **,
P <0.01;***, P <0.001.

To examine motility, we activated the cells with PGE,, a potent ~ Trajectories of BMMCs with Gal3 KD showed impaired motility
inducer of mast cell migration (43). Figure 7D shows representa- ~ compared with control cells. When quantified, the differences
tive trajectories of PGE,-activated BMMCs with Gal3 KD or  were significant (Fig. 7E).
control cells recorded in 1-min intervals for a total of 30 min. Next we examined whether Gal3 is involved in fibronectin-
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independent chemotaxis toward Agand PGE,. As shown in Fig. 7F
and G, BMMCs with Gal3 KD showed significantly increased mi-
gration toward Ag and PGE,, respectively, compared with their
control counterparts. In the absence of chemoattractants, no dif-
ferences in migration were observed between the two cell types. To
find out how the production of cytokines and chemokines by ac-
tivated BMMCs accounts for migration of BMMCs with Gal3 KD
toward Ag, we let the cells migrate toward supernatants from Ag-
activated BMMCs with normal Gal3 expression or with Gal3 KD
(Fig. 7H). We recorded increased migration of BMMCs toward
supernatants from both nonactivated and Ag-activated cells with
Gal3 KD. The combined data suggest that Gal3 is involved in
stabilizing 31 -integrin on the plasma membranes of mast cells and
facilitates proper cell adhesion and motility on fibronectin. On
the other hand, Gal3 inhibits fibronectin-independent cell che-
motaxis toward Ag, in part by regulating the release of chemoat-
tractants from mast cell products.

DISCUSSION

In this study, we utilized RNAi screening to gain new insights into
FceRI signaling in mast cells. We focused on genes with unknown
or poorly understood functions in mast cell activation. Based on
the screen, we identified several potential negative and positive
regulators of mast cell degranulation and focused on understand-
ing the regulatory mechanism of one of them, Gal3.

RNAI1 screening in differentiated immune cells has historically
been complicated by difficulties with transfection. To overcome
this problem, we established a screening protocol based on lenti-
viral shRNA delivery. We used BMMCL, a mouse mast cell line
that preserved a high growth rate following lentiviral transduction
and exhibited stable expression of mast cell surface receptors, in-
cluding FceRI and KIT (data not shown). Among several func-
tional assays that we examined, we chose Ag-induced degranula-
tion for its robustness and specificity. The performance of the
assay is considered acceptable for screening by high-throughput
standards, with a Z' factor of 0.37; Z' factors of cell-based RNAI
screens are generally lower than the optimal values 0f 0.5 to 1 (30).
To improve evaluation of the results, we included a control-based
Z-normalization step to compare degranulation assays whose
magnitudes showed inherent variation between experiments. An-
other crucial step in data analysis was proper quality control fil-
tering of technical replicates. The major indicator of per plate data
quality was the inhibition of degranulation induced by positive-
control shRNA targeting SYK. Following shRNA transductions,
among 144 genes, we identified 15 candidates that showed repro-
ducibility and consistency across screen runs. To our knowledge,
none of these genes except Plscrl and Lgals3 have been studied in
mast cells yet. Plscr] was shown to play a role in degranulation of
arat basophilic leukemia cell line (44), and Lgals3 was found to be
a positive regulator of mast cell degranulation in studies with BM-
MCs from mice with Gal3 knockout (see below). In further anal-
ysis, we focused on Lgals3, encoding Gal3, which showed strong
effects on degranulation by scoring with all three shRNAs used in
the screen. The inhibitory effect of Gal3 was confirmed in primary
BMMCs.

