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Shp-2 is an SH2 domain-containing protein tyrosine phosphatase. Although the mechanism remains to be
defined, substantial experimental data suggest that Shp-2 is primarily a positive regulator in cell growth and
development. We present evidence here that Shp-2, while acting to promote mitogenic signals, also functions
as a negative effector in interferon (IFN)-induced growth-inhibitory and apoptotic pathways. Treatment of
mouse fibroblast cells lacking a functional Shp-2 with IFN-a or IFN-g resulted in an augmented suppression
of cell viability compared to that of wild-type cells. To dissect the molecular mechanism, we examined
IFN-induced activation of signal transducers and activators of transcription (STATs) by electrophoretic
mobility shift assay, using a specific DNA probe (hSIE). The amounts of STAT proteins bound to hSIE upon
IFN-a or IFN-g stimulation were significantly increased in Shp-22/2 cells. Consistently, tyrosine phosphor-
ylation levels of Stat1 upon IFN-g treatment and, to a lesser extent, upon IFN-a stimulation were markedly
elevated in mutant cells. Furthermore, IFN-g induced a higher level of caspase 1 expression in Shp-22/2 cells
than in wild-type cells. Reintroduction of wild-type Shp-2 protein reversed the hypersensitivity of Shp-22/2

fibroblasts to the cytotoxic effect of IFN-a and IFN-g. Excessive activation of STATs by IFNs was also
diminished in mutant cells in which Shp-2 had been reintroduced. Together, these results establish that Shp-2
functions as a negative regulator of the Jak/STAT pathway. We propose that Shp-2 acts to promote cell growth
and survival through two mechanisms, i.e., the stimulation of growth factor-initiated mitogenic pathways and
the suppression of cytotoxic effect elicited by cytokines, such as IFNs.

The cytotoxic or growth-inhibitory activity of interferons
(IFNs) in many cell types has been recognized for decades,
although the molecular mechanism is not fully understood (9).
A group of SH2-containing transcription factors, collectively
called signal transducers and activators of transcription
(STATs), play important roles in signal relay downstream of
receptors for IFNs as well as other cytokines (4, 21). Binding of
IFNs to their specific receptors, which lack intrinsic kinase
activity, induces oligomerization of receptor subunits and trig-
gers phosphorylation on tyrosyl residues by associated Janus
tyrosine kinases (Jaks). Phosphorylation of receptors results in
subsequent recruitment and phosphorylation by Jaks of latent
STAT proteins in the cytoplasm, which are then dimerized and
translocated to the nucleus. By assembling into different com-
plexes, activated STATs bind to specific DNA sequences and
enhance transcription (4, 14, 22, 24). Genetic and biochemical
evidence indicates that IFN-a/b induces activation of Jak1 and
Tyk2, resulting in tyrosine phosphorylation of Stat1 and Stat2,
while binding of IFN-g to its receptor activates Jak1 and Jak2,
which mediate the phosphorylation of Stat1 (4, 13, 20, 28, 43).
Apparently, various combinations of STATs by themselves or
with other transcription factors activate distinct sets of genes,
leading to different biological consequences. More recent data
suggested a direct link between activation of the STAT signal-
ing pathway and cell apoptosis through induction of caspase
expression (1).

Whereas activation of STATs by Jak kinases has been ex-
tensively investigated, relatively little is known regarding the
role of protein tyrosine phosphatases (PTPs) in this signal-

transducing pathway. Several studies showed that inhibition of
PTP activities can interfere with the IFN-induced Jak/STAT
pathway in a positive or a negative manner (6, 18, 19). In
particular, two mammalian SH2-containing cytoplasmic PTPs,
Shp-1 and Shp-2, have been implicated in the regulation of
IFN signaling (5, 7). Enhanced tyrosyl phosphorylation of Jak1
but not Tyk2 was observed upon IFN treatment of Shp-1-
deficient macrophages isolated from motheaten (me) mutant
mice, which was accompanied by a significant increase in the
amount of IFN-induced STATs bound to the gamma response
region (GRR) DNA probe (5). After IFN stimulation, Shp-1
was reversibly associated with IFN-a receptor complex that
contains Jak1 and Tyk2 as well. Thus, Shp-1 appears to par-
ticipate in a negative control of distinct components in IFN-
stimulated Jak/STAT pathways in macrophages, although the
biological significance remains to be determined (5). In an-
other study, Shp-2 was shown to bind the IFN-a/b receptor in
vitro with a purified glutathione S-transferase fusion protein
containing the intracellular part of the receptor. This interac-
tion in vitro was not affected by IFN occupation of the receptor
(7). Treatment of cells with IFN induced tyrosyl phosphoryla-
tion of Shp-2, and transient expression of a catalytically inac-
tive mutant of Shp-2 had a dominant negative effect on IFN-
stimulated luciferase activity under the control of an IFN-
stimulated response element (ISRE). These results suggest
that Shp-2 might be involved in the IFN-initiated signaling
pathway. However, it is not understood whether and how
Shp-2 modulates the Jak/STAT activity.

