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IRAK-Dependent Phosphorylation of Stat1 on Serine 727 in
Response to Interleukin-1 and Effects on Gene Expression
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ABSTRACT

Interleukin-1 (IL-1) induces the phosphorylation of Stat1 on serine 727 but not on tyrosine 701. Analyses of
mutant I1A cells, which lack the IL-1 receptor-associated kinase (IRAK), and of I1A cells reconstituted with
deletion mutants of IRAK show that the IL-1-mediated phosphorylation of Stat1 on serine requires the IRAK
protein but not its kinase activity and does not involve phosphatidylinositol-39-kinase (PI3K) or the mitogen-
activated protein (MAP) kinases p38 or ERK. IRAK and Stat1 interact in vivo, and this interaction is in-
creased in response to IL-1, suggesting that IRAK may serve to recruit the as yet unknown IL-1-induced Stat1
serine kinase. Chemical inhibitors or dominant-negative forms of signaling components required to activate
NF-kB, ATF, or AP-1 in response to IL-1 do not affect the phosphorylation of Stat1 on serine. IL-1 and tu-
mor necrosis factor (TNF) enhance the serine phosphorylation of Stat1 that occurs in response to interferon-
g (IFN-g) and potentiate IFN-g-mediated, Stat1-driven gene expression, thus contributing to the synergistic
activities of these proinflammatory cytokines.
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INTRODUCTION

THE PROINFLAMMATORY CYTOKINE INTERLEUKIN-1 (IL-1) me-
diates its effects by activating the transcription factors NF-

kB, AP-1, and ATF, which then drive the expression of IL-1-
induced genes (reviewed in refs. 1–3). The signaling events
following stimulation with IL-1 have been studied extensively.
IL-1 causes the IL-1 receptor (IL-1R) to associate with the IL-
1R accessory protein.(4–7) The adapter proteins MyD88 and Tol-
lip then bind to the receptor complex(8–10) and recruit the IL-
1R-associated kinase (IRAK). The subsequent phosphorylation
of IRAK results in its association with tumor necrosis factor
(TNF) receptor-associated factor 6 (TRAF6)(5,11–14) and prop-
agates signaling pathways leading to the activation of NF-kB,
AP-1, and ATF. IRAK is ubiquitinated and degraded after ac-
tivation.(15) Downstream activation of the IkB kinase (IKK)
complex in response to IL-1 promotes the phosphorylation and
degradation of the cytoplasmic inhibitor IkBa. As a conse-
quence, NF-kB is liberated and translocates to the nucleus,
where it binds to kB sites in the promoters of IL-1-regulated

genes.(16–26) Transactivation by NF-kB also requires its phos-
phorylation through a pathway that depends on phosphatidyl-
inositol-39-kinase (PI3K) and Akt.(27) AP-1 and ATF are phos-
phorylated and activated by the mitogen-activated protein
kinases (MAPK) JNK,(28–30) p38,(31) and p42/p44ERK.(32)

TNF-a, another proinflammatory cytokine, also activates NF-
kB, AP-1, and ATF as well as the expression of many genes
in common with IL-1 through different but similar signaling
pathways (reviewed in ref. 33). Several mutant cell lines lack-
ing the ability to respond to IL-1 have been isolated,(14) and the
cell line I1A, which lacks IRAK, has been used to show that
IRAK is essential for the activation of both NF-kB and JNK.
Moreover, I1A cells expressing various deletion mutants of
IRAK have been useful in defining specific functional domains
of this protein.(34)

Signal transducer and activator of transcription 1 (Stat1) is
the major transcription factor activated in response to inter-
feron-g (IFN-g), leading to the expression of many genes and
subsequent biologic effects, including regulation of cell growth,
antiviral activity, and inflammation. Phosphorylation occurs
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both on tyrosine 701, which is essential for homodimerization
and subsequent DNA binding of Stat1 to IFN-g-activated se-
quences (GAS sites) in inducible promoters (reviewed in refs.
35, 36), and on serine 727, which lies within a proline-directed
kinase or MAPK consensus motif in the transactivation do-
main.(37,38) Serine phosphorylation contributes substantially to
the transcriptional activity of Stat1.(39–43) Interestingly, the
phosphorylation of Stat1 and Stat3 on serine, but not tyrosine,
can be stimulated by bacterial lipopolysaccharide (LPS), ultra-
violet (UV) radiation, or TNF.(40,42,44) The physiologic impor-
tance of phosphorylating Stats uniquely on serine without acti-
vating their DNA binding activity is not completely understood.
However, unphosphorylated Stat1 regulates the constitutive ex-
pression of a number of genes, including caspases(45) and la-
tent membrane protein-2 (LMP-2),(46) suggesting that increas-
ing the activity of Stat1 through serine phosphorylation in the
transactivation domain may well increase the expression of such
genes. It is difficult to assess the role of serine-phosphorylated
Stat1 in driving the expression of such genes as LMP-2 in re-
sponse to these stress-dependent stimuli in isolation because
many of these promoters include kB sites, enabling the genes
to respond strongly to active NF-kB. We now find that IL-1 in-
duces the phosphorylation of Stat1 on serine and have investi-
gated the mechanism of this process as well as the role of this
phosphorylated form of Stat1 in enhancing gene expression
when IL-1 and IFN-g are present together.

