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Although Stat1 is essential for cells to respond fully to IFN-g, there
is substantial evidence that, in the absence of Stat1, IFN-g can still
regulate the expression of some genes, induce an antiviral state
and affect cell growth. We have now identified many genes that
are regulated by IFN-g in serum-starved Stat1-null mouse fibro-
blasts. The proteins induced by IFN-g in Stat1-null cells can account
for the substantial biological responses that remain. Some genes
are induced in both wild-type and Stat1-null cells and thus are truly
Stat1-independent. Others are subject to more complex regulation
in response to IFN-g, repressed by Stat1 in wild-type cells and
activated in Stat1-null cells. Many genes induced by IFN-g in
Stat1-null fibroblasts also are induced by platelet-derived growth
factor in wild-type cells and thus are likely to be involved in cell
proliferation. In mouse cells expressing the docking site mutant
Y440F of human IFN-g receptor subunit 1, the mouse Stat1 is not
phosphorylated in response to human IFN-g, but c-myc and c-jun
are still induced, showing that the Stat1 docking site is not required
for Stat1-independent signaling.

Interferon g, a pluripotent cytokine produced by activated T
lymphocytes and natural killer cells, helps to regulate many

biological functions, including antiviral responses, cell prolifer-
ation, immune surveillance, and tumor suppression. IFN-g plays
an important role in immune responses involved in host defenses
against infectious agents and tumors by up-regulating MHC class
I and MHC class II, effecting IgG heavy chain switching, and
stimulating the production of immunomodulatory cytokines
such as IL-12 and tumor necrosis factor and of antiviral proteins
such as 2–5A synthetase and RNase L (1, 2). Genetic and
biochemical analyses have revealed the importance of the pro-
tein tyrosine kinases Jak1 and Jak2 and of the transcription
factor Stat1 in IFN-g-dependent signaling (3, 4). Upon ligand
binding, the receptor oligomerizes and Jak1 and Jak2 are
activated, leading to the phosphorylation of tyrosine 440 of the
IFN-g receptor subunit 1 (IFNGR1) of the receptor, which
provides a docking site for Stat1 (5). Stat1 then is phosphory-
lated on tyrosine 701, leading to its dimerization and transloca-
tion to the nucleus, where it binds to the gamma-activated
sequence (GAS) elements of promoters to regulate expression of
the downstream genes (6). Recently, another DNA sequence, the
gamma-activated transcription element (GATE), and its cognate
transcription factor (CyEBP-b) were shown to be regulated by
IFN-g (7).

Many IFN-g-regulated genes have been identified in different
cell types (8, 9). The essential role of Stat1 in IFN-g-dependent
signaling has been demonstrated in cells that do not express this
factor (10–12). However, there is also evidence for Stat1-
independent responses to IFN-g. Expression of kinase-negative
Jak1 mutants in wild-type cells inhibits the development of the
antiviral response without affecting the activation of Stat1 or
Stat1-dependent gene expression in response to IFN-g (13).
Although Stat1 is important for the antiviral response, Stat1-null
mice are 100 times more resistant to murine cytomegalovirus
and Sindbis virus than are mice lacking expression of both IFN-g
and the IFN-ayb receptor (14). Furthermore, IFN-g inhibits the

proliferation of wild-type but not Stat1-null fibroblasts (15), and
lymphocytes or fibroblasts from Stat1-null mice showed en-
hanced proliferation and reduced apoptosis in comparison with
cells from wild-type mice (16). We have shown that the imme-
diate-early genes c-myc and c-jun are induced transiently and
rapidly in response to IFN-g in serum-starved Stat1-null fibro-
blasts, but not in wild-type cells (17). These studies indicate that
Stat1-independent regulation of gene expression has a role in the
full range of biological responses to IFN-g.

Materials and Methods
Reagents and Cell Culture. Recombinant human and mouse IFN-g
were from Roche Molecular Biochemicals, and platelet-derived
growth factor (PDGF)-BB was from GIBCOyBRL. Wild-type
and Stat1-null mouse embryo fibroblasts (MEFs) and mouse
cells expressing wild-type human IFNGR1 or the Y440F Stat1
docking site mutant of IFNGR1 were described by Meraz et al.
(11) and Farrar et al. (18). All cells were grown in DMEM,
supplemented with 5% FBS. Subconfluent cells were serum-
starved for 48 h in DMEM containing 0.1% serum before
treatment with IFN-g or PDGF.