In contrast to the predominant expression of Shp-1 in he-
matopoietic cells, Shp-2 is an ubiquitously expressed enzyme
that appears to be involved in multiple signaling pathways
downstream of a variety of growth factors and cytokines (12,
30). In previous studies, we introduced a targeted mutation
into the Shp-2 locus in mouse embryonic stem cells that results
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in a deletion of exon 3, encoding for amino acids 46 to 110 in
the N-terminal SH2 (SH2-N) domain (36, 39). Homozygous
mutant embryos died at midgestation with severe defects in the
mesodermal patterning, and heterozygous animals appeared
normal, suggesting that the mutant Shp-2 protein does not
function in a dominant negative manner. The Shp-2 mutation
suppressed embryonic stem cell proliferation as well as differ-
entiation into hematopoietic, epithelial, and cardiac muscle
cells in vitro and in vivo (34–36). To determine the Shp-2
function in cell signaling, we established embryonic fibroblast
cells from wild-type, heterozygous, and homozygous Shp-2 mu-
tant embryos (40). Using these cells, we found that Shp-2
tyrosine phosphatase functions as a positive regulator in mito-
genic stimulation of extracellular signal-regulated kinase (Erk)
and the expression of platelet-derived growth factor recep-
tor-b, while being a negative effector in C-jun N-terminal ki-
nase (Jnk) activation under cellular stress (25, 40). Further-
more, our results indicate that Shp-2 plays a critical role in the
control of cell spreading, migration, and focal adhesion, by
working in concert with focal adhesion kinase, Fak (48).

In this study, we demonstrate that Shp-2 is involved in pro-
tection of cells from the cytotoxic effect of IFNs and that Shp-2
acts as a negative effector in mediating the activation of STATs
induced by IFN-a or IFN-g. We propose a model whereby the
function of Shp-2 as a survival factor, in combination with its
promoting activity of mitogenic signaling pathways, constitutes

the positive regulatory role of the tyrosine phosphatase in cell
growth.

MATERIALS AND METHODS

Cell lines and reagents. Wild-type (Shp-21/1), heterozygous (Shp-21/2), and
homozygous (Shp-22/2) mutant embryonic fibroblast cell lines were isolated as
described in detail previously (40). Reintroduction of wild-type Shp-2 into Shp-
22/2 fibroblast cells was described elsewhere (48). Recombinant mouse IFN-g
was purchased from R&D Systems, and recombinant mouse IFN-a A/D was
provided by Hoffmann-LaRoche Inc. Polyclonal anti-Stat1, anti-Stat2, and anti-
Jak2 antibodies were gifts from Andrew Larner at the Cleveland Clinic Foun-
dation. Monoclonal antiphosphotyrosine (anti-PY) and anti-tyrosine-phospho-
rylated Stat1 (anti-PY-Stat1) antibodies were purchased from Upstate
Biotechnology, Inc. Polyclonal anti-Shp-2, anti-Jak1, anti-IFN-g receptor a sub-
unit (Ra), anti-IFN-aR, anti-caspase 1 antibodies were from Santa Cruz Bio-
technology, Inc. Buffer A is composed of 50 mM b-glycerophosphate (pH 7.3),
2 mM EDTA, 1 mM EGTA, 5 mM b-mercaptoethanol, 1% Triton X-100, and
0.05 M NaCl. Buffer B contains 20 mM HEPES (pH 7.9), 20 mM NaF, 1 mM
EDTA, 1 mM EGTA, and 1 mM dithiothreitol (DTT). Both buffers were also
supplemented before use with 0.2 mM Na3VO4, 0.4 mM microcystin, 0.1 mM
phenylmethylsulfonyl fluoride, 20 mg of leupeptin/ml, 1 mM pepstatin A, and 1
mg of aprotinin/ml.

