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Nonredundant Roles of Src-Family Kinases and Syk in the
Initiation of B-Cell Antigen Receptor Signaling

Ondrej Stepanek, Peter Draber, Ales Drobek, Vaclav Horejsi, and Tomas Brdicka

When a BCR on a mature B cell is engaged by its ligand, the cell becomes activated, and the Ab-mediated immune response can be
triggered. The initiation of BCR signaling is orchestrated by kinases of the Src and Syk families. However, the proximal BCR-
induced phosphorylation remains incompletely understood. According to a model of sequential activation of kinases, Syk acts
downstream of Src family kinases (SFKs). In addition, signaling independent of SFKs and initiated by Syk has been proposed.
Both hypotheses lack sufficient evidence from relevant B cell models, mainly because of the redundancy of Src family members
and the importance of BCR signaling for B cell development. We addressed this issue by analyzing controlled BCR triggering ex
vivo on primary murine B cells and on murine and chicken B cell lines. Chemical and Csk-based genetic inhibitor treatments
revealed that SFKs are required for signal initiation and Syk activation. In addition, ligand and anti-BCR Ab-induced signaling
differ in their sensitivity to the inhibition of SFKs. The Journal of Immunology, 2013, 190: 1807-1818.

tyrosine phosphorylation catalyzed by kinases of the Src

and Syk families. Src family kinases (SFKs) are cytoplas-
mic proteins that are associated with the plasma membrane via lipid
anchors at their N termini (1, 2). At least five family members (Lyn,
Blk, Fyn, Fgr, and Yes) are expressed in B cells (3). The main
mechanism underlying the regulation of SFK activity depends on the
phosphorylation of two key tyrosine residues. Phosphorylation of the
C-terminal tyrosine (Y527 for chicken Src) is mediated by Csk and
counteracted by phosphatases CD45 and CD148 in lymphocytes.
This phosphorylation induces a closed conformation and inhibition of
the kinase (4-7). In contrast, trans-autophosphorylation of the acti-
vation loop tyrosine (Y416 for chicken Src) is crucial for full kinase
activity (8-10).

Syk and ZAP70 are the only members of the Syk kinase fam-
ily. The recruitment of these kinases to the plasma membrane is
mediated by the binding of their tandem SH2 domains to phos-
phorylated ITAMs in the immunoreceptor-associated chains (11—
13). Activation of Syk is achieved via binding to phosphorylated
ITAM and/or by phosphorylation of tyrosine residues in the in-
terdomain B between the C-terminal SH2 domain and the kinase
domain (e.g., Y346 for murine Syk) (14-16). These tyrosines
seem to be phosphorylated mainly by SFKs, although autophos-
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phorylation of these sites has also been observed under various
conditions (14, 17, 18). Similar to SFKs, Syk family kinases
contain (auto)phosphorylation sites in the activation loop (Y519/
Y520 for murine Syk) (17). Their phosphorylation is critical for
Syk-mediated signal transduction, although the exact mechanism
remains a matter of debate (19-22).

Engagement of the BCR by Ag leads to the phosphorylation of
ITAM in the BCR-associated Iga- and IgB-chains (23). According
to the original model of immunoreceptor signaling, this initial
ITAM phosphorylation is mediated by SFKs and is a prerequi-
site for Syk family kinase recruitment and activation (24). In
the analogous situation of TCR, this model is well supported by
the existing data (25-27). In B cells, the critical role of BCR-
associated ITAMs has also been demonstrated (28). However, the
presumption of an essential role of SFKs in the catalysis of ITAM
phosphorylation has been challenged by unexpected findings in
animals deficient in several SFK members. Mice deficient in Lyn,
a predominant SFK in B cells, did not display the predicted inhi-
bition of BCR signaling. Rather, Lyn '~ mice exhibited enhanced
B cell activation in response to BCR stimulation and developed
an autoimmune syndrome, most likely because of hypophosphor-
ylation of inhibitory receptors (29-31). The dispensability of Lyn
in BCR signaling was initially explained by compensation by other
SFK family members, mainly Fyn and Blk (32). Indeed, Lyn/Fyn/
Blk triple-deficient mice displayed profound block in B cell de-
velopment that was not observed in Lyn '~ mice. However, the
triple-deficient mice did not exhibit any defect in anti-Ig3 Ab-—
induced BCR-like proximal signaling at the pro-B stage (33).
These data suggest that SFKs are not essential for the initiation of
BCR signaling and support the hypothesis of SFK-independent
phosphorylation of Iga and Igf3.

In contrast, the ability of Lyn to positively regulate BCR sig-
naling was demonstrated in mice expressing a constitutively active
Lyn mutant, which led to the hyperactivation of important signal-
ing molecules, including Syk (34). A positive role of SFKs in prox-
imal BCR signaling was also revealed in CD45/CD148 double-
deficient mice (4) and in Lyn-deficient DT40 chicken B cell
lymphoma cells (35), which both exhibited a delayed and weak-
ened BCR response. However, neither of these models confirmed
the absolute requirement for SFK activity in BCR signaling, as the
signaling was far from completely blocked. In addition, the in-
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completely inhibited BCR signaling in Lyn '~ DT40 cells, which
are believed to express no other SFKs, was another important line
of evidence supporting the existence of SFK-independent BCR
signaling (32, 35, 36).

The putative SFK-independent BCR signaling is often explained
by the ability of Syk to phosphorylate BCR-associated ITAMs (16,
37, 38). Indeed, Syk was reported to phosphorylate both ITAM
tyrosines in Iga when coexpressed in the insect cell line S2 (15),
and Syk, but not its T cell paralogue ZAP70, was reported to
phosphorylate ITAMs in vitro and in COS cells (14, 39). Moreover,
ectopic expression of Syk was able to rescue TCR signaling in the
J.CaM1.6 T cell line, which is deficient in SFK Lck (40).

The existence of SFK-independent BCR signaling and the ability
of Syk to phosphorylate BCR-associated ITAMs are broadly ac-
cepted (11, 16, 37, 38), although several important related issues
have been poorly addressed so far, including the relationship be-
tween SFK-dependent and -independent signaling, SFK/Syk in-
terplay, and the overall role of SFKs as both positive and negative
regulators in the proximal steps of BCR signaling. Another im-
portant problem is that most of the evidence supporting the model
of Syk-mediated ITAM phosphorylation is based on in vitro anal-
yses and overexpression studies in cells of non—-B-lymphoid or-
igin. One of the reasons for the apparent neglect of these questions
may be the lack of a suitable B cell model of SFK deficiency
arising from the redundancy of multiple Src family members in
B cells and their requirement for B cell development.

In this study, we used a number of novel tools including phospho-
specific Abs and chemical- and protein-based inhibitors of SFKs
and Syk to revisit this issue. Our results show that SFKs are in-
dispensable for BCR signaling triggered by Ag. In contrast, we
could not find any evidence for Syk-mediated ITAM phosphory-
lation in B cell lines and primary B cells. This brought us to the
conclusion that for BCR signaling, the model of sequential acti-
vation of Src and Syk family kinases is also fully valid.

Materials and Methods

Abs and reagents

Abs to the following Ags were used: phospho-Erk (T202/Y204, amino acid
numbers correspond to mouse proteins, if not indicated), phospho-Iga
(Y182), phospho-Syk (Y346), phospho-Syk (Y519/520), phospho-Src
family (chicken Y416), phospho-Src family (clone D49G4, chicken
Y416), phospho-Lyn (Y507), phospho-Akt (S473), phospho-Src (chicken
Y527), non—phospho-Src (chicken Y527), Lyn (all rabbit from Cell Sig-
naling Technology, Danvers, MA,), phospho-SLP65 (Y84) (BD Pharmin-
gen, BD Biosciences, San Jose, CA), GAPDH (rabbit; Sigma-Aldrich, St.
Louis, MO), c-Src (rabbit, N-16; Santa Cruz Biotechnology, Santa Cruz,
CA), CD3-PE (Exbio Praha, Vestec, Czech Republic), CD11b-FITC,
Thy1.1-FITC (both eBiosciences, San Diego, CA), Ig k L chain-FITC
(AbD Serotec, Kidlington, U.K.), CD69-allophycocyanin, Ig N L chain-
allophycocyanin (both BioLegend, San Diego, CA), IgM-Pacific Blue
(clone B76; conjugated in-house; American Type Culture Collection,
Manassas, VA), B220-Dy649 (clone RA3-6B2; conjugated in-house; obtained
from Dr. R. Coffman, DNAX Research Institute, Palo Alto, CA), B220-Pacific
Blue (clone RA3-6B2, conjugated in-house). The following secondary Abs
were used: goat anti-rabbit-Dy649 (Jackson Immuno-Research, West Grove,
PA), goat anti-mouse—Alexa Fluor 488 (Invitrogen, Carlsbad, CA), goat anti-
mouse-HRP IgG specific (Sigma-Aldrich), and goat anti-rabbit-HRP (Bio-
Rad, Hercules, CA).