Oligonucleotide Microarrays. Total RNA was prepared from fi-
broblasts treated with IFN-g (1,000 unitsyml) for 0, 0.5, 1, 3, or
6 h by using the TRIzol method (GIBCOyBRL). Poly(A) RNA
was prepared from control and IFN-g-treated Stat1-null fibro-
blasts by using the Oligotex method (Qiagen, Chatsworth, CA).
cRNA was prepared and the murine genome array (MG-U74A)
was hybridized as directed by Affymetrix, San Jose, CA. The
washed arrays were stained with phycoerythrin-streptavidin
(Molecular Probes) and read by using an Affymetrix GeneChip
scanner and gene expression software.

RNA and Protein Analyses. Northern transfers were analyzed with
random-primed cDNA probes for c-myc, c-jun, and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) (17). RNase pro-
tection analyses were performed by using a kit (Ambion). The
fos-jun templates were from PharMingen, and the chemokine
templates were described by Lane et al. (19). Expression levels
were quantified by using a PhosphorImager (Molecular Dynam-
ics). Western analyses were performed as described by Chernov
et al. (20). Antibodies against Tyr-701-phosphorylated Stat1
(Cell Signaling Technology, Beverly, MA), CyEBP-b, actin, and
early growth response 1 (EGR-1) (Santa Cruz Biotechnology)
were used.

Cell Cycle and Gel-Shift Analyses. Cell cycle analyses were per-
formed as described by Bromberg et al. (15), and the data were

Abbreviations: PDGF, platelet-derived growth factor; MEF, mouse embryo fibroblast;
IFNGR1, IFN-g receptor subunit 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
EGR, early growth response.
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analyzed by using the LYSIS II program. Electrophoretic mobility-
shift assays were performed as described by Ramana et al. (17).
Wild-type and mutant double-stranded oligonucleotides corre-
sponding to the binding sites for EGR and NF-Y (core binding
factor) were from Santa Cruz Biotechnology.

Results
Identification of Genes Regulated by IFN-g in Serum-Starved Stat1-
Null Fibroblasts by Oligonucleotide Array Analysis. Poly(A) RNAs
were isolated from Stat1-null MEFs treated with IFN-g for 0,
0.5, 1, 3, or 6 h. Labeled cRNA probes were hybridized to murine
genome U74A arrays (Affymetrix), which contain sequences
corresponding to '6,000 genes and '6,000 expressed sequence
tags (ESTs). The fold induction or repression of each gene was
the ratio of intensities in the IFN-g-treated and control samples.
Only those genes induced or repressed by more than 3.5-fold
were tabulated. We do not present data for ESTs where func-
tional information is not available. The temporal profiles of gene
expression were quite diverse, with the peaks of induction from
0.5 to 6 h (Table 1). Eighteen genes were induced maximally by
IFN-g in Stat1-null fibroblasts in 0.5–1 h. An additional 10 genes
were induced maximally in 3–6 h, suggesting that their induction
may be due to a secondary rather than primary effect of IFN-g.
The induced genes can be classified broadly into those encoding
immediate-early proteins, transcription factors, cytoplasmic reg-
ulatory proteins, and secreted proteins. Among the immediate-
early proteins and transcription factors are the zinc-finger factors
EGR-1, EGR-2, and TIS11 and the leucine zipper and het-
erodimerization factors c-jun, LRG-21, and helix–loop–helix. It

