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As a prototypic Thl vs Th2 cytokine, IFN-y and IL-4
activate distinct STAT proteins, STAT1 and STATS6,
respectively. In cytokine-producing Jurkat T cells, IL-4 is
effectively rescued from cell death that is induced by
dexamethasone, but IFN-y failed to do so. Since the Ras/
MAPK pathway is known to play an important role in
cytokine-induced cell survival, we investigated the
mechanism of T cell survival through the analysis of
functional cross-talk between Ras/MAPK and distinct
STAT proteins that are activated by IL-4 and IFN-y.
Although IL-4 and IFN-y each induced the activation of
STAT6 and STAT1 in Jurkat T cells, respectively, only IL-4
was capable of inducing MAPK. Along with tyrosine
kinase inhibitors, MEK/MAPK inhibitors also caused a
significant suppression of the IL-4-induced STAT6 activity.
This suggests a positive regulation of STAT6 by MAPK
during IL-4 signal transduction. Furthermore,
transfection studies with dominant active (da) vs dominant
negative (dn) Ras revealed that daRas, but not dnRas,
selectively up-regulated the expression and activity of
STAT6 with a concomitant increase in MAPK activity.
These results, therefore, suggest that there is a functional
cross-talk between the Ras/MAPK and Jak/STAT6
pathways, which may have a role in the IL-4-induced T cell
survival,
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Introduction

With the recent progress in the elucidation of the cytokine
signal transduction, Jak/STAT and Ras/MAPK have been
established as two major intracellular signaling pathways that
control cytokine-induced cell survival, proliferation, and
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differentiation (Max, 1993). In fact, various cytokines, growth
factors, and hormones are now found to activate both the Jak/
STAT and Ras/MAPK pathways, which affect diverse facets
of cell growth signaling processes (Boulton et al., 1995;
Yamanaka et al., 1996).

Unlike many other cytokines that regulate immune cell
growth, relatively little is known about TL-4 signal
transduction that leads to cell growth response. It was thought
that the signaling pathways involved in the TL-4-induced cell
survival/proliferation vs differentiation are rather distinct.
Upon IL-4 receptor activation by ligand binding, both the
insulin receptor substrate (IRS)-1/2 and STAT6 bind to a
specific motif on the IL-4 receptor, called the insulin-
interleukin-4 receptor (I4R) motif (Wang er al., 1998).
Subsequently, the activation of the IRS-1/2-mediatied PI3K
and MAPK activation is implicated in IL-4-induced cell
survival, whereas the Jakl-dependent STAT6 activation is
thought to be responsible for the induction of gene expression
and differentiation (Mikita et al. 1996; Nelms et al., 1999). In
contrast, the IFN-y-induced STAT1 activation is important, not
only in the regulation of the IFN-y-induced gene expression
and differentiation, but also in the induction of growth arrest
and apoptosis of target cells (Xu et al., 1998; Suk et al., 2001).

In the Jurkat T cells that are capable of producing both Th1
and Th2 cytokines, IL-4 and IFN-y display opposing effects.
IL-4 mediates cell survival from the dexamethasone-induced
apoptosis, whereas IFN-y promotes cell death. Since Ras/
MAPK pathways are known to play an important role in
cytokine-induced cell survival, we are interested in whether
there is a selective cross-talk between Ras/MAPK and distinct
STAT proteins that are activated by IFN-y and IL-4, which
would ultimately produce differential growth-regulating
effects of the Th1 vs Th2 cytokines in these cells,

Here we report that IL-4, but not IFN-y, selectively induces
MAPK activity in Jurkat T cells. There is also a functional
cross-talk between the Jak/STAT6 and Ras/MAPK pathways.
Through transfection studies we have also demonstrated that
Ras/MAPK components positively regulate the expression
and activity of STAT6. The induction of MAPK activation by
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IL-4 and the selective cross-talk between the Jak/STAT6 and
Ras/MAPK pathway would contribute to IL-4-mediated cell
survival and subsequent differentiation to Th2 cells that are
induced upon the IL-4 treatment.

Materials and Methods

Cell culture Jurkat T cells were maintained in a RPMI media
supplemented with 10% FBS (Life Technologies Inc., Grand
Island, USA), 10 mM HEPES, 2 mM L-glutamine, 5 x 10°M B-
ME, 50 pg/ml gentamicin, and 50 pg/ml amphotericin B (Sigma, St
Louis, USA). The 293 T cells were maintained in DMEM
supplemented with 5% FBS. Recombinant human IL-4 (R+D
systems, Minneapolis, USA), IFN-y (R & D systems), or
dexamethasone (Sigma) was added to the cells as indicated. The
cells were cultured in humidified 5% CO, at 37°C.

