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Syk has been shown to be activated by osmotic
stress, however, the mechanisms involved are largely
unknown. In this study, we demonstrated that cell
shrinkage, rather than osmolarity, was responsible for
osmotic stress-induced Syk activation. Osmotic stress-
induced Syk activation depended partly upon aggre-
gation of surface receptors. Moreover, intracellular
reactive oxygen species were involved in mediating
osmotic stress-induced Syk activation, with osmotic
stress-induced Syk activation being inhibited by the
pretreatment of cells with N-acetyl-cysteine and re-
duced glutathione. When cells were treated with the
combination of sodium chloride and hydrogen perox-
ide, there was a synergistic activation of Syk. In con-
clusion, osmotic stress-induced Syk activation required
suramin-inhibitable surface receptor aggregation and
accumulation of intracellular reactive oxygen species.
© 1999 Academic Press
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Protein-tyrosine kinases (PTKSs) play crucial roles in
a wide variety of cellular responses, including cell ac-
tivation, proliferation and differentiation (1). In addi-
tion to growth factors and cytokines, which stimulate
receptor intrinsic PTK activities or receptor-coupled
non-receptor PTKSs, following binding to their cognate
receptors (2), extracellular stress stimuli such as ion-
izing radiation, ultraviolet radiation, hydrogen perox-
ide and genotoxic agents, can also activate PTKs, in-
cluding Src- and Syk-family PTKs (3-7). Here, we are
particularly interested in Syk, a non-receptor PTK that
was previously cloned in our laboratory (8). Syk is
strongly activated following B cell receptor engage-
ment (9, 10), by hydrogen peroxide (11-13) and by
osmotic stress (13, 14). Both oxidative and osmotic

Abbreviations used: PTK, protein-tyrosine kinase; JNK, c-Jun
N-terminal kinase; ROS, reactive oxygen species; NAC, N-acetyl-
cysteine; GSH, reduced glutathione.
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stress also elicits increased tyrosine phosphorylation of
cellular proteins, activation of c-Jun N-terminal Ki-
nases (JNKSs), calcium mobilization and cell apoptosis
in chicken DT40 B cells (13, 14). However, genetic
studies utilizing Syk-negative cells demonstrated
clearly that Syk plays distinctive roles in oxidative and
osmotic stress signaling. Oxidative stress induces a
Syk-dependent increase in intracellular calcium con-
centration, JNK activation, and tyrosine phosphoryla-
tion of cellular proteins, but osmotic does not (13, 15).
Syk appears to function as an inhibitor of osmotic
stress-induced apoptosis, but has little function in ox-
idative stress-induced apoptosis (14). Different func-
tions of Syk might be accounted for partly by differen-
tial regulation of Syk activation in response to osmotic
and oxidative stress. While Syk activation was gener-
ated by the combination of both Syk activity and addi-
tional PTK activity, Syk activity and additional PTK
activity were responsible for the majority of oxidative
stress- and osmotic stress-induced Syk tyrosine phos-
phorylation, respectively (15). Point mutation within
C-terminal Src homology domain of Syk enhanced Syk
activity following osmotic, but not oxidative stress
treatment (15).

The interaction of tyrosine-phosphorylated receptor
subunits with the tandem SH2 domains of Syk has
been implicated as a major mechanism for Syk activa-
tion by antigen receptors in hematopoietic cells (16—
19). However, the mechanisms by which stress-derived
signals activate Syk remain unaddressed. Osmotic
stress was reported to induce the clustering of growth
factor and cytokine receptors, which were a prerequi-
site for the activation of these receptors. The activation
of these receptors was essential for subsequent osmotic
response (20). Several groups recently demonstrated
that rather than the change of extra and/or intracellu-
lar tonicity, it was membrane deformation that was
responsible for osmotic stress-induced tyrosine phos-
phorylation and other biochemical events (21-23). In
addition, induction in intracellular reactive oxygen
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species (ROS) has been demonstrated to be an im-
portant prerequisite for ligand-dependent cell acti-
vation and signal transduction (24-30). Osmotic
stress was reported to induce the accumulation of
intracellular ROS (31) and intracellular ROS were
indicated to be required for the regulation of certain
osmotic response (32). To explore the nature of how
the signals derived from osmotic stress activate Syk
in B cells, we applied suramin, an inhibitor of cell
surface receptor aggregation, and ROS scavengers
such as N-acetyl-cysteine (NAC) and the reduced
form of glutathione (GSH), to dissect the possible
events involved in osmotic stress-induced Syk acti-
vation. In comparison, hydrogen peroxide that itself
is one of the ROS and Syk activator is also used as a
stimulator in this study. We reported here that os-
motic stress-induced Syk activation partly depended
on cell surface receptor aggregation and intracellular
ROS generation.