The following reagents were used for cell stimulation: anti-CD3 Ab
(hamster IgG1 145-2C11; Exbio Praha), goat anti-Armenian hamster IgG,
goat anti-mouse IgM F(ab),, goat anti-chicken IgY F(ab), Abs (all from
Jackson ImmunoResearch), 4-hydroxy-3-nitrophenylacetyl (NP) conju-
gated to BSA at molecular ratio 25:1 (NP,5-BSA) and 5:1 (NPs-BSA), 4-
hydroxy-3-iodo-5-nitrophenylacetyl (NIP) conjugated to BSA at molecular
ratio 25:1 (NIP,5-BSA), and NP conjugated to Ficoll at molecular ratio
40:1 (NP4o-Ficoll) (all from Biosearch Technologies, Novato, CA). The
following cell inhibitors were used: PP2, Syk inhibitor IV-BAY 61-3606
(both from Calbiochem, Merck, Darmstadt, Germany), and piceatannol
(Sigma-Aldrich).

Src FAMILY KINASES ARE REQUIRED FOR BCR SIGNALING

Cell lines and primary cells

All of the cell lines were cultured in the indicated media supplemented with
10% FBS, 2 mM glutamine, 20 pg/ml gentamicin, 50 pwg/ml streptomycin,
and 10* U/ml penicillin at 37°C in 5% CO,. The K46-pMN cells (obtained
from Dr. J. Cambier, National Jewish Medical Research Center, Denver,
CO) were cultivated in IMDM. The Phoenix Eco (Origene, Rockville,
MD) cells were cultivated in DMEM. The DT40 cells (obtained from Dr.
A. Weiss, University of California, San Francisco, San Francisco, CA, with
kind permission from Dr. T. Kurosaki, RIKEN Research Center for Allergy
and Immunology, Yokohama, Japan) were cultivated in RPMI supple-
mented with 1% chicken serum.

Murine spleens were collected from healthy C57BL/6j mice (Institute of
Molecular Genetics Animal Facility), B1-8i*/* transgenic mice (41) (The
Jackson Laboratory, Bar Harbor, ME), or B1-8i*/™ heterozygotes. The B1-
8i™* and B1-8i " were phenotypically identical and used interchangeably.
A single-cell splenocyte suspension was prepared, and erythrocyte lysis
was performed in ACK buffer (150 mM NH,CI, 0.1 mM EDTA [disodium
salt], 1 mM KHCOs3). Splenic B cells were isolated from the whole-spleen
suspension by negative selection using anti-CD43 and anti-CD11b mag-
netic beads on an AutoMACS magnetic cell sorter (Miltenyi Biotec,
Bergisch Gladbach, Germany), and the purity (>95%) was determined by
flow cytometry. Lambda L chain—positive B cells were isolated from the
whole-spleen suspension as B220%/Ig\™ double-positive cells using a BD
Influx (BD Biosciences). The experiments were approved by the Institu-
tional Review Board and Animal Care and Use Committee of the Institute
of Molecular Genetics.

DNA transfection and transduction

LAT-Csk-mOrange, LAT-FRB-IRES-Thy1.1, and Csk-FKBP-mOrange in
the MSCV vector were described previously (42). Lipofectamine 2000
reagent (Invitrogen) was used according to the manufacturer’s instructions
for the transfection of Phoenix Eco cells to produce viral particles.
Retrovirus-containing supernatants were then harvested, supplemented
with Polybrene (10 pg/ml; Sigma-Aldrich), and added to the cells. The
cells were then centrifuged at 1250 X g for 90 min. Infected K46 cells
were sorted by a BD Influx FACS (BD Biosciences).

B220*/Ig\* splenocytes from B1-8i** or B1-8i*~ mice were cultivated
for 3 d in IMDM supplemented with LPS (1 pg/ml), IL-4 (50 ng/ml), and
anti-BCR Ab (anti-BCR; 5 pg/ml) before the infection. After the infection,
the cells were cultivated in IMDM supplemented with LPS and IL-4 for
2 d and used in experiments.

Cell activation

For Western blotting, the cells were washed and resuspended in serum-
free IMDM at a concentration of 25-50 X 10° cells/ml. In some
experiments, the indicated inhibitors were added 5-15 min before acti-
vation. Subsequently, the cells were stimulated as indicated at 37°C. The
activation of cells was stopped by addition of an equal volume of 2X
concentrated SDS-PAGE sample buffer, followed by heating of the
samples (94°C for 3 min) and sonication. The samples were analyzed by
SDS-PAGE followed by Western blotting. For pervanadate-induced ac-
tivation, the cells (5 X 107 cells/ml) were incubated with 1 mM perva-
nadate for 20 min.

For flow cytometry, splenocytes were harvested and resuspended in
IMDM/10% FBS and prewarmed for 10 min at 37°C with the indicated
inhibitor, if applicable. Cells were stimulated as indicated, and the acti-
vation was stopped by fixation in 2% paraformaldehyde (Thermo Fisher
Scientific, Waltham, MA).

If not indicated otherwise, we used the following doses of activators: 10
pg/ml anti-BCR Ab, 1 pg/ml NP-BSA, 1 pg/ml NP-Ficoll.

Flow cytometry

For calcium measurement, the cells were loaded with 5 wM Fura Red dye
(Invitrogen) in serum-free IMDM at 37°C for 30 min. Subsequently, the
cells were labeled with the indicated Abs in PBS with 1% BSA and 10%
goat serum on ice for 20 min. The cells were prewarmed for 5 min at 37°C
and incubated with the indicated inhibitors, if applicable, before the
measurement. The relative intracellular calcium concentration was mea-
sured as a ratio of the Fura Red (43) fluorescence intensities elicited by
excitation wavelengths of 405 nm (detection at 635-720 nm) and 488 nm
(detection at 655-695) nm). The cells were stimulated as indicated 30 s
after the measurement began. Before specific marker-dependent gating,
splenic lymphocytes were gated based on their forward scatter versus side
scatter properties. The median relative calcium influx is shown.
Intracellular staining was performed on cells fixed in 2% paraformal-
dehyde at room temperature and permeabilized in 90% methanol on ice.

£T0Z ‘g Jaqwiadag Uuo YOSV ABojoisAyd Jo axmmnsu| e /610 jounwiwil:mmmy;:dny woly papeojumoq



The Journal of Immunology

The cells were stained with the indicated Abs in PBS/15% goat serum at
room temperature for 45 min. Data were collected using a BD LSRII flow
cytometer (BD Biosciences) and analyzed using FlowJo software (Tree
Star, San Carlos, CA). For the calcium response analysis, FlowJo’s Kinetic
platform was used. The resulting curves were smoothened using the
Moving Average function of the software (displayed value for each time
point is the result of averaging three measured values, including this time
point and its neighbors).

Quantitative RT-PCR

RNA was isolated using an RNeasy Mini kit (Qiagen GmbH, Hilden,
Germany). Reverse transcription was performed with RevertAid reverse
transcriptase (Fermentas; Thermo Fisher Scientific) using anchored oligo
(dT)20 primers. Quantitative PCR was performed using a LightCycler
480 SYBR Green I Master chemistry (Roche Applied Science, India-
napolis, IN) in triplicates with following primers (5’ to 3"): FYN-forward,
TCCTCTCATACAGGGACGCT, FYN-reverse, CCAGTCTCCTTCCG-
AGCTGT; LYN-forward, AAATTGAAAGTTATTGAGGAGCTGG, LYN-
reverse, GAGCCAGGAGTTGCCTTTCA, YES-forward, AGCAGCATT-
GTATGGTCGGT, YES-reverse, TTCCCGATTCACCATTCCTGG; YRK-
forward, GTGCCCTACCCAGGGATGAA, YRK-reverse, CAGCACT-
GCACCATCACATC; HCK-forward, AGAGAAGATGCAGTTAGGCCG,
HCK-reverse, TCTGTGTTCATCATGTTGCTTGC; LCK-forward, CAG-
CACGAGAAGGGGCTAAA, LCK-reverse, TCCGGCCGTAGGTAAC-
AATC; SRC-forward, CACCGTCACGTCGCCTCAG, SRC-reverse,
CAGTCACCTTCCGTGTTGTTGA; BLK-forward, TTGCTGGTGGCA-
TTACCATTG, BLK-reverse, AGCTCCAGATCACGGTCACT; ACTB-
forward, CCATGGATGATGATATTGCTGCG, ACTB-reverse, AACCAT-
CACACCCTGATGTCTG. Efficiencies of the primers, determined by se-
rial dilution method, were within the range of 92—-100% and were included
in the calculations of relative mRNA levels.

Statistics
For the calculation of statistical significance, a two-tailed Student 7 test

(unequal variance) was used. All of the presented data are representative of
at least three independent experiments.