MAPK assays Cells were stimulated with cytokines for 5 to 60
min, and the total lysates were prepared as described (So et al.,
2000). The lysates were fractionated on a 10% SDS-PAGE under
denaturing conditions. Then the gel was transferred to PVDF
membranes. The membrane was immunoblotted with a polyclonal
anti-phospho-Erk antibody (Upstate Biotechnologies, Inc), then
subsequently with an anti-Erk antibody. The blots were developed
using an ECL system (Amersham). An in vitro MAPK assay was
also performed with the cytokine-treated lysates. The total lysates
were immunoprecipitated (Park et al., 2000) with an anti-MAPK
(Erk1/2) antibody and anti-rabbit IgG agarose. The precipitates
were then incubated with myelin basic protein (MBP) as a
substrate. Then the phosphorylation of MBP was analyzed on a
10% SDS-PAGE by autoradiography.

STAT activation assays The cells were treated with cytokines for
30 min. The nuclear extracts were prepared to perform EMSA by
using the FcYRI GAS oligomer or FceRII GAS oligomer as a probe
for STAT1 or STAT6, respectively (Koh et al., 2000; Song et al.,
2001). Where indicated, the Jurkat T cells were pre-treated with
protein kinase inhibitors for 30 min prior to the cytokine
stimulation. The binding of activated STATs to the labeled GAS
probe was then analyzed by the mobility shift from the free probe
on a 5% PAGE in a 0.5X TBE buffer. In addition, in order to assess
the activation status of the STAT protein, the tyrosine
phosphorylation level of STAT6 was analyzed by immunoblotting
using polyclonal anti-phosphotyrosine-STAT6 antibodies (UBI) as
described (So et al., 2000).

Apoptosis study Phytohemagluttin (PHA, Sigma)-stimulated or
unstimulated Jurkat T cells were treated with IL-4 or IFN-y in the
presence or absence of dexamethasone. The dexamethasone-
induced apoptosis was then monitored by performing a DNA
fragmentation analysis on a 2% agarose gel.

Transfection and Western blot  The 293 T cells were plated at a
density of 2x10° cells/well in 6-well plates. The cells were
transfected with a cDNA construct of STAT6, daRas, or dnRas by
Fugene 6 reagent (Boheringer Mannheim) according to the
manufacturer’s instructions. Two days (48 h) after transfection, the

cells were harvested. Then the total lysates were prepared. The
expression levels of da/dn Ras and STAT6 were analyzed by
immunoblotting using respective antibodies (Kim et al., 2000).

Results and Discussion

Differential effects of IL-4 and IFN-y on the Jurkat cell
apoptosis and survival As a transformed T helper cell line,
Jurkat cells produce, in addition to IL-2, both Thl and Th2
cytokines upon appropriate stimulation. PHA stimulation of
Jurkat cells leads to cellular activation and IL-2 production,
which promotes cell growth. The cells, however, can be
induced to undergo apoptosis upon treatment with a synthetic
steroid, dexamethasone, as shown by the significant
fragmentation of nuclear DNA (Fig. 1. Panel A, lanes 1 and 4).
IL-4 effectively rescued these cells from the dexamethasone-
induced apoptosis, but IFN-y failed to do so. In fact, IFN-y
alone was capable of inducing cell death, even in the absence
of dexamethasone (Fig. 1 Panel A, lanes 3). Such differential
effects of IL-4 and IFN-y on the apoptosis of T cells were also
observed even when unstimulated Jurkat cells were used; IL-4
rescued the cells from the apoptosis while IFN-y did not (Fig
1, Panel B). The results indicate that IL-4 and IFN-y
differentially regulate the signaling pathway that leads to the
growth/survival response in T cells.