Stimulation of cells and preparation of cell extracts. Cells at approximately
80% confluency were starved in serum-free Dulbecco modified Eagle medium
for 24 h before treatment with IFN-a or IFN-g. Factor stimulation was termi-
nated by washing cells with ice-cold phosphate-buffered saline, and cell extracts
were made as follows. Whole cell extracts were made by homogenization of cells
in buffer A followed by high-speed centrifugation. For preparation of nuclear
extracts, pelleted cells were resuspended in three packed cell volumes of buffer
B, swollen for 10 min, and lysed by repeated passage through a 25-gauge needle.
Nuclei were collected by centrifugation at 16,000 3 g for 20 min and then

FIG. 1. Hypersensitivity to IFN cytotoxicity of Shp-22/2 fibroblast cells. Wild-type and Shp-22/2 cells were treated with various concentrations of IFN-a or IFN-g
for 96 h. Surviving cells were quantitated by crystal violet staining assay. Data shown are the means of three independent experiments 6 standard deviations. The
percentage of cell survival (surv) was defined as the relative number of treated versus untreated cells.
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extracted in 2.5 packed cell volumes of buffer B supplemented with 0.42 M NaCl
and 20% glycerol. The supernatant, referred to as the nuclear extract, was
cleared by centrifugation at 16,000 3 g for 30 min and used for analysis of STAT
activity as described below.

EMSA of STATs. The activation of Stat1,2 was evaluated by assessing the
ability of the proteins to form complexes with a specific DNA probe in electro-
phoretic mobility shift assays (EMSA). In this study, the DNA probe used was
the hSIE sequence, which has been widely used for detection of STAT activation
induced by a variety of stimuli (2, 38, 44, 47, 49). The probe was prepared by
annealing 59-GTCGACATTTCCCGTAAATC-39 with 59-TCGACGATTTACG
GGAAATG-39, and the resulting double-stranded DNA with staggered ends was
labeled by the Klenow fragment in the presence of [a-32P]dCTP and
[a-32P]dTTP (3,000 mCi/mmol; Amersham). Free nucleotides were removed by
using a nucleotide-removing kit from Qiagen. For STAT activity assay, nuclear
extracts containing 15 mg of total proteins were preincubated with 2 mg of
polydI-dC–polydI-dC (Pharmacia) for 20 min, followed by the addition of 2 fmol
of 32P-labeled DNA probe and further incubation for 30 min at room temper-
ature. The buffer used for the reaction was 20 mM HEPES (pH 7.9), 25 mM KCl,
4 mM MgCl2, 0.5 mM DTT, 1 mM EDTA, 10% glycerol. Resulting protein-DNA
complexes were resolved on 5% polyacrylamide gels (acrylamide:bisacrylam-
ide 5 39:1) containing 2.5% glycerol made in 0.53 Tris-borate-EDTA buffer.
Gels were dried and exposed to X-ray films.

Determination of cell viability. Cell viability was measured by crystal violet or
trypan blue staining assay. Cells cultured in 96-well plates at 8,000 cells/well were
treated with or without IFN-a and IFN-g. After 72 or 96 h of treatment, the
media were decanted, plates were submerged in 50% crystal violet in 50%
methanol for 30 min and rinsed with water, and the bound dye was solubilized by
incubation at 37°C for 1 h with 200 ml of 0.5% sodium dodecyl sulfate (SDS) in
50% ethanol. The plates were then scanned at 595 nm.

Immunoprecipitation and immunoblot analysis. Cell extracts were incubated
with antibodies prebound to protein A-Sepharose beads overnight. The beads
were washed three times with buffer A with 0.15 M NaCl. For immunoblot
analysis, samples were separated by SDS–10% polyacrylamide gel electrophore-
sis and transferred to a nitrocellulose membrane. The membrane was first
probed with a specific antibody and then detected by using the ECL system with
horseradish peroxidase-conjugated secondary antibodies (Amersham).