MATERIALS AND METHODS

Materials and chemicals. RPMI 1640 powder was purchased
from GIBCO Inc. Protein A was from Calbiochem Corporation. Hy-
drogen peroxide, sodium chloride, potassium chloride and sucrose
were from Wako Pure Chemicals. Anti-phosphotyrosine antibody
(4G10) was from Upstate Biotechnology Inc. Nystatin, reduced glu-
tathione (GSH), N-acetyl-cysteine (NAC) and suramin were from
Sigma. Enhanced chemiluminescence reagents were from Dupont.

Cell culture and harvest. Establishment of Syk-negative DT40
cells expressing porcine Syk (designated Syk-/Syk), was performed
as described previously (33). Syk-/Syk DT40 cells and human Raji B
cells were maintained in RPMI-1640 medium, supplemented with
10% (v/v) fetal bovine serum, 100 U/ml penicillin and 100 pg/ml
streptomycin in a humidified 95% air/CO, atmosphere. For experi-
ments, cells were collected by centrifugation as previously described
(12). Cells were stimulated by hydrogen peroxide (oxidative stress) or
sodium chloride (osmotic stress) at 37°C.

Cell permeabilization by nystatin. For the experiments required
cells to be permeabilized, cells were resuspended in isotonic NaCl
buffer (140 mM NacCl, 5 mM KCI, 10 mM glucose, 1 mM CaCl,, 1 mM
MgCl, and 10 mM Hepes, pH 7.5), or isotonic KCI buffer (145 mM
KCI, 10 mM glucose, 1 mM CaCl,, 1 mM MgCl, and 10 mM Hepes,
pH 7.5), or iso-osmotic sucrose buffer (280 mM sucrose, 5 mM KCI, 10
mM glucose, 1 mM CacCl,, 1 mM MgCI, and 10 mM Hepes, pH 7.5),
and then were permeabilized with 500 units/ml nystatin at 37°C
prior to stimulation. When required, media were made hypertonic to
the indicated level in the text by the addition of NaCl or KCI or
sucrose to the respective isotonic buffer.

Preparation of cell extracts. Stimulated cells (5 ~ 10 X 10° cells/
ml) were lysed in ice-cold lysis buffer (5 mM EDTA, 150 mM Nacl,
1% Triton X-100, 100 uM Na;VO,, 2 mM phenylmethylsulfonyl flu-
oride, 10 wpg/ml leupeptin, 50 mM Tris, pH 7.4) following a short
centrifugation step. Lysates were clarified by centrifugation at
16,000 X g for 15 min at 4°C.

Immunoblot analysis. Cell extracts or immunoprecipitates were
resolved on SDS-PAGE, transferred electrophoretically onto PVDF
membranes, and then immunoblotted with the indicated antibodies.
Immunoreactive proteins were visualized by enhanced chemilumi-
nescence.
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RESULTS

Cell shrinkage, but not osmolarity, induced Syk ac-
tivation in Raji B cells. Osmotic stress activated Syk
and induced tyrosine phosphorylation on cellular pro-
teins (15, 21, 22). The activation of Syk by osmotic
stress may be due to a change in the extra- and/or
intracellular total osmotic activity or an alteration in
the cell volume. To dissect the imposed changes in
tonicity from the changes in the cell volume, we applied
hypertonicity, while preventing cell shrinkage by using
the non-selective monovalent ionophore, nystatin, a
pore-forming molecule that allows the passage of small
monovalent ions across the plasma membrane (34).
Pretreatment of cells with nystatin has been reported
to effectively block cell shrinkage and tyrosine phos-
phorylation of cellular proteins induced by osmotic so-
dium chloride or potassium chloride medium (21, 22).
Nystatin inhibited tyrosine phosphorylation of cellular
proteins induced by osmotic media, such as a hyper-
tonic sodium medium (Fig. 1A). Thus we used this
approach to explore the effect of cell shrinkage on os-
motic stress-induced Syk activation. As Syk is acti-
vated by tyrosine phosphorylation following antigen
receptor engagement or hydrogen peroxide treatment,
the phosphorylation status of this protein was used as
an indicator of its activation state, as previously de-
scribed (11, 35, 36). Figure 1B illustrated that treat-
ment of Raji cells with nystatin did not affect the status
of Syk tyrosine phosphorylation, but substantially re-
duced the level of osmotic stress-induced Syk activa-
tion, regardless of the solute used (Fig. 1B). When the
extra- and intracellular osmolarity was increased by
urea, a rapidly permeating solute, Syk tyrosine phos-
phorylation in cells exposed to osmotic urea (0.2 or 0.3
M) was similar to that of cells maintained in isotonic
buffer (Fig. 1B and data not shown), clearly indicating
that an increase in extra- and intracellular tonicity
was unable to activate Syk.