Gal3 belongs to the family of galectins, animal lectins that bind
B-galactosides and have a unique structure containing a highly
conserved C-terminal carbohydrate recognition domain and a
proline-rich N-terminal sequence. The N-terminal sequence fa-
cilitates oligomerization of Gal3 up to pentamers and can be fur-
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ther organized into complex structures called lattices (45, 46).
Gal3 plays various roles in immune processes during parasitic
infections and allergic inflammation, affecting cytokine produc-
tion, participating in recruitment of immune cells to inflamma-
tory sites, and regulating Th2 responses (47-50). Gal3 was origi-
nally identified as an IgE-binding protein (51) and has been
studied in several cell types, including BMMCs (31, 52). Here, we
show that Gal3 is a negative regulator of FceRI-induced cell de-
granulation at a wide range of Ag concentrations. The fact that
most profound differences in degranulation were observed when
the cells were activated with low doses of Ag suggests that Gal3
participates in setting the FceRI activation threshold.

Previous studies showed decreased degranulation and pro-
duction of IL-4 upon Ag stimulation of BMMCs derived from
C57BL/6 mice with Gal3 KO. However, Gal3-deficient cells
showed normal tyrosine phosphorylation of LYN, SYK, PLCy1, and
LAT1 (31), suggesting that Gal3 has no effect on early activation
events after FceRI triggering. In contrast, in our study, we found en-
hanced tyrosine phosphorylation of SYK, PLCyl, INK, and AKT but
not FceRI B and -y subunits. This indicates that Gal3 in BMMCs with
Gal3 KD interferes with events immediately after tyrosine phosphor-
ylation of the FceRI subunits, and this leads to enhanced degranula-
tion and calcium response. The observed discrepancy could not be
explained simply by the genetic background of BMMCs used in this
study (BALB/c) and the previous study with Gal3 KO cells, because
we found enhanced degranulation in BMMCs with Gal3 KD derived
from both BALB/c and C57BL/6 mice (our unpublished data). How-
ever, the observed discrepancy could be explained by the use of dif-
ferent methodologies of gene ablation, KO versus KD (53). During
development, gene ablation can be compensated for by genetic mech-
anisms that are in many cases poorly understood (21, 54, 55). Previ-
ous studies in mice with Gal3 KO showed involvement of Gal3 in
regulating cell differentiation and morphogenesis, which could con-
tribute, among other things, to changes in mast cell physiology (49,
56). Inducible and conditional i1 vivo gene targeting of Gal3 in mast
cells will be required to understand the basis of the different results
obtained with BMMCs with Gal3 KO or KD. Moreover, differences
in the methodology of BMMC derivation from bone marrow and in
culture conditions may also significantly contribute to different mast
cell phenotype alterations (57).

It has been suggested that Gal3 prolongs receptor signaling by
restricting receptor movement within the membrane and by de-
laying its removal by constitutive endocytosis (58). Internaliza-
tion of FceRl, as well as some sphingolipids, is triggered by their
extensive cross-linking and immobilization (59, 60). Recently,
Gal3 was identified as a driver of endocytosis of clathrin-indepen-
dent carriers, including glycosphingolipids and integrins (61).
Based on our data, we propose that Gal3 facilitates FceRI internal-
ization. Our data suggest that aberrant trafficking of aggregated
FceRI in cells with Gal3 KD is accompanied by enhanced FceRI-
mediated signaling. Consistent with these findings, it has been
shown that intracellular-trafficking pathways of plasma mem-
brane receptors can determine the outcome of receptor signaling
(62—64). In this connection it should be noted that we observed
enhanced F-actin depolymerization in FceRI-activated BMMCs
with Gal3 KD compared to controls. This indicates that Gal3 is a
positive regulator of actin polymerization, and this finding could
explain enhanced degranulation in cells with Gal3 KD because
F-actin is a negative regulator of FceRI-mediated degranulation
(65, 66).
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Receptor ubiquitination modulates its internalization and
sorting for degradation (67). In LAMP1-positive compartments,
IgE-FceRI complexes are committed for degradation, or in some
cases, recycling of IgE to the cell surface can occur (68, 69). Our
data show that Gal3 is one of the regulators participating in proper
sorting of the aggregated FceRI to LAMPI-positive compart-
ments. We note that Gal3 is not likely to affect the rate of IgE
degradation at early stages of activation (up to 15 min), since the
same levels of FceRI were obtained by immunoprecipitation ex-
periments. Furthermore, we found that Gal3 does not affect FceRI
ITAM phosphorylation. This is consistent with a finding that
phosphorylation of FceRI ITTAMs is dispensable for receptor ubiq-
uitination (70). We propose that Gal3 promotes ubiquitination of
FceRI and in this way contributes to downregulation of some of
the downstream FceRI-mediated signaling pathways. Previous
studies have shown that overexpression of CBL ubiquitin ligase in
mast cells inhibits Ag-mediated signaling (71). We analyzed CBL
tyrosine residue 700, which is phosphorylated by SRC family ki-
nases and SYK (72), and found that FceRI ubiquitination pro-
moted by Gal3 did not require enhanced CBL phosphorylation at
this site. We cannot exclude the possibility that Gal3 affects phos-
phorylation of other sites on CBL or accessibility of CBL to FceRI
signalosomes or other components of the CBL interactome, such
as SHIP or CIN85 (73). How exactly Gal3 regulates ubiquitination
of FceRI remains to be elucidated.