Results

Inhibition of SFKs delays but does not abolish the BCR
signaling

The primary focus of this study was the role of SFKs and Syk in the
initiation of BCR signaling. Because several reports supported the
concept of SFK-independent BCR signaling and/or the ability of
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Syk to initiate the BCR transduction cascade by phosphorylating
ITAMs in Iga/IgB, we evaluated the effects of the SFK inhibitor PP2
(44) on BCR signaling in splenic B cells and on TCR signaling in
splenic T cells. We cross-linked the BCR or TCR complexes using an
anti-IgM F(ab), polyclonal Ab (anti-BCR Ab, anti-BCR) or hamster
anti-CD3 Ab in combination with an anti-hamster Ab (anti-TCR),
respectively. Whereas 5 wM PP2 was able to completely inhibit
calcium influx after TCR stimulation, the BCR-induced calcium re-
sponse was delayed but not diminished (Fig. 1A, gating strategy in
Supplemental Fig. 1A). Interestingly, after 5 wM PP2 treatment,
phosphorylation of the SFK activation loop tyrosine in T cells was
higher than that in B cells, suggesting higher residual SFK activity in
T lymphocytes (Supplemental Fig. 1B). An increase in PP2 con-
centration to 20 wM further delayed the calcium influx but again did
not diminish the amplitude at later time points (Fig. 1B). In contrast,
the inhibition of Syk using Syk inhibitor IV (45) did not delay the
initiation of calcium response; rather, it reduced the amplitude during
the entire monitored period in a concentration-dependent manner
(Fig. 1C). Similar effects were observed after the inhibition of Syk by
piceatannol (Supplemental Fig. 1C). BCR-induced phosphorylation
of Iga and Syk, as well as the downstream signaling protein Erk, was
delayed in the presence of PP2 in a manner similar to that of the
delay in the calcium response (Fig. 1D).

The relative resistance of BCR signaling to the inhibition of
SFKs and the differential effects of SFK and Syk inhibitors on BCR
signaling could be explained by two hypotheses. Either the SFK in-
hibition was incomplete and the residual SFK activity was suffi-
cient to initiate BCR signaling, or there is an alternative mechanism
for BCR activation that is independent of SFKs. To analyze the SFK
activity in PP2-treated cells, we reprobed the membranes from Fig.
1D with an Ab targeting the activation loop phosphotyrosine in
the kinase domain. Although this tyrosine was substantially hypo-
phosphorylated in the presence of PP2 in resting cells, after BCR
triggering, it became markedly phosphorylated with a delay similar
to that of the other examined proteins (Fig. 1E). These results sug-
gest that the residual SFK activity may be responsible for the ini-
tiation of the observed signaling events in the presence of PP2.
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FIGURE 1. Inhibition of SFKs delays BCR signaling. (A) Mouse splenocytes were stained for CD19 and CD11b or for CD3 and CD11b, and treated or
not with 5 wM PP2. T cells were stained with saturating concentration of anti-CD3 hamster Ab on ice before activation by the anti-hamster secondary Ab
(10 or 50 pg/ml) and gated as CD19 /CD11b ™ cells. B cells were activated by anti-BCR (10 or 50 pg/ml) and gated as CD3 /CDI11b " cells. The calcium
influx was monitored. See Supplemental Fig. 1A for analysis of the gating strategy. (B and C) Mouse splenocytes were stained for CD3 and CD11b,
activated by anti-BCR in the presence of the indicated concentration of PP2 or Syk inhibitor IV, and the calcium influx was monitored. B cells were gated as
CD3 /CDI11b . (D) Western blot analysis of lysates from splenic B cells activated by anti-BCR in the indicated concentration of PP2. Samples were
collected at the indicated time points after activation, and phosphorylation of Syk, Erk, and Iga was determined by Western blotting. (E) The membranes

from (D) were reprobed with an Ab to SFK pY416.
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Inhibition of SFKs blocks BCR signaling induced by a BCR
ligand

Although BCR cross-linking via a specific Ab is widely used to
mimic the BCR engagement by its ligand, such cross-linking could
potentially induce effects that do not occur upon physiological
BCR triggering. To analyze the effects of SFK inhibition on ligand-
induced BCR signaling, we used the B cell lymphoma cell line
K46-pMA (here referred to as K46 wild type [WT]), which ex-
presses transgenic BCR (B1-8) specific for NP (46). NP-conjugated
BSA (NP,5-BSA) induced a rapid calcium influx, but the increase
was more transient than the anti-BCR—triggered response (Fig.
2A). In agreement with our data from primary B cells, anti-BCR—
induced signaling was only delayed by the inhibition of SFKs in
K46 cells. Surprisingly, the NP,s-BSA—mediated response was
substantially reduced by 5 uM PP2, and 20 pM PP2 was able to
inhibit the calcium response completely (Fig. 2A), which sug-
gests a qualitative difference between Ab- and ligand-induced
BCR signal transduction. The higher sensitivity of the ligand-
dependent signaling to PP2 was not the result of suboptimal
concentration of NP,s-BSA (1 pg/ml), as even 10-fold lower
concentration was sufficient to induce maximum response (Sup-
plemental Fig. 2A).

In addition to PP2, we also used a genetically encoded protein
inhibitor based on Csk, which is a kinase that very specifically
phosphorylates the inhibitory tyrosine of SFKs. The Csk inhibitor
consisted of an extracellular and transmembrane domain of the lipid
raft protein LAT fused to constitutively active Csk (with muta-

Src FAMILY KINASES ARE REQUIRED FOR BCR SIGNALING

tions in the SH2 and SH3 domains to prevent binding to cellular
proteins). This construct was C-terminally tagged with mOrange
fluorescent protein (Fig. 2B) to permit the tracking of construct-
expressing cells. The LAT-Csk construct was previously shown to
be a potent inhibitor of TCR signaling (42). We also used a tunable
variant of this inhibitor comprising the LAT transmembrane do-
main fused to an FRB domain and Csk-mOrange fused to an FKBP
domain (Fig. 2B). The recruitment of constitutively active Csk to
the plasma membrane could be induced by adding a rapamycin
derivative AP21967 that dimerizes the FRB and FKBP domains.
Such recruitment has been shown to regulate the inhibitory effect
on SFKs (42). We prepared K46-derived cell lines expressing LAT-
Csk-mOrange (K46:LAT-Csk), kinase-dead LAT-Csk-mOrange
with an inactivating K222R mutation in the Csk kinase domain
(K46:LAT-Csk-KD), or both components of the inducibly dimer-
izing LAT-Csk inhibitor (K46:dimLAT-Csk).

The expression of LAT-Csk, but not kinase-dead LAT-Csk, re-
sulted in dramatic hyperphosphorylation of Lyn at the inhibitory
tyrosine (Y507) and hypophosphorylation of SFKs at the activation
tyrosine (Y416), which indicates that LAT-Csk is a potent SFK
inhibitor in B cells (Fig. 2C). The expression of dimLAT-Csk
induced similar effects, although to a lesser extent. The inacti-
vation of SFKs, measured by phosphorylation of the key tyrosine
residues, was enhanced by AP21967 (Fig. 2C).

We then tested the effects of LAT-Csk on the anti-BCR- and
ligand-induced calcium response in K46 cells. In agreement with
the PP2-based experiments, LAT-Csk completely inhibited the
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FIGURE 2.

Inhibition of SFKs has different effects on Ab- and ligand-induced BCR signaling. (A) K46 WT cells were activated by anti-BCR or

NP,5-BSA in the presence of the indicated concentrations of PP2, and the calcium influx was monitored. (B) Schematic representation of genetic Csk-based
inhibitors of SFKs. (C) K46 cells treated or not with 5 wuM PP2 for 5 min, K46:LAT-Csk and K46:LAT-Csk-KD cells, and K46:dimLAT-Csk cells treated or
not with 1 uM AP21697 for 5 min were lysed and examined for phosphorylation of the activation tyrosine of SFKs and the inhibitory tyrosine of Lyn.
Staining for total Lyn served as a loading control. (D and E) K46:LAT-Csk or K46:LAT-Csk-KD were activated by anti-BCR or NP,s-BSA, and the calcium
influx was monitored. Only mOrange™ cells were gated. Density plots for cells expressing active LAT-Csk are shown (E). (F and G) K46:dimLAT-Csk cells
were activated by anti-BCR or NP,s-BSA after incubation for 5 min with or without 1 uM AP21697. The calcium influx was monitored. Only mOrange™*
cells were gated. Density plots for cells treated with the AP21697 are shown (G).
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NP,5-BSA—-induced calcium influx, but the cells were still able to
respond to anti-BCR, although with a substantial delay (Fig. 2D,
2E). The difference in the sensitivity to SFK inhibition between the
ligand-triggered and anti-BCR-triggered BCR calcium responses
was reproduced in K46:dimLAT-Csk cells after the addition of
the AP21967 dimerizer. Again, the anti-BCR-mediated calcium
response was delayed, whereas the ligand-triggered signaling was
almost completely abolished (Fig. 2F, 2G). The dimerizer did not
affect the calcium signaling in K46 WT cells (data not shown).
LAT-Csk also inhibited the transcriptional BCR response, as re-
vealed by impaired CD69 upregulation after stimulation with both
anti-BCR and NP,s-BSA (Supplemental Fig. 2B).

The experiments with NP,s-BSA indicated that ligand-induced
BCR signaling is blocked, but anti-BCR—-triggered signaling is
only delayed upon the inhibition of SFKs. It was possible that NP,s-
BSA was a weaker agonist than anti-BCR (i.e., because of low af-
finity of its interaction with BCR, low receptor occupancy, or lim-
ited flexibility of the protein carrier). To address this issue, we tested
B1-8 agonists with lower NP:BSA ratio (NPs-BSA), higher affinity
to the BCR (NIP-BSA) (47), or attached to a more flexible carrier
(NPy4o-Ficoll). Neither the decrease in NP:BSA ratio nor the higher
affinity ligand had any effect on the response in nontreated or PP2-
treated cells (Supplemental Fig. 2C). In contrast, a potent T cell—
independent ligand NP4o-Ficoll induced stronger response than NP-
BSA and anti-BCR in K46 cells (Fig. 3A). However, NP,(-Ficoll-
induced calcium signaling was totally inhibited in K46:LAT-Csk
cells (Fig. 3B). PP2 did not block NP,y-Ficoll-triggered calcium
flux completely, but again, it had a significantly stronger impact on
NP,4o-Ficoll than on anti-BCR-mediated signaling (Fig. 3C).