is interesting to note that many of the immediate-early genes
(i.e., pip92, Gly96, and EGR-1) originally were cloned in screens
for growth-regulated genes (21–23). Among the induced cyto-
plasmic regulatory proteins are SOCS-2 and SOCS-3, which are
involved in the negative regulation of IFN-dependent signal
transduction, K-ras and RhoB, involved in growth factor-
dependent signaling, and metallothionein and PGHS-2, involved
in stress responses. Secreted proteins induced in Stat1-null
fibroblasts include both growth factors and cytokines (HB-EGF,
PDGF-a, IL-11, IFN-b, and GDF-15), which play important
roles in altering the microenvironment of adjacent tissues, in
angiogenesis and in altering the metastatic potential of tumor
cells. Approximately half of the genes induced by IFN-g in
serum-starved Stat1-null fibroblasts (Table 1) were originally
identified as PDGF-responsive genes (24), suggesting that the
stimulation of cell growth in Stat1-null fibroblasts in response to
IFN-g is likely to involve components that also participate in
PDGF-dependent signaling. About a third of the genes induced
by IFN-g in Stat1-null fibroblasts also are induced by IFN-g in
wild-type cells. These include the transcription factors EGR-1,
CyEBP-b, and LRG-21 (7, 25, 26), the cytoplasmic regulatory
proteins SOCS-2 and SOCS-3 (27), the stress-response proteins
metallothionein and PGHS-2 (28, 29), osteopontin (30), and the
secreted autocrine factor HB-EGF (29). Several genes are
suppressed by IFN-g in Stat1-null fibroblasts (see Table 2, which
is published as supplemental data on the PNAS web site,
www.pnas.org). Many of the encoded proteins are involved in the
negative regulation of cell growth (Mad-4, Gas1, and transform-
ing growth factor b) or apoptosis [phospholipid scramblase,
which is induced by IFN-g in wild-type cells (8)].

Table 1. Genes induced by IFN-g in serum-starved Stat1-null MEFs

Gene
GenBank
number Function

Fold
induction

Peak of
induction, h

Induced by PDGF in
wild-type cells

Induced by IFN-g
in wild-type cells

c-Jun J04115 Transcription 6.6 0.5
EGR1 NM007913 Transcription 7.4 0.5 1 1

EGR2 X06746 Transcription 8.7 0.5 1

TIS11 (ERF1) X14678 Transcription 12.6 0.5
CyEBP-b M61007 Transcription 14.2 3 1

HLH (eip1) Y07836 Transcription 20.5 1
GIF AF064088 Transcription 11.9 0.5
LRG-21 U19118 Transcription 9.4 0.5 1 1

CBF-1a (PEBP2a1) D14636 Transcription 8.0 3
Fra-2 X83971 Transcription 5.3 3 1

GADD45 U00937 Transcription 3.8 0.5 1

ID1 M31885 Transcription 17.8 1 1

3CH134 X61940 Cytoplasmic, regulation 6.5 0.5 1

PIP92 M59821 Cytoplasmic, regulation 11.0 0.5 1

Metallothionein V00835 Cytoplasmic, regulation 10.0 0.5 1

PGHS M88242 Cytoplasmic, regulation 13.3 3 1

k-Ras X02452 Cytoplasmic, regulation 5.7
RHO-B X99963 Cytoplasmic, regulation 3.5 0.5 1

SOCS-2 U88327 Cytoplasmic, regulation 6.9 1 1

SOCS-3 AF117732 Cytoplasmic, regulation 11.4 1 1

Pyruvate dehydrogenase-like
protein

AJ001418 Cytoplasmic, metabolism 5.1 3

Hexokinase II Y11666 Cytoplasmic, metabolism 11.0
GLY96 X67644 Transmembrane 4.5 1 1