RESULTS

Shp-22/2 fibroblast cells were hypersensitive to the cyto-
toxic effect of IFNs. To assess the putative role of Shp-2 in
mediating IFN-induced cytotoxicity, we compared the growth
rate of wild-type and Shp-22/2 fibroblast cells in the presence

or absence of IFN-a or IFN-g. Cells were incubated with
different amounts of IFNs for 96 h, and cell numbers were
measured after crystal violet staining. As shown in Fig. 1,
wild-type fibroblast cells were sensitive to the growth-inhibi-
tory effect of either IFN-a or IFN-g in a dose-dependent man-
ner. Notably, the sensitivity of Shp-22/2 cells to the cytotoxicity
of IFN-a and IFN-g was significantly enhanced compared to
that of wild-type cells. This result suggests that Shp-2 might be
involved in cellular protective events against growth-inhibitory
factors such as IFNs. Enhanced cell death and decreased
growth rate of Shp-22/2 cells upon IFN-a or IFN-g treatment
were also observed by counting viable cells with trypan blue
staining (data not shown). All the experiments described in this
study were repeated with reproducible results for at least two
cell lines of wild-type and Shp-22/2 origins, which were origi-
nally derived from different embryos.

Activation of STATs by IFNs was substantially enhanced in
Shp-22/2 cells. To explore the molecular mechanism for the
Shp-2 involvement in IFN-initiated cell signaling, we examined
Stat1 and Stat2 activation in wild-type as well as Shp-22/2

fibroblast cells. STAT activity in nuclear extracts was measured
by EMSA with a specific DNA probe, the hSIE sequence,
which is a high-affinity mutant of ISRE in the c-fos promoter
(44). Serum-starved cells were treated with IFN-a or IFN-g for
5, 15, 45, and 60 min, and nuclear extracts were made to assess
STAT activity. As shown in Fig. 2, treatment with IFNs re-
sulted in a time-dependent induction of STAT-binding activity
toward hSIE in wild-type cells. However, an increased amount
of DNA-binding activity was observed in Shp-22/2 cells after
treatment with either IFN-a or IFN-g. Dose-dependent effects
were also analyzed in a concentration range of 15.6 to 1,000
U/ml with IFN-a and 12.5 to 100 ng/ml with IFN-g after 45 min
of treatment. Significantly more IFN-induced DNA binding
proteins were detected in Shp-22/2 cells than in wild-type cells
in a dose-dependent manner (data not shown).

The identity of the proteins involved in hSIE DNA binding

FIG. 2. Kinetics of STAT activation by IFN-a or IFN-g. Serum-starved wild-type and Shp-22/2 cells were treated with 1,000 U of IFN-a/ml (A) or 100 ng/ml IFN-g
(B) for the indicated time periods. Nuclear extracts were prepared for detection of STAT activity by EMSA with 32P-labeled hSIE probe. The arrows denote the specific
STATs-DNA complexes. In supershift assays (SS) shown in panels A and B, anti-Stat1 or anti-Stat2 antibodies were added to the reaction mixture before incubation
with the DNA probe.
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was confirmed by preincubating the cell lysates with anti-Stat1
or anti-Stat2 antibodies. Consistent with previous observations
(4), the addition of anti-Stat1 antibody resulted a supershift in
response to both IFN-a and IFN-g, and the Stat2 antibody
produced a supershift upon IFN-a treatment (Fig. 2).

The results shown above point to an enhanced activation of
Stat1 and Stat2 induced by IFN-a and IFN-g, which correlates
with increased sensitivity to IFN cytotoxicity in Shp-2 mutant
cells. To corroborate this observation, we examined the ty-
rosine phosphorylation status of Stat1 and Stat2. It has been
documented that Stat1 and Stat2 are phosphorylated on tyrosyl
residue in response to IFN-a, and that Stat1, but not Stat2, is
activated via tyrosine phosphorylation by IFN-g (4). Using a
specific antibody against tyrosine-phosphorylated Stat1 (anti-

PY-Stat1), we found that upon IFN-g stimulation, tyrosine
phosphorylation of Stat1 was markedly increased in Shp-22/2

cells compared to that in wild-type cells, whereas a modestly
enhanced tyrosine phosphorylation of Stat1 was observed in
response to IFN-a (Fig. 3A and B). To examine tyrosine phos-
phorylation of Stat2, the protein was immunoprecipitated by
using anti-Stat2 antibody and analyzed by immunoblot analysis
with anti-PY antibody. As depicted in Fig. 3C, tyrosine phos-
phorylation of Stat2 was also modestly increased in Shp-22/2

cells in response to IFN-a.
IFN-g-induced Jak1 phosphorylation was increased in Shp-

22/2 cells. Both Jak1 and Jak2 are known to be involved in
mediating IFN-g activation of Stat1 (4). To examine whether
activation of Jak1 or Jak2 is altered by the Shp-2 mutation,