Differential activation of STATs and MAPK by IL-4 and
IFN-y In order to delineate the underlying mechanism of the

GV : :
Fig. 1. Differential effects of IL-4 and IFN-y on the
dexamethasone-induced apoptosis of Jurkat T cells. Jurkat T cells
(2 x 107y were treated with PHA (5 pg/ml) for 4 h (Panel A) or
left untreated (Panel B). The cells were washed, then IL-4 (10
ng/ml), IFN-y (10 ng/ml), and dexamethasone (Dex, 10 uM) were
added and cultured for 24 h. Nuclear DNAs were extracted and
analyzed on a 2% agarose gel.
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Fig. 2. IFN-y and IL-4 induce STAT1 and STAT6 activity,
respectively in Jurkat T cells. Panel A: Jurkat T cells were
treated with media alone or with IFN-y (10 ng/ml) for 30 min.
Nuclear extracts were then prepared and subjected to EMSA
using the FcyRI GAS probe as described in the text. Anti-STAT1
antibodies were incubated with the extracts for 30 min prior to
the binding reaction with the labeled probe. Panel B: Jurkat T
cells were treated with media alone or with IL-4 (10 ng/ml) for
the indicated durations. Total cell lysates were prepared and
subjected to immunoblotting with anti-phosphotyrosine STAT6
antibodies (Top). The blot was then stripped and reprobed with
anti-STAT6 antibodies (Bottom).

differential action of IL-4- and IFN-y on T cell survival, we
analyzed the IL-4- or IFN-y-induced STAT activation profile
in these cells as a primary signaling molecule that regulates
the T cell growth response.

As is known for other cell systems, the treatment of Jurkat
T cells with IFN-y induced STAT1 activation (Park et al.,
1998; Schindler et al., 1992). The nuclear extracts of IFN-y-
treated T cells contained the activity binding to FcyRI GAS,
the STAT1-recognition sequence (Fig. 2 Panel A, lanes 1 and
2). The identity of the complex was confirmed to be STAT1
by a supershift assay using anti-STAT1 antibodies (Fig. 2
Panel A, lane 3). Also, IL-4 induced STAT6 activation in these
cells. This is shown by a noticeable increasé in tyrosine
phosphorylation of STAT6 (Quelle et al., 1995) in a time-
dependent manner, as demonstrated by immunoblotting with
anti-phosphotyrosine STAT6 antibodies (Fig. 2, Panel B).
These results demonstrate that IL-4 and IFN-y both activate
the Jak/STAT pathway in Jurkat cells, which may regulate the
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Fig. 3. IL-4 but not IFN-y induces MAPK activation in Jurkat T
cells. Panel A: Jurkat cells were treated with media alone or
IFN-y (10ng/ml) for 20 min. The lysates were prepared and
subjected to immunoblotting with anti-phosphothreonine-Erk
antibodies. Panel B: Jurkat cells were treated with media alone
or IL-4 (10ng/ml) for 20 min. The lysates were subjected to
immunoblotting with anti-phosphothreonine Erk antibodies (Top).
The stripped membrane was subsequently used for blotting with
anti-Erk antibodies (Bottom).

growth response via distinct mechanisms.

While STAT1 is implicated in cytokine-induced growth
arrest, the role of STAT6 in the growth-promoting process has
not been defined (Zamorano et al., 1998). Thus, next we
examined whether IL-4 or IFN-y induces MAPK, which is
thought to be involved in cytokine-induced cell survival
mechanisms (Wang et al., 1993). As in Fig 3, the treatment of
the Jurkat T cells with IL-4 at doses effective for the TL-4-
mediated T cell survival resulted in a significant increase in
phospho-threonine Erk 1/2 levels at 30 min. This represents a
strong induction of MAPK activity by IL-4. Among the two
known isoforms of Erk, IL-4 preferentially activated p42 Erk2
more than p44 Erkl (Fig 3, Panel B). In contrast, IFN-y did
not induce Erk MAPK activation by 30 min (Fig, Panel A).
The prolonged incubation of these cells with IFN-yup to 1 h
at doses used for the induction of apoptosis, was still
ineffective for MAPK activation (data not shown). The
treatment of Jurkat T cells with an Erk inhibitor, PD98059
(Alessi et al., 1995), blocked the effect of IL-4 on the rescue
of these cells from the dexamethasone-induced apoptosis
(data not shown). The results suggest a role of MAPK in the
IL-4-induced Jurkat T cell survival.

Positive regulation of STAT6 by Rass/MAPK Components
Since IL-4, but not IFN-y, induced cell survival and the
concomitant activation of STATs and Erk MAPK in Jurkat T
cells, we were interested to examine whether there is a
selective cross-talk between MAPK and STAT activation
pathway, which may influence the IL-4-induced T cell rescue
from the apoptosis. Thus, we initially examined whether the
activity of STAT6 is regulated by MAPK-dependent pathways
by using various protein kinase inhibitors.