The BCR-induced phosphorylation of SFKs, Syk, Iga, Erk, and
Akt was comparable in anti-BCR, NP,5-BSA, and NP,,-Ficoll-
treated cells at 1 min after activation in K46:LAT-Csk-KD cells
(Fig. 3D). The NP,s-BSA-induced phosphorylation appeared to
be more transient for Erk, Iga, and Syk, but not Akt and SFKs
upon stimulation for 5 min. LAT-Csk delayed the phosphorylation
of Syk, Iga, Erk, and Akt in anti-BCR-activated cells, but almost
completely abolished the phosphorylation of these proteins in
NP,5-BSA- and NP,-Ficoll-treated cells (Fig. 3D). These results
support the hypothesis that anti-BCR-mediated signaling is par-
tially resistant to the inhibition of SFKs, whereas higher SFK
activity is required for ligand-induced signaling. The anti-BCR
induced higher level of the activation loop phosphorylation than
the ligands in K46:LAT-Csk-KD cells even at 1 min after activa-
tion, when the phosphorylation of other examined proteins was
comparable (Fig. 3D). The stronger activation of SFKs by the anti-
BCR could explain the partial resistance to SFK inhibition.

Interestingly, in contrast with PP2-treated primary B cells (Fig.
1E), we did not observe anti-BCR-induced phosphorylation of the
activation site of SFKs in K46:LAT-Csk cells (Fig. 3D), which
could be explained by the likely induction of the closed confor-
mation of SFKs upon the inhibition by LAT-Csk. This confor-
mation stabilizes the activation loop in the inactive position where
the activation loop tyrosine might be relatively difficult to access
(48). PP2-inhibited Lyn is characterized by a very low level of
Y507 phosphorylation (Fig. 2C); thus, the majority of this kinase
is likely in the open active-like conformation even when inter-
acting with PP2 (49, 50). The activation loop phosphorylation site
is thus more accessible and is possibly phosphorylated (in trans),
even in the PP2-bound kinase domain.

Differences between anti-BCR— and ligand-induced signaling
in primary cells

To verity our results from the K46 cells, we used primary spleno-
cytes from the B1-8i knock-in mouse strain, which expresses the

1811

A
= K46
D LAY .
2205 7 [Janti-BCR
041 Ak {7INP,ficoll
803y | v INP,-BSA
B 0 100 200 Time (s)
' anti-BCR antibody NP,ficoll
20.4 0.4
E,O'S Ros k‘
80.2 ] 0.2]
0 100 200 0 100 _ 200
Time (s) Time (s)
C CJLAT-Csk kinase dead | ILAT-Csk
S0.5 anti-BCR antibody 05 NP,,-ficoll
% /0% =33.4+28 /0% =12.0+4.3
204 /L 0.4
8§03 0.3— ~———]
0 100 200 0 100 200
Time (s) Time (s)
D CNon-treated | IPP2 20 uM
Activation: NA 1 min 5 min
kinase kinase
LAT-Csk:a. k.d. active dead active dead
@ T = or < = a I = r < =
o 9 o O 5] o 9
Stimulus: é’ﬂe«?%@s—’%gé’%mé’
= Q,_N ¥ = & ? = & ¥ = G o7
G222 8585
pSFK - - e =
pSyk —— e —
plga - e e
pAkt - —
pErk e — — - —

FIGURE 3. Strong BCR ligand NP,-Ficoll is dependent on SFK ac-
tivity. (A) K46 cells were activated via anti-BCR, NP,s-BSA, or NP,-
Ficoll, and the calcium influx was monitored. (B and C) K46:LAT-Csk and
K46:LAT-Csk-KD (B) or K46 WT cells treated or not with 20 uM PP2 (C)
were activated by anti-BCR or NP,-Ficoll, and the calcium influx was
monitored. Values in the boxes represent the maximum calcium response
in PP2-treated cells displayed as a percentage of maximum response of
nontreated cells (mean = SEM, n = 3, p = 0.034). (D) K46:LAT-Csk and
K46:LAT-Csk-KD cells were activated by anti-BCR, NP,5-BSA, or NP-
Ficoll for 1 or 5 min. The phosphorylation of SFKs (Y416), Syk (Y346),
Igo (Y182), Akt (S473), and Erk (T202/Y204) was analyzed by Western
blotting.

B1-8 transgenic IgH (41). When paired with an Ig\ L chain, the
B1-8 H chain produces an NP-specific BCR (51). Because few
B cells express the A L chain, we had to sort or gate them (Sup-
plemental Fig. 3A, 3B).

We treated the splenocytes with 5 or 20 wM PP2 and monitored the
calcium influx in the Igk ~ B cells after activation by anti-BCR, NP,s-
BSA, or NP4y-Ficoll. In the nontreated samples, the highest response
was observed after activation by NP4o-Ficoll (Fig. 4A). The 5 pM
PP2 substantially inhibited NP,s-BSA-mediated calcium signaling
but had only a minor effect on the NP4y-Ficoll- and anti-BCR-me-
diated response. In contrast, the treatment with 20 uM PP2 resulted
in significantly stronger inhibition of the response mediated by NP4o-
Ficoll relative to the response mediated by anti-BCR (Fig. 4A).

Similar effects of PP2 were observed at the level of Iga and Erk
phosphorylation. We measured the percentage of cells activating
Erk upon treatment with the BCR agonists. The Erk response was
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FIGURE 4. Requirement of SFKs for ligand-induced BCR signaling in primary B cells. (A) Splenocytes isolated from B1-8i transgenic mouse were
activated by anti-BCR, NP»s-BSA, or NP,,-Ficoll in the presence of the indicated concentrations of PP2. The calcium influx in Igk ™ /B220" cells was
monitored. The maximum response was calculated as maximum median relative calcium concentration in the particular sample. Mean = SEM, n =4, *p <
0.05, #*p < 0.01, n.s., not significant (between the indicated ligand treatment and the respective anti-BCR treatment). (B) Splenocytes isolated from B1-8i
transgenic mouse were activated by anti-BCR, NP,s-BSA, or NP4y-Ficoll with the indicated concentrations of PP2. The phosphorylation of Erk was
analyzed in Igk /IgM™ cells. The relative pErk response was calculated as a percentage of pErk™ cells for each sample. Mean = SEM, n = 4, *p < 0.05,
*#p < 0.01 (between the indicated ligand treatment and the respective anti-BCR treatment). (C) Splenocytes from B1-8i transgenic mouse were activated as
in (B) and stained with anti-plga.. (D) B220*/Ig\* splenocytes were transduced with LAT-Csk or LAT-Csk kinase-dead. The cells were activated as in-
dicated, and the calcium influx was monitored. The ratio of the maximal median relative calcium concentration between the LAT-Csk and LAT-Csk kinase-

dead samples was calculated. Mean = SEM, n = 3.

strongly inhibited by 5 wM PP2 after NP,o-Ficoll and NP,5s-BSA
stimulation but much less affected upon activation by anti-BCR,
whereas 20 uM PP2 almost completely abolished the ligand-
induced Erk phosphorylation and partially inhibited the phos-
phorylation of Erk mediated by anti-BCR (Fig. 4B). Although
NPgo-Ficoll was the best inducer of Igo phosphorylation in non-
treated cells, the BCR-induced phosphorylation of Iga. was more
efficiently inhibited after NP4o-Ficoll and NP,5-BSA stimulation
than after anti-BCR stimulation (Fig. 4C).

We also transduced B cell blasts derived from Ig\* splenocytes
isolated from B1-8i transgenic mice with a retroviral vector en-
coding active or kinase-dead variants of LAT-Csk. The active LAT-
Csk severely inhibited the NP,-Ficoll- and NP,s-BSA—induced
calcium influx, but only delayed and partially inhibited the anti-
BCR-induced calcium response (Fig. 4D). The inhibitory effects of
LAT-Csk on BCR-induced calcium signaling were concentration
dependent, but unable reach the plateau at the expression levels of
LAT-Csk we could achieve, indicating that these expression levels
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were not sufficient to fully inhibit SFKs in LAT-Csk™* cells (Sup-
plemental Fig. 3C).

Syk does not phosphorylate Iga

Inhibition of SFKs by chemical and genetic inhibitors efficiently
blocked BCR signaling induced by BCR ligands. In contrast, anti-
BCR-induced signaling exhibited a partial resistance to the inhi-
bition of SFKs. There are two possible explanations for these
effects: 1) anti-BCR triggers an SFK-independent signaling path-
way, or 2) the residual SFK activity is sufficient and required to
initiate the downstream signaling pathways.