Osteopontin X13986 Cell matrix 27.5 6 1

PAI-1 M33960 Secreted 35.1 3 1

IFN-b NM010510 Secreted 4.6 3 1

IL-11 U03421 Secreted 23.1 3 1

HB-EGF U39192 Secreted 3.6 0.5 1 1

PDGF-a M29464 Secreted 4.7 3
GDF15 (MIC1) AJ011967 Secreted 7.5 1

In addition to the genes listed here, junD and fosB (Fig. 1) and MCP-3, MIP-1a, and MCP-1 (JE) (Fig. 2) are induced by IFN-g in Stat1-null MEFs.
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Regulation of Immediate-Early and Chemokine Gene Expression by
IFN-g in Stat1-Null Cells. An RNase protection assay, using the
fos-jun template set, revealed that both c-jun and junD were
induced transiently and rapidly (within 30 min) in Stat1-null
fibroblasts but not in wild-type cells. In addition, fosB and fra2
were induced in Stat1-null fibroblasts, but to a lesser extent.
However, junB and c-fos were not induced significantly by IFN-g
in either cell type (Fig. 1). In contrast, adding serum to serum-
starved cells induced c-jun, junD, fra1, and fra2 in both cell types.
Northern analysis revealed that, although IFN-g and IFN-b both
induced c-jun expression in Stat1-null fibroblasts, only IFN-g
repressed c-jun expression (by 2.5-fold) in wild-type cells (data
not shown). IFN-g-induced Stat1 dimers may be required for this
repression. RNase protection analyses (Fig. 2) indicated that the
IFN-g-dependent induction of MIP-1b, IP-10, and RANTES
occurs only in wild-type cells. In contrast, MCP-3 and MIP-1a
are induced only in Stat1-null fibroblasts, and MCP-1(JE) is
induced by IFN-g in both cell types. These three patterns of
expression (induced only in wild-type cells, induced only in
Stat1-null cells, induced in both) are seen for many other genes,
and a mechanistic explanation for each pattern is presented in
Discussion.

The Transcription Factors EGR and CyEBP-b Are Induced by IFN-g
Independently of Stat1. EGR-1 and EGR-2 are induced by IFN-g
in Stat1-null fibroblasts (Table 1). Members of the EGR family
of transcription factors contain highly homologous zinc-finger
DNA binding domains and regulate transcription through a
common DNA response element (25). Western analyses and
electrophoretic mobility-shift assays confirmed that both EGR
protein and DNA binding activity were induced in both cell
types, although the induction was higher in Stat1-null fibro-
blasts (Fig. 3 A and B). The specificity of EGR-1 DNA binding
activity was demonstrated by competition with wild-type but
not mutant unlabeled probes (data not shown). Recent studies
have revealed that CyEBP-b, a member of the CCAAT family
of transcription factors, is induced by IFN-g in different tissues
(7). Western analysis revealed that CyEBP-b is induced by
IFN-g in Stat1-null fibroblasts. Another CCAAT transcription
factor [core binding factor or NF-Y (31)] was not induced
(data not shown). The induction of CyEBP-b was late (6.5 h),
indicating that a delayed transcriptional response probably is

involved (Fig. 3C). There may be as many as three waves of
transcriptional activation in response to IFN-g in Stat1-null
cells. The primary response leads to the rapid induction of
transcription factors (i.e., EGR-1 and 2, see Table 1) that drive
the secondary response. Additional transcription factors are
induced in these secondary responses (i.e., CyEBP-b), and
these may in turn drive a tertiary response, manifest at times
later than those examined in the present study.

PDGF Induces c-jun in Stat1-Null MEFs but Not in Wild-Type Cells.
Many genes found here to be induced by IFN-g in serum-
starved Stat1-null fibroblasts originally were identified as
PDGF-responsive genes. IFN-g potentiates PDGF-mediated
mitogenesis under pathological conditions, i.e., in arterioscle-
rosis (32). Furthermore, a switch from PDGF-dependent
signaling to IFN-g-dependent signaling was observed in 3T3
cells expressing the chimeric PDGF receptor Chi R (Y771),
which retains only a single tyrosine residue, at the RAS-GAP
site, in its cytoplasmic domain (24). Fambrough et al. (24)
proposed that the activation of Stat1 by ChiR (Y771) may be
responsible for the induction of IFN-g-responsive genes by
PDGF. Northern analysis revealed that c-jun is induced by
PDGF in Stat1-null cells but not in wild-type cells (Fig. 4A).
The induction is maximal at 30 min and begins to decline by
90 min (data not shown). This effect is similar to the induction
of c-jun by IFN-g in Stat1-null but not in wild-type cells and
may be due similarly to the activation by PDGF of a repressor
involving Stat1. Stimulation with serum of serum-starved cells
induced c-jun expression in both cell types (Fig. 1), indicating
that growth factors other than PDGF have different effects. In
our previous study (17), PDGF induced the expression of the
immediate-early gene c-myc in both Stat1-null and wild-type
MEFs, although the induction was higher in Stat1-null cells.
Although PDGF or IFN-g alone each induced c-jun expression
in Stat1-null cells, combined treatment was not additive or
synergistic (Fig. 4A). In contrast to c-jun, MCP-1(JE) is
induced by PDGF in both cell types (Fig. 4B).