As shown in Fig 4, the IL-4-induced STAT6 activity was
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Fig. 4. Suppression of the IL-4-induced STAT6 activity by
inhibitors of PTK and MEK/MAPK. EMSA was performed with
T cells treated with IL-4 (5 ng/ml) for 30 min in the absence or
presence of specific protein kinase inhibitors, tyrphostin (TY),
genistein (GS), H-7, or PD98059 (PD) using the FceRII GAS
probe that contained a STAT6 binding site. Inhibitors or
competitor oligomers (comp, 100x) were added 30 min prior to
the IL-4 treatment. )

completely abrogated by tyrosine kinase inhibitors, tyrphostin,
or genistein (Akiyama et al., 1987). H7, at concentrations
effective for the specific inhibition of PKC (Hidaka et al.,
1984), did not effectively suppress the IL-4-induced STAT6
activity (Fig 4, Panel A). This demonstrates that the IL-4-
induced STAT6 activation proceeds via tyrosine kinase (Jak)-
dependent yet PKC-independent pathways, as indicated in
earlier studies (Lee et al., 1993; Quelle et al, 1995).
Noticeably an inhibitor of Erk, PD98059, significantly down-
regulated the IL-4-induced STAT6 binding to the target DNA
in a dose-dependent manner. This suggests that STAT6
activation is regulated, at least in part, by the Erk MAPK-
dependent pathway in these T cells (Fig 4, Panel B).

To demonstrate more directly the regulation of STAT6
though the Ras/MAPK pathway, we utilized the 293 T cell
system, which is deficient in the constitutive expression of
STAT6 (Fig 5, Panel A, lanes 1-3). We observed that the co-
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Fig. 5. Regulation of expression and activity of STAT6 by da/dn
Ras co-transfection. The 293 T cells were transfected with vector
alone (-), daRas, or dnRas with or without STAT6 co-
transfection. The expression levels of STAT6 and Ras were
analyzed by Western blot with respective antibodies (Panel A).
The extracts of the transfected cells were also analyzed for
STAT6 activation profile upon IL-4 (10 ng/ml) treatment for 30
min by performing EMSA as in Fig. 4 (Panel B). The in vitro
MAPK assay was performed with the extracts of the transfected
cells using MBP as a substrate with or without the IL-4 (10 ng/
ml) treatment for 15 min.

transfection of daRas and STAT®6 in these cells resulted in an
elevated expression and up-regulation of STAT6 activity, as
compared to STAT6 transfection alone. No such positive
effects on the STAT6 activation and expression were obtained
with the dnRas co-transfection (Fig 5, Panels A and B). It
should be noted that in the daRas-transfected cells, the
magnitude of the elevation in STAT6 activity is far greater
than the increase in the expression level of transfected STAT6.
This indicates that daRas not only caused the increase in the
STAT6 protein level, but also induced the elevation of the
specific activity of STAT6 for its binding to the target DNA.



582 Eui-Young So et al.

The MAPK assay data with the corresponding lysates
obtained from daRas and/or STAT6-transfected cells clearly
demonstrated that daRas transfection indeed resulted in the
up-regulation of MAPK activity (Fig 5, Panel C). Transfection
studies performed with Jurkat T cells produced basically the
same results (data not shown).

These provide evidence that the daRas-induced elevation of
STATG activity is likely due to the Ras-dependent activation of
MAPK and that Rass/MAPK module components also
positively regulate STAT6 activity. In these cells, however, the
co-transfected STAT1 was not differentially modulated by da/
dn Ras (data not shown). Considering the previous finding
that IFN-y can induce apoptosis of target cells by the up-
regulation of the Fas expression via STAT1-dependent
mechanisms (Xu et al, 1998), the inability of MAPK
induction by IFN-y in those cells that are coupled with the
activation of STAT1 may play a part in the IFN-y-induced cell
death that was observed in this study.

In conclusion, the data from the present work suggest that
there is a positive regulation of STAT6 by Ras/MAPK
components, as was implicated in recent studies (Horvai ez al.,
1999; Yamashita et al., 1999). The functional cross-talk
between STAT6 and MAPK during IL-4 signal transduction is
likely involved in the IL-4-induced T cell survival from the
dexamethasone-induced apoptosis. Thus, in addition to the
well-established role for the IL-4-induced Th2 differentiation
(Nakanishi et al., 1996), STAT6 may participate in the IL-4-
mediated T cell survival and proliferation.
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