Because SFK-independent BCR signaling has been linked to
the ability of Syk to compensate for SFK activity (37, 38), we ana-
lyzed the ability of Syk to phosphorylate ITAMs in B cells. The
inhibition of Syk in K46:LAT-Csk or K46:LAT-Csk-KD cells
decreased anti-BCR-induced phosphorylation of the catalytic loop
tyrosines of Syk (Y519/520) and proteins downstream of Syk
(SLP65, Erk, and Akt; Fig. 5A). In contrast, the phosphorylation
of Iga and the interdomain B tyrosine of Syk (Y346) was not
affected by the inhibition of Syk in both cell lines (Fig. 5A).
Treatment of K46:LAT-Csk cells with PP2 further delayed the

K46 cells
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phosphorylation of Iga, Syk, and Erk (Fig. 5B), which shows that
LAT-Csk was unable to inhibit the SFKs completely. The com-
bination of genetic and chemical inhibitors did not block the anti-
BCR-induced response entirely, probably because of the partial
inhibition of Csk kinase activity in LAT-Csk chimera by PP2 (52)
(Supplemental Fig. 4). We performed similar experiments in pri-
mary splenic B cells stimulated with anti-BCR after being treated
with PP2, Syk inhibitor IV, PP2+Syk inhibitor IV, or left un-
treated. Inhibition of Syk diminished the anti-BCR-induced
phosphorylation of Syk at tyrosines Y519/520 and the phosphor-
ylation of proteins downstream of Syk, but did not affect the
phosphorylation of Iga and Syk at tyrosine Y346, regardless of the
inhibition of SFKs (Fig. 5C). Treatment with Syk inhibitor IV did
not influence the timing of the anti-BCR—induced phosphorylation
of Iga and Syk at Y346 (Fig. 5D).

Collectively, these results show that Syk activity does not play
arole in the anti-BCR-induced phosphorylation of Iga (at least at
the ITAM tyrosine Y182) in SFK-deficient and -sufficient B cells.
Moreover, the data indicate that whereas the catalytic loop tyro-
sine of Syk is, at least partially, an autocatalytic site, the inter-
domain B tyrosine 346 is a substrate for SFKs. We conclude that
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FIGURE 5. BCR-induced phosphorylation of Iga is independent of Syk activity. (A) K46:LAT-Csk and K46:LAT-Csk-KD cells were activated by
anti-BCR in the presence or absence of 2.5 pM Syk inhibitor IV. Phosphorylation of the indicated proteins 1 and 5 min after the activation was
analyzed by Western blotting. Staining of GAPDH served as a loading control. (B) K46:LAT-Csk cells were treated or not with 20 uM PP2 and

activated by anti-BCR. Phosphorylation of Erk, Iga, and Syk at the indicated

time points was analyzed by Western blotting. (C and D) Splenic B cells

were treated or not with 1 wM Syk inhibitor IV and/or 5 pM PP2, and activated by anti-BCR. Phosphorylation of the indicated proteins was analyzed

by Western blotting.
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the initiation of anti-BCR—induced BCR signaling in our models
with significant SFK inhibition still depends on the residual ac-
tivity of SFKs.

SFK activity is important for sustained BCR signaling

Although the inhibition of Syk did not reveal any role in Iga
phosphorylation, we tested the possibility that Syk activity is suf-
ficient to sustain ongoing signaling upon the acute inhibition of
SFKs. The inhibition of SFKs by 5 uM PP2 after BCR triggering
resulted in rapid inhibition of the calcium signaling and dephos-
phorylation of the activation tyrosine of the SFKs, interdomain B
tyrosine of Syk, and Iga (Fig. 6A, 6B). After the immediate de-
crease, the signaling partially recovered, especially with regard to
calcium flux and Syk interdomain B tyrosine phosphorylation,
probably as a result of the incomplete inhibition of SFKs as revealed
by the phosphorylation of the activation loop tyrosine (Fig. 6A, 6B).
The acute inhibition of anti-BCR-induced calcium signaling was
also achieved by adding a dimerizer to K46:dimL.AT-Csk cells (Fig.
6C). These experiments showed that SFKs are involved in not only
the initiation but also the maintenance of BCR signaling.

BCR signaling in DT40 cells is dependent on SFK activity

Lyn was the only SFK detected in the chicken B cell lymphoma
cell line DT40 at the level of mRNA (35). Lyn_/_ DT40 cells
were characterized by delayed, but not completely inhibited, anti-
BCR-induced signaling, which suggests the existence of an SFK-
independent BCR signaling pathway (35). Because our data in-
dicate the requirement for SFKs in the initiation of BCR signaling,
we tested whether BCR signaling in Lyn '~ DT40 cells is truly
SFK independent. Treatment of DT40 WT cells with PP2 delayed
calcium signaling, as expected (Fig. 7A). Importantly, PP2 also
delayed calcium signaling in Lyn '~ DT40 cells in a concentra-
tion-dependent manner (Fig. 7A). Inhibition of the SFKs also
delayed Akt and Erk phosphorylation in WT and Lyn '~ DT40
cells (Fig. 7B). Staining for the phosphorylated activation loop
tyrosine in SFKs revealed that DT40 Lyn ™/~ cells express at least
one SFK that is activated after BCR engagement (Fig. 7B).

Src FAMILY KINASES ARE REQUIRED FOR BCR SIGNALING

To investigate whether DT40 Lyn '~ cells express another Src
family member, we used a rabbit mAb that recognizes the acti-
vation loop phosphotyrosine of multiple SFKs (pSFK Y416). We
used this Ab to immunoprecipitate SFKs from nontreated and
pervanadate-treated WT and Lyn '~ DT40 cells. Cell lysates and
immunoprecipitated material were stained with mAbs and poly-
clonal Abs to the SFK activation loop phosphotyrosine, an Ab
to the phosphorylated C-terminal tyrosine of Src, an Ab to the
nonphosphorylated C-terminal tyrosine of Src, and an Ab to
Lyn (Fig. 7C). Although the phospho-specific Abs exhibited some
level of off-target reactivity, especially after the pervanadate treat-
ment, the additional bands not corresponding to the m.w. of the
SFKs were substantially reduced after the immunoprecipitation.
In samples from WT and Lyn~’~ DT40 cells, two different Abs
to pSFK Y416 stained a protein corresponding to an SFK as
confirmed by its m.w. The signal was much stronger in DT40
WT cells, apparently because of the expression of Lyn. In addi-
tion, Abs to the C-terminal pY527 or nonphosphorylated Y527
(non-pY527) of Src stained a band with the same m.w. in lysates
and pSFK Y416 immunoprecipitates from both cell lines. Whereas
the pervanadate treatment enhanced the signal detected by the
pYS527-specific Ab, it reduced the signal from the non-pY527 Ab
in the DT40 WT and Lyn '~ lysates.

To identify the non-Lyn SFK(s) in DT40 cells, we performed
quantitative RT-PCR analysis using RNA isolated from DT40 WT
and Lynfl ~ cells and primers specific for LYN, LCK, FYN, BLK,
SRC, HCK, YES, and YRK genes. Although the Lyn encoding
transcript was the most abundant, we could detect mRNAs of other
family members, among which Fyn mRNA was the most prom-
inent (~20% of Lyn mRNA levels; Fig. 7D). Together, these results
imply that DT40 Lyn '~ cells express SFK Fyn that is activated
after BCR cross-linking and promotes BCR signaling in these cells.

Discussion
A widely accepted model of BCR signaling proposes that BCR
engagement leads to the activation of SFKs, mainly Lyn, that
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n.d., Not detected.
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phosphorylate BCR-associated Igae and Igf3 to recruit and activate
Syk kinase (24). Subsequently, Syk relays the signal by phosphor-
ylating several downstream signaling proteins (16). However, the
general applicability of this model is still under dispute. Whereas
the activity of SFKs enhanced BCR signaling in some studies (4,
34, 35, 53, 54), other studies failed to identify a role for SFKs in the
proximal steps of BCR-like signaling (33) or even showed a nega-
tive regulation of BCR signaling via the Src family member Lyn
(30, 31). The main concerns about the model are based on the
observation of augmented BCR signaling in Lyn-deficient primary
B cells and potential SFK-independent BCR signaling attributed to
the ability of Syk to phosphorylate Iga/Ig3 (11, 14-16, 3740, 55).
However, the interplay between the two BCR signaling pathways
(canonical and SFK independent), as well the overall role of SFKs
(possessing both activation and inhibitory activity) (32) in BCR sig-
naling remain to be elucidated. In this study, we examined the re-
quirement for SFKs in BCR signaling and the role of SFKs and Syk
in the initiation of BCR signal transduction.

Physiologically relevant evidence supporting or contradicting
the model of sequential activation of kinases in BCR signaling has
been largely missing, partly because of technical problems resulting
from the indispensability of SFKs in B cell development (33)
and from the redundancy of multiple SFK members expressed in
B cells (32, 33). BCR signal transduction plays a critical role in
B cell development. Mice with genetic defects in BCR signaling
components including SFKs and Syk develop abnormal periph-
eral B cell compartments or lack peripheral B cells entirely (56,
57). In addition, some of these proteins are involved in other
signaling pathways downstream of various cellular receptors (16,
58), which could interfere with the in vivo analysis of particular
proteins in the context of BCR-mediated signaling. To prevent
these two main problems, we performed all experiments ex vivo,
where short-term inhibition of SFKs and/or Syk, as well as specific
BCR stimulation of B cells, could be performed. To address the
redundancy among SFKs in B cells, we used chemical or genetic
inhibitors of the whole Src family.