To further ascertain that cell shrinkage, rather than
osmolarity, was responsible for Syk activation, we took
the second approach of enhancing cell shrinkage, with-
out further increasing extra- and intracellular osmo-
larity. While the extracellular sucrose was unable to
diffuse through the nystatin pores, intracellular mono-
valent ions easily diffused out of the cells. When the
same dose of sucrose was added to the cells treated
with and without nystatin, osmotic sucrose exposure
caused a further reduction in the cell volume in
nystatin-treated cells compared to untreated cells (21,
22). Figure 1A and 1B showed that addition of sucrose
to the cells suspended in iso-osmotic sucrose medium
caused moderate tyrosine phosphorylation of cellu-
lar proteins and a weaker Syk activation. When the
same dose of sucrose was added to the nystatin-
permeabilized cells, stronger Syk activation and ty-
rosine phosphorylation of cellular proteins were elic-
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FIG. 1. Syk activation and tyrosine phosphorylation of cellular proteins induced by osmotic stress in human Raji B cells. (A) Anti-
phosphotyrosine immunoblot of cell lysates from Raji cells. Cells were pretreated with or without 500 units/ml nystatin for 5 min and then
were subjected to osmotic stress treatment (an additional 0.2 M sodium chloride, or 0.2 M sucrose). Cell lysates were separated by
SDS-PAGE, transferred to PVDF membrane, and immunoblotted with an anti-phosphotyrosine antibody. (B) Anti-phosphotyrosine immu-
noblot (top) and anti-Syk immunoblot (bottom) of anti-Syk immunoprecipitates from Raji cells following osmotic stress treatment for 5 min.
IP, immunoprecipitation; 1B, immunoblot. The positions of the molecular-mass markers are shown on the left (kDa).

ited (Fig. 1A and 1B). Together these results dem-
onstrated that cell shrinkage activated Syk, regardless
of the osmolarity.

Surface receptor aggregation was involved in os-
motic stress-, but not oxidative stress-induced Syk ac-
tivation. Cells may perceive a change in their volume
by sensing macromolecular crowding (37). One form of
crowding is the aggregation of cell surface receptors. It
has been extensively shown that such clustering of
receptors is crucial for their activation (38). Osmotic
shrinkage of HelLa cells was reported to induce clus-
tering of interleukin-1, epidermal growth factor, and
tumor necrosis factor receptors in the absence of their
ligands (20). Oxidizing agents also can trigger receptor
clustering, to some extent, through sulfhydryl oxida-
tion. Therefore, we explored the role of receptor clus-
tering in the initiation of osmotic and oxidative stress-
induced Syk activation. Suramin is known to block
both ligand- and nonligand-induced receptor aggrega-
tions, thereby abolishing receptor-mediated signal
transduction (39). As shown in Fig. 2, suramin inhib-
ited osmotic stress-induced tyrosine phosphorylation of
Syk, inferring the involvement of surface receptor ag-
gregation in osmotic stress-induced Syk activation.

Conversely, oxidative stress-induced tyrosine phos-
phorylation of Syk was not affected by suramin pre-
treatment. Thus, oxidative stress appeared to bypass
surface receptor aggregation in triggering Syk activa-
tion.