Fig. 1. Regulation of immediate-early gene expression in response to IFN-g
in Stat1-null and wild-type fibroblasts. Total RNA, prepared from serum-
starved cells, untreated or treated with mouse IFN-g (1,000 unitsyml) or 10%
serum for the times indicated, was subjected to RNase protection analysis.

Fig. 2. IFN-g-dependent regulation of chemokine gene expression in serum-
starved Stat1-null and wild-type fibroblasts. Total RNA was prepared from
MEFs, untreated or treated with mouse IFN-g (1,000 unitsyml). RNase protec-
tion analysis was used.
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Mutation of the Stat1 Docking Site of IFNGR1 Permits IFN-g to Induce
the Expression of c-myc and c-jun. Both c-myc and c-jun are induced
rapidly and transiently by IFN-g in Stat1-null fibroblasts (17).
The phosphorylation of Y440 of IFNGR1 is required for Stat1
to be recruited to the receptor and activated (5). To test the
effect of mutating this Stat1 docking site, we used mouse cell
lines expressing either wild-type human IFNGR1 (hGR) or the
docking site mutant Y440F (18). Treatment with human IFN-g
induced Stat1-dependent luciferase activity in hGR but not in
Y440F cells, whereas in the control experiment, mouse IFN-g
activated Stat1-dependent reporter activity in both (data not
shown). Human IFN-g suppressed the serum-induced prolifer-
ation of hGR cells but not of Y440F cells, where it potentiated
the serum response (Fig. 5A). Northern analysis revealed that
the expression of c-myc and c-jun was suppressed by human
IFN-g in hGR cells and that, in contrast, c-myc and c-jun were
induced transiently and rapidly by human IFN-g in Y440F cells
(Fig. 5B). Thus, when Stat1 is present but cannot be activated by
the receptor, IFN-g is still capable of signaling to c-myc and
c-jun.

Discussion
Stat1 plays an essential and major role in the responses to the
IFNs (11, 12), but there is now compelling evidence for an
important Stat1-independent pathway in IFN-dependent sig-
naling. Studies with kinase-negative mutants of Jak1 reveal a
Jak1-dependent signal, which, in addition to Stat1 activation,
is required for a full antiviral response to IFN-g (13). Fur-
thermore, Stat1-null mice are significantly more resistant to
viral infection than are mice lacking both the IFN-g and
IFN-ayb receptors (14). IFN-g potentiates the proliferation of
fibroblasts or bone marrow cells derived from Stat1-null mice
(14, 17). Thus, we can distinguish Stat1-independent responses
to IFN-g that mediate antiviral activities from those that
stimulate cell proliferation. Immediate-early genes, induced by
IFN-g in Stat1-null fibroblasts, play important roles in the
G1-S transition and cell proliferation (33–35). The chemokines
induced by IFN-g are involved in antiviral responses, stimu-
lating the directional migration of leukocytes and the local-
ization, rapid amplification, and coordination of the cytokine-
to-chemokine-to-cytokine cascade (36). The immediate-early
genes c-myc, c-jun, and junD, the transcription factor gene
CyEBP-b, and the chemokine genes MIP-1a and MCP-3 are
induced in response to IFN-g in Stat1-null fibroblasts, but not
in wild-type cells. In contrast, the EGR-1 and MCP-1(JE)
genes are induced by IFN-g in both wild-type and Stat1-null
MEFs. The versatile MCP-1 promoter is induced in most
examples of trauma, infection, or inf lammation (37). Gil et al.
(14) also have noted complex patterns of gene expression in
response to IFN-g. The IL-1b and arginase genes were induced
in Stat1-null but not wild-type macrophages, the CXCR4 gene
was suppressed by IFN-g in both, and the MCP-1 and MIP-1a
genes were induced in both types of macrophages (14). An
IFN-stimulated response element is essential for the transcrip-
tion of chemokines that are not induced by IFN-g in Stat1-null
cells (38, 39). The three patterns of gene expression are

Fig. 3. The transcription factors EGR and CyEBP-b are induced by IFN-g
independently of Stat1. (A) Western analysis of tyrosine-phosphorylated Stat1
and EGR-1. (B) Electrophoretic mobility-shift assays with an EGR probe. Whole-
cell extracts were prepared from serum-starved Stat1-null or wild-type fibro-
blasts treated with IFN-g. (C) Western analysis of CyEBP-b in Stat1-null and
wild-type fibroblasts.