Using a transgenic NP-specific BCR, we showed that specific
ligand-induced BCR signaling requires SFK activity in K46 B cell
lymphoma cells and in primary B cells. Surprisingly, the inhibition
of SFKs substantially delayed the initiation of signaling but only
partially reduced the intensity of the anti-BCR—induced response.
A similar delay in BCR signaling was caused by the absence of
Lyn in the DT40 cell line and, to a lesser extent, in primary B cells
(30, 35). We analyzed in detail whether residual SFK activity or
SFK-independent Syk activation was responsible for the initiation
of BCR signaling under SFK deficiency. Combined treatment of
the cells with LAT-Csk and PP2, as well as simultaneous inhibi-
tion of Syk and SFKs, showed that the proximal events of anti-
BCR-induced signaling are not Syk dependent but are likely to be
driven by the residual SFK activity. Indeed, SFKs became acti-
vated by BCR cross-linking, even in PP2-treated cells, with a de-
lay similar to that observed with other signaling events. Thus, the
small amount of noninhibited SFK molecules seemed to be suf-
ficient to counterbalance the barrier of intracellular phosphatase
activity and trigger sufficient BCR phosphorylation to promote
downstream signaling. The most plausible explanation is the ex-
istence of a positive feedback loop at the level of SFKs, possibly
involving the cooperation between SFKs and Iga/Igf (59) and/or
SFKs and CD19 (60, 61). The existence of such a B cell-specific
SFK activation feedback mechanism (absent in TCR signaling)
(62) could explain the higher sensitivity of TCR signaling to the
inhibition of SFKs.

Our results failed to show SFK-independent Syk activation and
phosphorylation of the ITAM in Iga by Syk. Syk activity did not
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contribute to the phosphorylation of Iga: under SFK-sufficient and
-deficient conditions, and already activated Syk was unable to
sustain ongoing signaling after an acute inhibition of SFKs. These
observations challenge the proposed existence of the Syk-me-
diated, SFK-independent pathway and Syk/ITAM autoactivation
loop in BCR signaling (14-16, 38-40, 63). Most previous
experiments indicating the ability of Syk to phosphorylate ITAMs
and autoactivate itself were performed using cell-free or non-
B cell models. However, this activity of Syk may be relatively
weak and insufficient to counterbalance the inhibitory activity of
tyrosine phosphatases in B cells. Another point of consideration is
that we measured the phosphorylation of only the first ITAM ty-
rosine in Iga (Y182). This tyrosine is critical for the initiation of
BCR signaling, and multiple lines of evidence indicate that SFKs
have high specificity for this tyrosine (15, 64-66). These obser-
vations combined with our data thus support the conclusion that
the phosphorylation of the proximal ITAM tyrosine by SFK is
a critical step in the initiation of BCR signal transduction that is
completely independent of Syk. The identity of the kinase re-
sponsible for the phosphorylation of the distal ITAM tyrosine is
less clear; thus, there is still a possibility that Syk is more sub-
stantially involved.

Our experiments also clarified a somewhat controversial issue
concerning the identity of the kinases phosphorylating Syk (17, 18,
37, 63). Although the activation loop tyrosines of Syk (Y519/520)
behaved as mainly autocatalytic sites, the interdomain B tyrosine
(Y346) was predominantly phosphorylated by SFKs. Thus, both
mechanisms of Syk activation, that is, binding to phosphorylated
ITAM and phosphorylation of the interdomain B tyrosines (20),
seem to be strictly dependent on the activity of SFKs in B cells.
The observed independence of Syk phosphorylation at Y346 from
the catalytic activity of Syk also suggests that Syk recruitment to
the proximity of the SFKs at the BCR is not regulated by Syk
catalytic activity. The finding that Syk phosphorylated ITAMs
more efficiently than ZAP70 in some assays (14, 39) can be ex-
plained by the higher intrinsic catalytic activity of Syk (67) and/or
higher affinity of its SH2 domains for phosphorylated ITAMs (68),
not necessarily by the specificity of Syk for the ITAMs.

To our knowledge, the only direct evidence documenting SFK-
independent BCR signaling in a B cell lineage was obtained using
the DT40 chicken B cell lymphoma cell line. DT40 cells were
believed to express only a single SFK, Lyn (32, 35, 36, 53). Thus,
the delayed, but not completely inhibited, signaling in Lyn /"
DT40 cells could have been interpreted as SFK-independent BCR
signaling (35, 38). We showed that Lyn "/~ DT40 cells express
another Src family member, Fyn, at the level only 5- to 10-fold
lower than Lyn in DT40 WT cells. Low amounts of transcripts of
two additional Src family members, Hck and Yrk, were also de-
tected in DT40 cells. The non-Lyn SFKs are activated after BCR
engagement and positively regulate Ab-induced BCR signaling
in DT40 Lyn '~ cells.

Anti-BCR-induced signaling is a widely used model for BCR
triggering. To our knowledge, no substantial differences between
anti-BCR- and ligand-induced BCR signaling have been reported
thus far. However, our data suggest that the anti-BCR cross-links
BCRs in a specific way to cause enhanced SFK activation that is
pronounced upon the inhibition of SFKs but apparent even in
SFK-sufficient cells. However, we cannot exclude the possibility
that anti-BCR mimics a specific class of ligands. For instance, B1-
8 BCR has a relatively moderate affinity for NP (K4 =2 uM) (47).
Although NIP, which has 20-fold higher affinity to B1-8 than NP
(47), behaved similarly in our assays, we cannot exclude the
possibility that a BCR-ligand pair with even higher affinity could
induce a qualitatively different response. One of the analyzed
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downstream signaling events was Erk phosphorylation. Triggering
of the BCR resulted in bimodal Erk response where inhibition
of SFKs by PP2 reduced the percentage of BCR-induced pErk™
(high) cells rather than the pErk signal intensity. This type of re-
sponse, where the percentage of pErk™ cells corresponded to the
strength of the signal, has been observed previously and has been
variably explained either by switchlike behavior of the proteins
involved in Erk activation or as a result of cell-to-cell heteroge-
neity in the expression of Erk pathway components combined with
negative feedback incorporated into the pathway (see Refs. 69,
70 for more detailed discussion). Interestingly, BCR response
induced by a flexible polysaccharide Ag carrier (Ficoll) was not
only stronger and more sustained than NP-BSA-induced signaling,
but it was also partially resistant to a low concentration of SFK
inhibitor. These data might suggest that flexibility in the aggre-
gation of BCRs by an agonist could be an important determinant
of the quality of the induced signaling. In the future, it would be
interesting to address this issue using a set of additional BCR-
ligand pairs. Of note, different requirements for SFK activity were
reported for different methods of FceRI triggering in mast cells
(71, 72). The high-intensity stimulation of FceRI required much
less SFK activity than low-intensity stimulation, but both mech-
anisms of mast cell activation were SFK dependent, as shown by
the PP2 treatment of Lyn-deficient mast cells (71).

We believe that our results contribute to the understanding of the
molecular mechanisms underlying BCR signaling, as well as the
B cell-specific effects of pharmacological Src and Syk inhibitors
used, tested, or considered for the treatment of various malignant
and immune diseases (73-75).

Acknowledgments

We thank Dr. Pavel Otahal for providing DNA vectors encoding Csk-based
genetic inhibitors, Zdenek Cimburek for technical assistance, and all of
the colleagues who kindly provided cell lines or Abs, as indicated in the
Materials and Methods.

Disclosures
The authors have no financial conflicts of interest.

References

1. Shenoy-Scaria, A. M., L. K. Gauen, J. Kwong, A. S. Shaw, and D. M. Lublin. 1993.
Palmitylation of an amino-terminal cysteine motif of protein tyrosine kinases
p56lck and p59fyn mediates interaction with glycosyl-phosphatidylinositol-
anchored proteins. Mol. Cell. Biol. 13: 6385-6392.

2. Cross, F. R, E. A. Garber, D. Pellman, and H. Hanafusa. 1984. A short sequence
in the p60src N terminus is required for p60src myristylation and membrane
association and for cell transformation. Mol. Cell. Biol. 4: 1834-1842.

3. Lowell, C. A. 2004. Src-family kinases: rheostats of immune cell signaling. Mol.
Immunol. 41: 631-643.

4. Zhu, J. W., T. Brdicka, T. R. Katsumoto, J. Lin, and A. Weiss. 2008. Structurally
distinct phosphatases CD45 and CD148 both regulate B cell and macrophage
immunoreceptor signaling. mmunity 28: 183-196.

5. Stepanek, O., T. Kalina, P. Draber, T. Skopcova, K. Svojgr, P. Angelisova,
V. Horejsi, A. Weiss, and T. Brdicka. 2011. Regulation of Src family kinases
involved in T cell receptor signaling by protein-tyrosine phosphatase CD148. J.
Biol. Chem. 286: 22101-22112.

6. Sieh, M., J. B. Bolen, and A. Weiss. 1993. CD45 specifically modulates binding
of Lck to a phosphopeptide encompassing the negative regulatory tyrosine of
Lck. EMBO J. 12: 315-321.

7. Okada, M., and H. Nakagawa. 1989. A protein tyrosine kinase involved in
regulation of pp60c-src function. J. Biol. Chem. 264: 20886-20893.