FIG. 3. Increased tyrosine phosphorylation of Stat1,2 and Jak1 by IFNs in Shp-22/2 cells. Serum-starved wild-type and Shp-22/2 cells were treated with 100 ng of
IFN-g/ml (A) or 1,000 U of IFN-a/ml (B and C) for the indicated time periods. Whole cell extracts (A and B) or anti-Stat2 immunoprecipitates (C) were subjected
to SDS-polyacrylamide gel electrophoresis and subsequently to immunoblot analyses with anti-PY, anti-PY-Stat1, anti-Stat1, or anti-Stat2 antibodies as indicated. (D)
Serum-starved wild-type and Shp-22/2 cells were treated with 100 ng of IFN-g/ml for the indicated time periods. Whole cell extracts were immunoprecipitated with
anti-Jak1 antibody and subjected to immunoblot analyses with anti-PY and anti-Jak1 antibodies as indicated.

FIG. 4. The Shp-2 mutation enhanced IFN-g-induced caspase 1 expression. Wild-type and Shp-22/2 cells were treated with or without 100 ng/ml IFN-g for indicated
time periods. Whole cell extracts were resolved on SDS-polyacrylamide gel and then immunoblotted with anti-caspase 1 antibody.
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wild-type and mutant cells were lysed at various time points
after IFN-g treatment and then subjected to anti-Jak1 or Jak2
immunoprecipitation, followed by anti-PY immunoblotting. As
shown in Fig. 3D, in comparison with that in wild-type cells, the
phosphorylation level of Jak1 in Shp-22/2 cells was signifi-
cantly increased, although similar amounts of Jak1 were pre-
cipitated from wild-type and mutant cells. The tyrosine phos-
phorylation level of Jak2 was not significantly changed in
mutant cells upon IFN-g treatment under the same conditions
(data not shown). We also examined Jak1 and Tyk2 kinases
upon IFN-a treatment. The expression levels of Jak1 and Tyk2
were not changed in Shp-2 mutant cells as demonstrated by
anti-Jak1 or anti-Tyk2 immunoblotting, and IFN-a stimulated
tyrosine phosphorylation of Jak1 or Tyk2 was hardly detectable
in these cells under similar conditions (data not shown).

The Shp-2 mutation promoted caspase 1 induction by
IFN-g. The induction of caspase 1 expression was shown to be
involved in IFN-mediated cell apoptosis through activation of
the STAT signaling pathway (1). To examine caspase 1 expres-
sion, immunoblot analysis of whole cell extracts from wild-type
and Shp-22/2 cells was performed with anti-caspase 1 anti-
body. IFN-g treatment promoted expression of p45 caspase 1
in wild-type and Shp-22/2 cells (Fig. 4). Interestingly, a sub-
stantially increased amount of caspase 1 enzyme was detected
in Shp-22/2 cells after IFN-g treatment for 24 h compared with
that in wild-type cells. It should be noted that a proteolytically
cleaved form of caspase 1, p10, was unstable and difficult to

detect in these cell lines, as has been reported previously (1).
Following IFN-a stimulation, there was a very weak induction
of caspase 1 expression in these cells (data not shown).

Shp-2 constitutively interacts with IFN-a/b and IFN-g re-
ceptors. To examine the physical association of Shp-2 with
IFN-gR or IFN-aR, we prepared cell lysates by treating cells
with detergent that solubilizes membrane proteins. Cell lysates
were first subjected to immunoprecipitation with anti-Shp-2
antibody that recognizes both the wild-type and mutant Shp-2
proteins (36, 40, 48). Subsequent blotting with anti-IFN-gRa
(Fig. 5A) or anti-IFN-aR antibodies (Fig. 5B) revealed a con-
stitutive association of Shp-2 with IFN-gRa or IFN-aR, since
the immune complexes were detected in the absence or pres-
ence of treatment with IFN-g or IFN-a. This is consistent with
a previous observation that Shp-2 constitutively interacts with
IFN-a receptor in vitro (7). In a reciprocal experiment, Shp-2
was also detected in anti-IFN-gRa or anti-IFN-aR immuno-
precipitates (data not shown). The association of Shp-2 with
IFN receptors was apparently not changed by the deletion
mutation in the SH2-N domain of Shp-2, since the mutant
protein was also detected in a complex with IFN receptors.