Fig. 4. PDGF-dependent induction of gene expression in Stat1-null and
wild-type fibroblasts. (A) Stat1-null or wild-type MEFs were untreated or
treated for 30 min with IFN-g or PDGF alone, or with PDGF plus IFN-g. c-Jun
mRNA levels were determined by Northern analysis. (B) Stat1-null or wild-type
MEFs were untreated or treated with PDGF for 2 h. MCP-1 mRNA levels were
determined by Northern analysis.
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interpreted as follows: (i) induced in wild-type and not Stat1-
null cells; a Stat1-dependent (gamma-activated sequence,
GAS) element drives the gene; (ii) induced in both wild-type
and in Stat1-null cells, a Stat1-independent element drives the
gene, and (iii) induced in Stat1-null and not in wild-type cells,
a Stat1-independent element drives the gene and a Stat1-
dependent (GAS) element represses the gene. Interestingly,

quite a few genes behave similarly to c-myc, responding both
to Stat1-independent activation and Stat1-dependent repres-
sion. The biological relevance of simultaneous positive and
negative signals emanating from the same receptor is as yet
unclear.

Most genes are induced rapidly (0.5–1 h) by IFN-g in Stat1-
null cells. It is likely that transcription factors encoded by genes
induced early are responsible for the later induction of other
genes. EGR-1 is involved in the transcription of the PDGF-a
gene (40). IFN-g-dependent induction of PGHS-2 involves an
autocrine loop mediated by the synthesis of HB-EGF (29) and
core binding factor a is involved in transactivating the osteopon-
tin gene (41). The genes encoding pip92, gly96, SOCS-3,
CyEBP-b, MCP-1, and MIP-1a are induced by IFN-g in both
Stat1-null fibroblasts (this paper) and macrophages (14). We
have used serum starvation to discern expression profiles in the
absence of mitogenic stimuli, to detect genes involved in cell
growth, the expression of which would otherwise be masked by
the presence of serum. Note that our experiments differ from
those of Gil et al. (14) in which the responses of macrophages to
IFN-g were evaluated in the presence of serum. Many genes
induced by IFN-g in Stat1-null fibroblasts also are induced by
PDGF, a potent mitogen that drives cell proliferation. Because
deregulated expression of PDGF is involved in tumor develop-
ment (42–44), the stimulation of PDGF-dependent signaling by
IFN-g may contribute to this process in Stat1-null mice. Inter-
estingly, chemokines induced by IFN-g only through Stat1 (i.e.,
IP-10) have been associated with direct or indirect antitumor
effects (45). In contrast, MCP-1 is often produced by neoplastic
cells, and its expression has been associated with tumor growth
(46). Although either IFN-g or PDGF induced c-jun in Stat1-null
fibroblasts, the combination was not additive, consistent with the
idea that the growth stimulation of Stat1-null fibroblasts in
response to IFN-g may involve signaling components that also
are activated in response to PDGF.

Jak1 is required for the induction of Stat1-independent gene
expression by IFN-g (14). Jak2 also may be important, because
it is required for Stat1-dependent signal transduction in response
to IFN-g (13). These two kinases are involved in many growth
factor- and cytokine-dependent signaling pathways, and their
essential roles have been demonstrated by gene targeting studies
(47, 48). Recent intensive analyses of protein expression patterns
have revealed that many tyrosine-phosphorylated substrates are
involved in growth factor-dependent signaling, and some of these
may require Jaks for their phosphorylation (49, 50). Therefore,
we speculate that both Jak1 and Jak2 are involved in Stat1-
independent pathways. IFN-g activates Stat3 in wild-type and
Stat1-null MEFs (12). We have observed (data not shown) that
this activation of Stat3 is transient, peaking 15 min after treat-
ment, whereas the stronger activation of Stat1 is maintained for
much longer. PDGF activates Stats 3, 5, and 6, which have been
implicated in stimulating cell proliferation in a variety of signal
transduction pathways (51). Whether the deregulation of cell
growth in Stat1-null cells in response to IFN-g involves the
activation of other Stat family members remains under investi-
gation. An important general goal is to identify the molecules
and mechanisms responsible for Stat1-independent signaling.
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