8. Piwnica-Worms, H., K. B. Saunders, T. M. Roberts, A. E. Smith, and S. H. Cheng.
1987. Tyrosine phosphorylation regulates the biochemical and biological prop-
erties of pp60c-src. Cell 49: 75-82.

9. Ingley, E. 2008. Src family kinases: regulation of their activities, levels and
identification of new pathways. Biochim. Biophys. Acta 1784: 56-65.

10. Sun, G., L. Ramdas, W. Wang, J. Vinci, J. McMurray, and R. J. Budde. 2002.
Effect of autophosphorylation on the catalytic and regulatory properties of
protein tyrosine kinase Src. Arch. Biochem. Biophys. 397: 11-17.

11. Turner, M., E. Schweighoffer, F. Colucci, J. P. Di Santo, and V. L. Tybulewicz.
2000. Tyrosine kinase SYK: essential functions for immunoreceptor signalling.
Immunol. Today 21: 148-154.

£T0Z ‘g Jaqwiadag Uuo YOSV ABojoisAyd Jo axmmnsu| e /610 jounwiwil:mmmy;:dny woly papeojumoq



The Journal of Immunology

12.

13.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

38.

39.

40.

41.

Iwashima, M., B. A. Irving, N. S. van Oers, A. C. Chan, and A. Weiss. 1994.
Sequential interactions of the TCR with two distinct cytoplasmic tyrosine
kinases. Science 263: 1136-1139.

Kurosaki, T., S. A. Johnson, L. Pao, K. Sada, H. Yamamura, and J. C. Cambier.
1995. Role of the Syk autophosphorylation site and SH2 domains in B cell
antigen receptor signaling. J. Exp. Med. 182: 1815-1823.

. Tsang, E., A. M. Giannetti, D. Shaw, M. Dinh, J. K. Tse, S. Gandhi, H. Ho,

S. Wang, E. Papp, and J. M. Bradshaw. 2008. Molecular mechanism of the Syk
activation switch. J. Biol. Chem. 283: 32650-32659.

. Rolli, V., M. Gallwitz, T. Wossning, A. Flemming, W. W. Schamel, C. Ziirn, and

M. Reth. 2002. Amplification of B cell antigen receptor signaling by a Syk/
ITAM positive feedback loop. Mol. Cell 10: 1057-1069.

. Mocsai, A., J. Ruland, and V. L. Tybulewicz. 2010. The SYK tyrosine kinase:

a crucial player in diverse biological functions. Nat. Rev. Immunol. 10: 387—402.

. Keshvara, L. M., C. C. Isaacson, T. M. Yankee, R. Sarac, M. L. Harrison, and

R. L. Geahlen. 1998. Syk- and Lyn-dependent phosphorylation of Syk on mul-
tiple tyrosines following B cell activation includes a site that negatively regulates
signaling. J. Immunol. 161: 5276-5283.

. Furlong, M. T., A. M. Mahrenholz, K. H. Kim, C. L. Ashendel, M. L. Harrison,

and R. L. Geahlen. 1997. Identification of the major sites of autophosphorylation
of the murine protein-tyrosine kinase Syk. Biochim. Biophys. Acta 1355: 177-190.

. Brdicka, T., T. A. Kadlecek, J. P. Roose, A. W. Pastuszak, and A. Weiss. 2005.

Intramolecular regulatory switch in ZAP-70: analogy with receptor tyrosine
kinases. Mol. Cell. Biol. 25: 4924-4933.

Bradshaw, J. M. 2010. The Src, Syk, and Tec family kinases: distinct types of
molecular switches. Cell. Signal. 22: 1175-1184.

Zhang, J., T. Kimura, and R. P. Siraganian. 1998. Mutations in the activation
loop tyrosines of protein tyrosine kinase Syk abrogate intracellular signaling but
not kinase activity. J. Immunol. 161: 4366-4374.

Couture, C., S. Williams, N. Gauthier, P. Tailor, and T. Mustelin. 1997. Role of
Tyr518 and Tyr519 in the regulation of catalytic activity and substrate phos-
phorylation by Syk protein-tyrosine kinase. Eur. J. Biochem. 246: 447-451.
Gold, M. R., L. Matsuuchi, R. B. Kelly, and A. L. DeFranco. 1991. Tyrosine
phosphorylation of components of the B-cell antigen receptors following re-
ceptor crosslinking. Proc. Natl. Acad. Sci. USA 88: 3436-3440.

Weiss, A., and D. R. Littman. 1994. Signal transduction by lymphocyte antigen
receptors. Cell 76: 263-274.

Molina, T. J., K. Kishihara, D. P. Siderovski, W. van Ewijk, A. Narendran,
E. Timms, A. Wakeham, C. J. Paige, K. U. Hartmann, A. Veillette, et al. 1992.
Profound block in thymocyte development in mice lacking p56lck. Nature 357:
161-164.

Hauck, F., C. Randriamampita, E. Martin, S. Gerart, N. Lambert, A. Lim,
J. Soulier, Z. Maciorowski, F. Touzot, D. Moshous, et al. 2012. Primary T-cell
immunodeficiency with immunodysregulation caused by autosomal recessive
LCK deficiency. J. Allergy Clin. Immunol. 130: 1144-1152, el 1.

Straus, D. B., and A. Weiss. 1992. Genetic evidence for the involvement of the
Ick tyrosine kinase in signal transduction through the T cell antigen receptor.
Cell 70: 585-593.

Papavasiliou, F.,, Z. Misulovin, H. Suh, and M. C. Nussenzweig. 1995. The role
of Ig beta in precursor B cell transition and allelic exclusion. Science 268: 408—
411.

Hibbs, M. L., D. M. Tarlinton, J. Armes, D. Grail, G. Hodgson, R. Maglitto,
S. A. Stacker, and A. R. Dunn. 1995. Multiple defects in the immune system of
Lyn-deficient mice, culminating in autoimmune disease. Cell 83: 301-311.
Chan, V. W., F. Meng, P. Soriano, A. L. DeFranco, and C. A. Lowell. 1997.
Characterization of the B lymphocyte populations in Lyn-deficient mice and the
role of Lyn in signal initiation and down-regulation. Immunity 7: 69-81.
Nishizumi, H., K. Horikawa, I. Mlinaric-Rascan, and T. Yamamoto. 1998. A
double-edged kinase Lyn: a positive and negative regulator for antigen receptor-
mediated signals. J. Exp. Med. 187: 1343—1348.

Xu, Y., K. W. Harder, N. D. Huntington, M. L. Hibbs, and D. M. Tarlinton. 2005.
Lyn tyrosine kinase: accentuating the positive and the negative. Immunity 22: 9—18.
Saijo, K., C. Schmedt, I. H. Su, H. Karasuyama, C. A. Lowell, M. Reth,
T. Adachi, A. Patke, A. Santana, and A. Tarakhovsky. 2003. Essential role of
Src-family protein tyrosine kinases in NF-kappaB activation during B cell de-
velopment. Nat. Immunol. 4: 274-279.

. Hibbs, M. L., K. W. Harder, J. Armes, N. Kountouri, C. Quilici, F. Casagranda,

A. R. Dunn, and D. M. Tarlinton. 2002. Sustained activation of Lyn tyrosine
kinase in vivo leads to autoimmunity. J. Exp. Med. 196: 1593-1604.

. Takata, M., H. Sabe, A. Hata, T. Inazu, Y. Homma, T. Nukada, H. Yamamura,

and T. Kurosaki. 1994. Tyrosine kinases Lyn and Syk regulate B cell receptor-
coupled Ca2+ mobilization through distinct pathways. EMBO J. 13: 1341-1349.

. Kurosaki, T. 1997. Molecular mechanisms in B cell antigen receptor signaling.

Curr. Opin. Immunol. 9: 309-318.

. Kulathu, Y., G. Grothe, and M. Reth. 2009. Autoinhibition and adapter function

of Syk. Immunol. Rev. 232: 286-299.

Kurosaki, T., and M. Hikida. 2009. Tyrosine kinases and their substrates in
B lymphocytes. Immunol. Rev. 228: 132-148.

Zoller, K. E., I. A. MacNeil, and J. S. Brugge. 1997. Protein tyrosine kinases Syk
and ZAP-70 display distinct requirements for Src family kinases in immune
response receptor signal transduction. J. Immunol. 158: 1650-1659.

Chu, D. H., H. Spits, J. F. Peyron, R. B. Rowley, J. B. Bolen, and A. Weiss. 1996.
The Syk protein tyrosine kinase can function independently of CD45 or Lck in
T cell antigen receptor signaling. EMBO J. 15: 6251-6261.

Sonoda, E., Y. Pewzner-Jung, S. Schwers, S. Taki, S. Jung, D. Eilat, and
K. Rajewsky. 1997. B cell development under the condition of allelic inclusion.
Immunity 6: 225-233.

42.

43.

44.

45.

46.

47.

48.

49.

50.

SI.

52.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

1817

Otdhal, P, S. Pata, P. Angelisova, V. Hofejsi, and T. Brdi¢ka. 201 1. The effects of
membrane compartmentalization of csk on TCR signaling. Biochim. Biophys.
Acta 1813: 367-376.