To determine whether Shp-2 directly acts on IFN receptors,
we assessed tyrosine phosphorylation levels of IFN-gRa. The
receptor was immunoprecipitated with its specific antibody and
subjected to immunoblot analysis with anti-IFN-gRa or an-
ti-PY antibodies. As revealed by anti-IFN-gRa blotting (Fig.
5C), the expression level of the receptor was not altered in

FIG. 5. Interaction of Shp-2 with IFN receptors. Serum-starved wild-type and Shp-22/2 cells were treated with 100 ng of IFN-g/ml (A, C), or 1,000 U of IFN-a/ml
(B) for the indicated time periods. (A, B) Whole cell extracts were immunoprecipitated with anti-Shp-2 antibody or preimmune antiserum (Pre.). The resulting
immunoprecipitates were resolved on SDS-polyacrylamide gel and immunoblotted with anti-IFN-gRa, anti-IFN-aR, or anti-Shp-2 antibodies as indicated. (C) Cell
lysates were immunoprecipitated with anti-IFN-gRa and subjected to immunoblot analysis with anti-PY or anti-IFN-gRa antibodies.
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Shp-22/2 cells. Stimulation with IFN-g for 15 min induced
similar levels of tyrosine phosphorylation of the receptor in
wild-type and mutant cells (Fig. 5C). This result suggests that
Shp-2 may not act directly on the IFN receptor but, rather, on
downstream signaling components. In parallel experiments, we
failed to detect a significant tyrosine phosphorylation of
IFN-aR upon IFN-a treatment in wild-type or mutant cells
under similar conditions.

Rescue of the abnormal phenotype by reintroduction of
wild-type Shp-2. To establish the role of Shp-2 in cell signaling,
wild-type Shp-2 cDNA was transfected into Shp-22/2 cells and
cell clones expressing different levels of Shp-2 were isolated
(48). In previous experiments, we showed a rescue of defective
cell migration upon restoring Shp-2 expression (48). We have
now reexamined the modulation of IFN signaling by Shp-2 in
these cells. In agreement with the data shown in Fig. 1, Shp-
22/2 cells and the vector-transfected Shp-22/2 cells had an
increased sensitivity to the cytotoxic effect of IFNs compared
to wild-type and Shp-21/2 cells (Fig. 6). However, ectopic
expression of wild-type Shp-2 in Shp-22/2 cells decreased their
sensitivity to the growth-inhibitory effect of both IFN-a and
IFN-g. This result indicates that the absence of a functional
Shp-2 sensitizes fibroblasts to IFN cytotoxicity. Consistent with
the increased sensitivity of Shp-22/2 cells to IFNs, we observed
enhanced activation of STATs by IFNs (Fig. 2). The levels of
activated STATs were reexamined in Shp-22/2 cells trans-
fected with the vector or wild-type Shp-2. As shown in Fig. 7,
upon reintroduction of wild-type Shp-2 protein, a reduced
DNA binding activity was observed in response to IFN-a or

IFN-g stimulation. More importantly, the reduction of STAT
activity correlated with the expression levels of wild-type Shp-2
in two rescued cell lines. We further examined tyrosine phos-
phorylation levels of Stat1 in rescued cells. Indeed, reintroduc-
tion of Shp-2 into Shp-22/2 cells decreased IFN-stimulated
Stat1 phosphorylation to the wild-type level (Fig. 7). Taken
together, these data strongly suggest that Shp-2 functions as a
negative regulator in IFN-mediated STAT activation and
growth arrest.

DISCUSSION

We have investigated the involvement of Shp-2 tyrosine
phosphatase in mediating cellular responses to IFNs. Our re-
sults indicate a negative regulatory role of Shp-2 in the IFN-
initiated STAT signaling pathway that leads to cell growth
arrest. Fibroblast cells in which a functional Shp-2 molecule is
absent were hypersensitive to the cytotoxic effect of IFN-a and
IFN-g. Consistently, IFN-stimulated Stat1 and Stat2 activities
were significantly increased in Shp-22/2 cells, as revealed by
elevated tyrosine phosphorylation and enhanced DNA-binding
activity. Increased sensitivity to IFN cytotoxicity and enhanced
STAT activation upon IFN-a or IFN-g stimulation were re-
duced by reintroduction of wild-type Shp-2 into Shp-22/2 cells.
These results suggest that Shp-2 functions to protect cells
against IFN toxicity and that Shp-2 is negatively involved in
IFN-induced STAT activation.