Inhibition of osmotic stress-induced Syk activation
by antioxidants. We next investigated the nature of the
signals derived from sodium chloride that initiates the
activation of Syk. Here, we examined whether the ac-
tivation of Syk by sodium chloride and hydrogen per-
oxide was sensitive to NAC or GSH, which would sug-
gest an involvement of ROS. Raji cells were pre-
incubated in the absence or presence of NAC or GSH,
and then stimulated with sodium chloride or hydrogen
peroxide. Enhancing the cellular antioxidant potential
by the addition of 2 mM of either NAC or GSH abol-
ished the capability of both sodium chloride and hydro-
gen peroxide to activate Syk (Fig. 3A, top) and to in-
duce the increase in tyrosine phosphorylation of
cellular proteins (data not shown). These results indi-
cated that ROS mediated both osmotic and oxidative
stress-initiated Syk activation in Raji cells. Somewhat
to our surprise, by increasing the NAC concentration to
6 mM, this inhibitory effect disappeared. Reprobing
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FIG. 2. Effect of suramin on osmotic and oxidative stress-
induced Syk activation. Cells were preincubated with or without 0.3
mM suramin for 30 min and then stimulated by an additional 0.3 M
sodium chloride or 5 mM hydrogen peroxide for indicated time
points. Anti-Syk immunoprecipitates from Raji cell lysates were
immunoblotted with an anti-phosphotyrosine immunoblot (top) and
anti-Syk immunoblot (bottom).

the same membrane with anti-Syk antibody revealed
that a similar amount of Syk was immunoprecipi-
tated in all samples except those treated with 6 mM
NAC, which appeared to severely reduce the recov-
ery of Syk by the anti-Syk antibody (Fig. 3A, bottom).
To look for the generality of the requirement of ROS
for osmotic and oxidative stress-induced Syk activa-
tion, we investigated whether NAC can block oxida-
tive and osmotic stress-induced Syk activation in
other cell systems. Syk-negative DT40 cells express-
ing porcine Syk was used since we have a good anti-
body raised against porcine Syk. As in the case of
Raji cells, similar results were obtained in DT40
chicken B cells (Fig. 3B).

Synergistic effect of sodium chloride and hydrogen
peroxide on Syk activation. That osmotic stress-
stimulated Syk activation could be inhibited by the
pretreatment of cells with antioxidants indicated that
osmotic stress stimulated an increase in intracellular
ROS. Thus, we reasoned that the combination of so-
dium chloride and hydrogen peroxide could activate
Syk in an additive or synergistic manner. To test this
possibility, we carried out immunoblot analysis with
antiphosphotyrosine antibody on Syk immunoprecipi-
tated from Raji cell lysates treated with sodium chlo-
ride and/or hydrogen peroxide. Syk was only moder-
ately activated by treatment with either sodium
chloride or hydrogen peroxide (Fig. 4). Treatment with
both sodium chloride and hydrogen peroxide strongly
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activated Syk, to a much higher extent than that seen
with sodium chloride or hydrogen peroxide alone, dem-
onstrating that sodium chloride and hydrogen peroxide
activated Syk in a synergistic manner. When sodium
chloride was replaced with potassium chloride, the
same result was obtained (Fig. 4).
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FIG. 3. Inhibition of osmotic and oxidative stress-induced Syk
activation by antioxidants. (A) Involvement of reactive oxygen spe-
cies in cell shrinkage and oxidative stress-induced Syk activation in
Raji cells. Cells were preincubated with the indicated doses of
N-acetyl cysteine (NAC) or reduced glutathione (GSH) for 5 min and
then stimulated for 2 min by an additional 0.3 M sodium chloride or
5 mM hydrogen peroxide. Anti-Syk immunoprecipitates were immu-
noblotted with an anti-phosphotyrosine antibody (top) and anti-Syk
antibody (bottom). (B) Involvement of reactive oxygen species in
osmotic and oxidative stress-induced Syk activation in DT40 cells.
Syk-negative DT40 cells expressing porcine Syk were incubated with
NAC for 5 min and then stimulated for 2 min by an additional 0.3 M
sodium chloride or 2 mM hydrogen peroxide.
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FIG. 4. Synergistic effect of osmotic and oxidative stress on Syk
activation. Raji cells were treated with 0.2 M sodium chloride (or
potassium chloride) and/or 2 mM hydrogen peroxide for 2 or 5 min.
Anti-Syk immunoprecipitates were immunoblotted with an anti-
phosphotyrosine antibody (top) and anti-Syk antibody (bottom).