Kurebayashi, N., A. B. Harkins, and S. M. Baylor. 1993. Use of fura red as an in-
tracellular calcium indicator in frog skeletal muscle fibers. Biophys. J. 64: 1934-1960.
Hanke, J. H., J. P. Gardner, R. L. Dow, P. S. Changelian, W. H. Brissette,
E. J. Weringer, B. A. Pollok, and P. A. Connelly. 1996. Discovery of a novel,
potent, and Src family-selective tyrosine kinase inhibitor. Study of Lck- and
FynT-dependent T cell activation. J. Biol. Chem. 271: 695-701.

Yamamoto, N., K. Takeshita, M. Shichijo, T. Kokubo, M. Sato, K. Nakashima,
M. Ishimori, H. Nagai, Y. F. Li, T. Yura, and K. B. Bacon. 2003. The orally
available spleen tyrosine kinase inhibitor 2-[7-(3,4-dimethoxyphenyl)-imidazo
[1,2-c]pyrimidin-5-ylamino]nicotinamide ~ dihydrochloride (BAY 61-3606)
blocks antigen-induced airway inflammation in rodents. J. Pharmacol. Exp.
Ther. 306: 1174-1181.

Justement, L. B., J. Wienands, J. Hombach, M. Reth, and J. C. Cambier. 1990.
Membrane IgM and IgD molecules fail to transduce Ca2+ mobilizing signals
when expressed on differentiated B lineage cells. J. Immunol. 144: 3272-3280.
Cumano, A., and K. Rajewsky. 1986. Clonal recruitment and somatic mutation in the
generation of immunological memory to the hapten NP. EMBO J. 5: 2459-2468.
Schindler, T., F. Sicheri, A. Pico, A. Gazit, A. Levitzki, and J. Kuriyan. 1999.
Crystal structure of Hck in complex with a Src family-selective tyrosine kinase
inhibitor. Mol. Cell 3: 639-648.

Williams, N. K., I. S. Lucet, S. P. Klinken, E. Ingley, and J. Rossjohn. 2009.
Crystal structures of the Lyn protein tyrosine kinase domain in its Apo- and
inhibitor-bound state. J. Biol. Chem. 284: 284-291.

Zhu, X., J. L. Kim, J. R. Newcomb, P. E. Rose, D. R. Stover, L. M. Toledo,
H. Zhao, and K. A. Morgenstern. 1999. Structural analysis of the lymphocyte-
specific kinase Lck in complex with non-selective and Src family selective ki-
nase inhibitors. Structure 7: 651-661.

Allen, D., T. Simon, F. Sablitzky, K. Rajewsky, and A. Cumano. 1988. Antibody
engineering for the analysis of affinity maturation of an anti-hapten response.
EMBO J. 7: 1995-2001.

Bain, J., H. McLauchlan, M. Elliott, and P. Cohen. 2003. The specificities of
protein kinase inhibitors: an update. Biochem. J. 371: 199-204.

. Kurosaki, T., M. Takata, Y. Yamanashi, T. Inazu, T. Taniguchi, T. Yamamoto,

and H. Yamamura. 1994. Syk activation by the Src-family tyrosine kinase in the
B cell receptor signaling. J. Exp. Med. 179: 1725-1729.

Takata, M., and T. Kurosaki. 1995. The catalytic activity of Src-family tyrosine
kinase is required for B cell antigen receptor signaling. FEBS Lett. 374: 407-411.
Pao, L. I., and J. C. Cambier. 1997. Syk, but not Lyn, recruitment to B cell
antigen receptor and activation following stimulation of CD45- B cells.
J. Immunol. 158: 2663-2669.

Gauld, S. B., J. M. Dal Porto, and J. C. Cambier. 2002. B cell antigen receptor
signaling: roles in cell development and disease. Science 296: 1641-1642.
Kurosaki, T. 2011. Regulation of BCR signaling. Mol. Immunol. 48: 1287-1291.
Gauld, S. B., and J. C. Cambier. 2004. Src-family kinases in B-cell development
and signaling. Oncogene 23: 8001-8006.

Johnson, S. A., C. M. Pleiman, L. Pao, J. Schneringer, K. Hippen, and
J. C. Cambier. 1995. Phosphorylated immunoreceptor signaling motifs (ITAMs)
exhibit unique abilities to bind and activate Lyn and Syk tyrosine kinases. J.
Immunol. 155: 4596-4603.

Fujimoto, M., Y. Fujimoto, J. C. Poe, P. J. Jansen, C. A. Lowell, A. L. DeFranco,
and T. F. Tedder. 2000. CD19 regulates Src family protein tyrosine kinase ac-
tivation in B lymphocytes through processive amplification. Immunity 13: 47-57.
Hasegawa, M., M. Fujimoto, J. C. Poe, D. A. Steeber, C. A. Lowell, and
T. F. Tedder. 2001. A CD19-dependent signaling pathway regulates autoimmu-
nity in Lyn-deficient mice. J. Immunol. 167: 2469-2478.

Nika, K., C. Soldani, M. Salek, W. Paster, A. Gray, R. Etzensperger, L. Fugger,
P. Polzella, V. Cerundolo, O. Dushek, et al. 2010. Constitutively active Lck kinase
in T cells drives antigen receptor signal transduction. Immunity 32: 766-777.
El-Hillal, O., T. Kurosaki, H. Yamamura, J. P. Kinet, and A. M. Scharenberg.
1997. syk kinase activation by a src kinase-initiated activation loop phosphor-
ylation chain reaction. Proc. Natl. Acad. Sci. USA 94: 1919-1924.

Flaswinkel, H., and M. Reth. 1994. Dual role of the tyrosine activation motif of
the Ig-alpha protein during signal transduction via the B cell antigen receptor.
EMBO J. 13: 83-89.

Pao, L. I, S. J. Famiglietti, and J. C. Cambier. 1998. Asymmetrical phosphor-
ylation and function of immunoreceptor tyrosine-based activation motif tyro-
sines in B cell antigen receptor signal transduction. J. Immunol. 160: 3305-3314.
Gaul, B. S., M. L. Harrison, R. L. Geahlen, R. A. Burton, and C. B. Post. 2000.
Substrate recognition by the Lyn protein-tyrosine kinase. NMR structure of the
immunoreceptor tyrosine-based activation motif signaling region of the B cell
antigen receptor. J. Biol. Chem. 275: 16174-16182.

Latour, S., L. M. Chow, and A. Veillette. 1996. Differential intrinsic enzymatic ac-
tivity of Syk and Zap-70 protein-tyrosine kinases. J. Biol. Chem. 271: 22782-22790.
Zhang, J., and R. P. Siraganian. 1999. CD4S5 is essential for Fc epsilon RI signaling
by ZAP70, but not Syk, in Syk-negative mast cells. J. Immunol. 163: 2508-2516.
Das, J., M. Ho, J. Zikherman, C. Govern, M. Yang, A. Weiss, A. K. Chakraborty,
and J. P. Roose. 2009. Digital signaling and hysteresis characterize ras activation
in lymphoid cells. Cell 136: 337-351.

Birtwistle, M. R., J. Rauch, A. Kiyatkin, E. Aksamitiene, M. Dobrzynski,
J. B. Hoek, W. Kolch, B. A. Ogunnaike, and B. N. Kholodenko. 2012. Emer-
gence of bimodal cell population responses from the interplay between analog
single-cell signaling and protein expression noise. BMC Syst. Biol. 6: 109.
Poderycki, M., Y. Tomimori, T. Ando, W. Xiao, M. Maeda-Yamamoto, K. Sauer,
Y. Kawakami, and T. Kawakami. 2010. A minor catalytic activity of Src family

£T0Z ‘g Jaqwiadag Uuo YOSV ABojoisAyd Jo axmmnsu| e /610 jounwiwil:mmmy;:dny woly papeojumoq



1818

72.

73.

kinases is sufficient for maximal activation of mast cells via the high-affinity IgE
receptor. J. Immunol. 184: 84-93.

Xiao, W., H. Nishimoto, H. Hong, J. Kitaura, S. Nunomura, M. Maeda-
Yamamoto, Y. Kawakami, C. A. Lowell, C. Ra, and T. Kawakami. 2005. Positive
and negative regulation of mast cell activation by Lyn via the FcepsilonRI. J.
Immunol. 175: 6885-6892.

McCaig, A. M., E. Cosimo, M. T. Leach, and A. M. Michie. 2011. Dasatinib
inhibits B cell receptor signalling in chronic lymphocytic leukaemia but novel

Src FAMILY KINASES ARE REQUIRED FOR BCR SIGNALING

74.

75.

combination approaches are required to overcome additional pro-survival mi-
croenvironmental signals. Br. J. Haematol. 153: 199-211.

Song, Z., P. Lu, R. R. Furman, J. P. Leonard, P. Martin, L. Tyrell, F. Y. Lee,
D. M. Knowles, M. Coleman, and Y. L. Wang. 2010. Activities of SYK and
PLCgamma2 predict apoptotic response of CLL cells to SRC tyrosine kinase
inhibitor dasatinib. Clin. Cancer Res. 16: 587-599.

Riccaboni, M., I. Bianchi, and P. Petrillo. 2010. Spleen tyrosine kinases: biology,
therapeutic targets and drugs. Drug Discov. Today 15: 517-530.

£T0Z ‘g Jaqwiadag Uuo YOSV ABojoisAyd Jo axmmnsu| e /610 jounwiwil:mmmy;:dny woly papeojumoq