It was shown previously that Shp-1 is negatively involved in
the modulation of IFN-a/b-stimulated Jak1 and Stat1 activities

FIG. 6. Rescue of the mutant phenotype by reintroduction of wild-type Shp-2. Shp-22/2 cells were transfected with an expression construct for wild-type Shp-2 and
selected in hygromycin B. Cell lines stably expressing wild-type Shp-2 were established from isolated clones (48). Shp-21/1, 1/2, 2/2 cells and Shp-22/2 cells expressing
wild-type Shp-2 (R3, R4) or the vector only (V) were treated with various concentrations of IFN-a or IFN-g for 72 h. Surviving cells were quantitated by crystal violet
staining assay. Data shown are the means of three independent experiments 6 standard deviations, and the percentage of cell survival (surv) was defined as the relative
number of treated versus untreated cells.
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in macrophages by a naturally-occurring mutation in the Shp-1
gene in me/me mice, which results in an enhanced tyrosyl
phosphorylation of Jak1 but not Tyk2 in response to IFN-a (5).
Concomitantly, IFN-induced Stat1 tyrosine phosphorylation
was dramatically increased, while the phosphorylation status of
Stat2 was not significantly changed in response to IFN-a in
Shp-1-deficient cells. As a consequence, the amount of IFN-
a-stimulated factors bound to GRR sequence in the high-
affinity FcgR1 gene promoter was markedly increased. There-
fore, it was proposed that Shp-1 selectively regulates distinct
components in the IFN-stimulated Jak/STAT pathway, which
was speculated to account for the abnormal inflammatory be-
havior of macrophages in me/me mice (5). Due to the restricted
expression pattern of the Shp-1 gene, primarily in hematopoi-
etic cells, it is reasonable to imagine that other tyrosine phos-
phatases might be involved in IFN signaling in other cell types.
We have now provided evidence that Shp-2, another cytoplas-
mic SH2-containing phosphatase closely related to Shp-1, has
a similar role in negative control of the IFN-stimulated Jak/
STAT pathway in fibroblast cells. We have further revealed the
biological significance of this finding by demonstrating that the
enhanced Jak/STAT activity in Shp-2 mutant cells is responsi-

ble for hypersensitivity to the cytotoxic effect of IFNs. Al-
though a similar negative effect of Shp-1 and Shp-2 in IFN-
initiated Jak/STAT signaling was observed, different
biochemical mechanisms might be involved. In previous work,
Shp-1 was found to be complexed with IFN-a receptor in
untreated cells (5). IFN stimulation induced a transient disso-
ciation of Shp-1 from the receptor, followed by a reassociation
of the complex. In contrast, we found that Shp-2 was consti-
tutively associated with the IFN-a and IFN-g receptors, con-
sistent with a previous observation (7).

One possible, simple explanation of the negative effect of
Shp-2 in IFN signaling is that Shp-2 tyrosine phosphatase can
work directly on IFN receptors. However, the data shown in
this study argue against this possibility, since the Shp-2 muta-
tion did not significantly affect the tyrosine phosphorylation
level of IFN-gRa. It seems more likely that Shp-2 interferes
with IFN-mediated signaling by negatively regulating cellular
events downstream of IFN receptors. Indeed, we observed that
the tyrosine phosphorylation of Jak1 was significantly in-
creased in Shp-22/2 cells upon IFN-g stimulation. This en-
hanced phosphorylation may lead to enhanced Jak1 activation
that promotes Stat1 activation in Shp-22/2 cells. It is not

FIG. 7. Modulation of IFN-stimulated STAT activity by Shp-2. (A and B) Serum-starved cells of Shp-21/1, 1/2, and 2/2 origins and Shp-22/2 cells expressing the
vector only (Vector), lower level of wild-type Shp-2 (R3) or higher level of wild-type Shp-2 (R4) were treated with 1,000 U of IFN-a/ml (A) or 100 ng of IFN-g/ml
(B) for the indicated time periods. Nuclear extracts were prepared for EMSA as described in the legend for Fig. 2. The arrows denote the specific STATs-DNA
complexes. (C and D) Shp-22/2 cells expressing the vector only (Vector) or wild-type Shp-2 (R4) were treated with 100 ng of IFN-g/ml (C) or 1,000 U of IFN-a/ml
(D) for the indicated time periods. Whole cell extracts were subjected to SDS-polyacrylamide gel electrophoresis and then to immunoblot analyses with anti-PY-Stat1
and anti-Stat1 antibodies as indicated.
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known yet whether Shp-2 directly acts on and inactivates the
Jak1 kinase, although we have previously observed physical
interaction between Shp-2 and Jak1, Jak2 kinases (45). In any
case, it is interesting that the mutant Shp-2 protein with a
deletion in the SH2-N domain was also detected in complexes
with IFN-a and IFN-g receptors, suggesting that the SH2-N
domain is required for its physiological function in cells but not
for association with IFN receptors. Consistent with this notion,
biochemical and structural data suggest that the SH2-N do-
main is engaged in recognition of and interaction with phos-
phatase targets (12, 15, 17, 30, 32).