DISCUSSION

Syk plays a crucial role in platelet activation, B cell
development, and hematopoietic cell signaling (9, 10,
19, 40-42). In addition, two stress stimuli, osmotic and
oxidative stress, activate Syk in B cells (11-14). Ge-
netic studies further reveal that Syk plays distinctive
roles in osmotic and oxidative stress signaling (13-15).
However, the intermediate steps involved in the trans-
duction of activating signals derived from osmotic and
oxidative stress to Syk, are largely unknown. Here we
have provided evidence that the triggering factor re-
sponsible for osmotic stress-induced Syk activation is
not an increase in extra- or intracellular osmotic con-
centration per se, but rather a decrease in cell volume.
Cell shrinkage appears to be the prerequisite for os-
motic stress-induced Syk activation. This conclusion
was supported by the following evidence. Syk activa-
tion could be reduced by the inhibition of cell shrinkage
with nystatin at constant osmolarity and ionic
strength. On the other hand, while maintaining con-
stant osmolarity, shrinkage of nystatin-permeabilized
cells with sucrose caused a marked increase in Syk
tyrosine phosphorylation (Fig. 1B). Moreover, in the
absence of significant cell volume changes, increase in
extra- and intracellular osmolarity with urea, a rapidly
permeating solute, failed to activate Syk. It is notewor-
thy that the incomplete inhibition of Syk activation in
nystatin-permeabilized cells by sodium chloride or po-
tassium chloride, may have been caused by a transient
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cell shrinkage that likely happened when the osmolar-
ity of the medium was raised, as water efflux from the
cells treated with nystatin may have preceded entry
and equilibration of sodium chloride into the cells.

It has been hypothesized that cells perceive their
volume by sensing macromolecular crowding. One
form of crowding may be the aggregation of surface
receptors as recently reported (20). Oxidizing agents
also can trigger the aggregation of many growth factor
and cytokine receptors that contain cysteine-rich mo-
tifs (38, 43). Cell surface receptor aggregation has al-
ready been demonstrated to be required for osmotic
stress-induced JNK activation (20) and hydrogen
peroxide-stimulated extracellular signal regulated ki-
nase (ERK) activation (44). Pretreatment of B cells
with suramin, an inhibitor of cell surface receptor ag-
gregation, indeed inhibited osmotic stress-induced Syk
activation (Fig. 2). In B cells, crosslinking of B cell
receptors by an anti-lgM antibody (9, 10) or oligomer-
izing cell-surface glycoproteins by lectins (45, 46), led
to Syk activation. It is tempting to speculate that
shrinkage of B cells triggers the activation of Syk
through clustering of B cell antigen receptors and/or
other tyrosine kinase (associated) receptors. In con-
trast, oxidative stress-induced Syk activation appeared
to bypass the requirement of suramin-inhibitable ag-
gregation of cell surface receptors.

A growing body of evidence demonstrated that intra-
cellular ROS are important second messengers in me-
diating the signal transduction pathways elicited by
various agonists (24-30). Involvement of ROS in so-
dium chloride-induced Syk activation was tested by
pretreating the cells with the widely used antioxidant,
NAC which can detoxify ROS either indirectly or di-
rectly. NAC significantly reduced sodium chloride-
induced Syk activation (Fig. 3). GSH also can inhibit
Syk activation. The sensitivity of sodium chloride-
induced Syk activation to NAC and GSH clearly indi-
cated that Syk activation by sodium chloride was elic-
ited by ROS produced in response to osmotic stress. It
was unexpected that sodium chloride- and hydrogen
peroxide-induced Syk activation was hardly inhibited
by high dose of NAC (Fig. 3). At present, we have no
idea about this phenotype, however, it is possible that
high concentration of NAC itself is one kind of stresses
which can activate Syk.

ROS were prerequisite, at least in part, for osmotic
stress-induced Syk activation. Osmotic stress needed
surface receptor aggregation to activate Syk, but oxi-
dative stress-induced Syk activation bypassed this re-
quirement. Thus, we reasoned that the combined treat-
ment of cells by sodium chloride and hydrogen peroxide
may activate Syk in an additive or synergistic manner.
Immunoblot analysis of anti-Syk immunoprecipitates
with anti-phosphotyrosine antibody revealed that so-
dium chloride synergized with hydrogen peroxide to
activate Syk. The same result was also observed when
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sodium chloride was replaced by potassium chloride,
suggesting that ROS generation might account for the
synergistic activation of Syk by oxidative and osmotic
stress.

In a word, cell shrinkage rather than osmolarity was
responsible for osmotic stress-induced Syk activation.
Accumulation of intracellular ROS was a prerequisite
for Syk activation elicited by both osmotic and oxida-
tive stress, two stress stimuli that synergize in relation
to Syk activation
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