Gal3 functions are mainly attributed to its glycan binding ac-
tivity (46, 61, 74). However, we did not observe any effect of lac-
tose, an inhibitor of Gal3 lectin binding, on BMMC degranulation
and adhesion to fibronectin (data not shown). Similarly, the effect
of Gal3 KD was not reversed by treatment of the cells with recom-
binant Gal3. This suggests that Gal3 functions in mast cells, as
documented in this work, by its intracellular interactions, which
are not mediated by its lectin binding activity or are not accessible
to externally added lactose. In this regard, it should be noted that
Gal3 has been shown to interact with several nonglycosylated mol-
ecules through protein-protein interactions (75, 76).

We have also demonstrated that Gal3 is involved in regulating
surface expression and internalization of B 1-integrin in BMMCs.
Our data show that Gal3 participates in regulation of the level of
B1-integrin on the cell surface in resting cells and stabilizes the
B1-integrin on the surface upon Ag activation. Similarly, Gal3 was
shown to interact with B1-integrin and drive its internalization
(61, 77). Rapid displacement of B1-integrin from the cell surface
observed after Ag activation of BMMCs with Gal3 KD can lead
to inefficient interactions between the plasma membrane and
fibronectin-coated surfaces. The motility of the cells upon PGE,
stimulation could be affected by Gal3 at the level of Bl-integrin
activation, as B 1-integrin was not internalized upon PGE,, but its
activation was affected by the expression level of Gal3. These de-
fects were specific to fibronectin-mediated events, since the gen-
eral ability of BMMCs with Gal3 KD to migrate toward chemoat-
tractants was increased. It is possible that enhanced production of
cytokines and PGD, observed in cells with Gal3 KD acts by auto-
crine mechanisms on enhanced chemotaxis toward Ag, as has
been described previously (78). The upregulated migration of
mast cells toward supernatants from activated BMMCs with Gal3
KD confirms the contribution of mast cell-produced chemoat-
tractants. However, since PGE; alone is not known to trigger mast
cell degranulation or cytokine production (79), the upregulated
migration of the cells with Gal3 KD toward PGE, suggests involve-
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ment of other mechanisms. This conclusion is supported by ele-
vated phosphorylation of AKT and ERK in nonactivated cells with
Gal3 KD.

In conclusion, our data obtained in shRNA-based RNAi
screening in activated mast cells allowed us to identity several
potential new regulators of FceRI-mediated mast cell degranula-
tion. Detailed analysis of one of them, Gal3, showed that Gal3 in
Ag-activated mast cells is involved in regulation of F-actin depo-
lymerization, surface FceRI internalization, and tratficking, and
through these activities could affect a variety of mast cell signaling
pathways.
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