Stat1 is apparently a critical signaling component mediating
cellular responses to IFNs. Ablation of the Stat1 gene in mice
leads to a block to cellular responses to IFN-a and IFN-g (10,
26). One recent report described a role of Stat1 activation in
the induction of caspase 1 expression and cell apoptosis under
IFN treatment (1). Another study demonstrated that Stat1 is
required for the expression of caspases and also for tumor
necrosis factor-a-induced cell apoptosis (23). To this body of
knowledge, we now add that the Shp-2 tyrosine phosphatase
negatively regulates IFN-induced Stat1,2 activities which me-
diate the cytotoxic effect of IFNs. Our data also suggest that
the enhanced expression of caspase 1 accounts at least in part
for the increased sensitivity to IFN-g in Shp-22/2 cells. On the
other hand, increased caspase 1 induction was not observed in
Shp-22/2 cells in response to IFN-a. Thus, other mechanisms
might also be involved, for example, through the expression of
cyclin-dependent kinase inhibitors or other caspases (2, 8).

Several groups have recently isolated putative inhibitors for
the Jak/STAT pathways by functional or molecular screening
of cDNA libraries (3, 11, 29, 41). An SH2 domain-containing
protein, variously named SOCS-1 (for suppressor-1 of cytokine
signaling), JAB (for Jak-binding protein), or SSI-1 (for STAT-
induced STAT inhibitor 1), was identified as a member of
cytokine-inducible family of proteins that includes a previously
described molecule, CIS (46). Overexpression of SOCS-1 in
murine monocytic leukemic M1 cell line suppressed interleu-
kin-6-induced macrophage differentiation and phosphorylation
of Stat3 (41). Physical interaction of JAB with Jak kinases
inhibited their kinase activity (11). Cytokine induction of SSI-1
gene expression was blocked by transfection of a dominant
negative mutant of Stat3, suggesting that SSI-1 might be in-

volved in a negative feedback mechanism for the control of
cytokine-induced Jak/STAT pathways (29). Another group
identified a family of proteins with a putative zinc-binding
motif that was named PIAS, for protein inhibitor of activated
STAT (3). It was observed that PIAS3 specifically interacts
with activated Stat3, thereby inhibiting its DNA-binding activ-
ity and induction of gene expression. Although further inves-
tigation is required for elucidation of the molecular mecha-
nism for functions of these inhibitors, it is conceivable that
cytokine-induced Jak/STAT pathways might be controlled at
multiple levels.

Genetic analysis in Drosophila provided the first clue that
Csw, the Drosophila homologue of Shp-2, functions as a posi-
tive signal transducer downstream of Torso (33). Subsequently,
substantial genetic and biochemical data point to a positively
regulatory role of Shp-2 in cell growth and differentiation as
well as animal development, and Shp-2 appears to act up-
stream of Erk (16, 27, 31, 34, 36, 37, 40, 42). In this regard, the
most interesting part of our results presented here is that Shp-2
apparently operates as a negative regulator in IFN-mediated
activation of STAT transcription factors. This finding, together
with our previous result that Shp-2 is a suppressor in the Jnk
pathway (40), challenges a conventional view that Shp-1 plays
a negative role in cell signaling, whereas Shp-2 always acts as a
positive regulator to promote signal transmission from cyto-
kine receptors. As illustrated in Fig. 8, this new result for Shp-2
allows us to propose a model that Shp-2 can play either a
positive or a negative role in the modulation of multiple sig-
naling pathways, depending on its cellular compartmentaliza-
tion and on the molecules with which it interacts. The negative
effect of Shp-2 in the Jnk and Jak/STAT pathways might guard
cells against various damages induced by stress or growth-
inhibitory cytokines. Overall, Shp-2 functions seem to promote
cell growth and survival.
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