MATERIALS AND METHODS

Biologic reagents and cell culture

The following reagents were used: recombinant human IFN-
g (rHuIFN-g) (Roche Applied Science, Indianapolis, IN), 1000
IU/ml; rHuIL-1b (National Cancer Institute), 10 ng/ml; re-
combinant mouse IL-1b (rMuIL-1b) (Peprotech, Rocky Hill,
NJ), 10 ng/ml; rHuTNF-a (Becton Dickinson, Franklin Lakes,
NJ), 20 ng/ml; LY294,002 (Sigma, St. Louis, MO), 50 mM;
PD98059 (Cell Signaling, Beverly, MA), 50 mM. Cells were
incubated with LY for 30 min or with PD for 1 h at 37°C be-
fore cytokine treatment. T98G human glioblastoma cells, hu-
man fibrosarcoma 2fTGH cells, and the derivative U3A line(47)

were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100 mg/ml
penicillin G, and 100 mg/ml streptomycin. The cloned human
embryonic kidney fibroblast 293 cell line C6 and the derivative
I1A line,(14) T98G-derived cell lines expressing dominant-neg-
ative or constitutively active forms of the IL-1 signaling com-
ponents NF-kB-inducing kinase (NIK), IKKa, IKKb, IkBa,
MAPK kinase (MKK)4, JNK, or p38, and the U3A-derived
S727A cell line(39) were maintained in the same complete
medium, plus either 400 mg/ml active G418 or 1 mg/ml
puromycin. The K239A, dDD, dUD, dKD, dC1, dC2, and
dC1 1 dC2 cell lines(34) were maintained in the presence of
both G418 and puromycin.

Western analyses

Following treatment, cells at 80% confluence in 100-mm
dishes were washed once with phosphate-buffered saline (PBS),
and the cell pellets were lysed for 30 min at 4°C in 100 ml of
20 mM Tris-HCl, pH 8.0, 200 mM NaCl, 10% glycerol, 1%

Triton X-100, 100 mM sodium fluoride, 10 mM sodium py-
rophosphate, 0.1% sodium dodecyl sulfate, 3 mg/ml aprotinin,
2 mg/ml pepstatin, and 1 mg/ml leupeptin. Cellular debris was
pelleted by centrifugation at 16,000g at 4°C for 10 min. Cell
extracts were fractionated by electrophoresis in 8%–10% so-
dium dodecyl sulfate-polyacrylamide gels (SDS-PAGE) and
transferred to nitrocellulose membranes. The following anti-
bodies were used for Western analyses: antiphospho-S727
Stat1, antiphospho-Y701 Stat1 (both from Upstate Biotechnol-
ogy, Lake Placid, NY), anti-C-terminal Stat1 (Santa Cruz
Biotechnology, Santa Cruz, CA), anti-N-terminal Stat1 (BD
Biosciences Pharmingen, San Diego, CA), anti-IRAK (Santa
Cruz Biotechnology), antiphospho-(S473)Akt, antiphospho-
JNK, antiphospho-p42/p44, and antiphospho-p38 (all from Cell
Signaling). Horseradish peroxidase (HRP)-coupled goat antirab-
bit or goat antimouse immunoglobulin (Rockland, Gilbertsville,
PA) was used for visualization, using the enhanced chemilumi-
nescence (ECL) Western detection system (Perkin-Elmer Life
Sciences, Boston, MA).

Immunoprecipitations

After treatment, T98G cells at 80% confluence in 150-mm
dishes were washed once with PBS, and the cell pellets were
lysed in for 30 min at 4°C in 200 ml of 50 mM HEPES, pH
7.5, 1% Triton X-100, 10% glycerol, 150 mM NaCl, 1.5 mM
MgCl2, 1 mM EDTA, 10 mM Na4PO7, 100 mM NaF, 1 mM
Na3VO4, 1 mM phenylmethane sulfonyl fluoride, 10 mg/ml
aprotinin, and 10 mg/ml leupeptin. The extracts were incubated
with 30 ml of a mixture of protein A sepharose and Gamma-
Bind G beads (Amersham Biosciences, Piscataway, NJ) and 2
mg either anti-N-terminal Stat1 (BD Biosciences Pharmingen)
or anti-IRAK (Santa Cruz Biotechnology), with rotation for 4
h at 4°C. The immunoprecipitates were washed three times with
lysis buffer and subject to Western analysis as described.

Northern analyses

Cells were stimulated for 4–6 h. Total RNA was isolated
with TRIzol reagent (Invitrogen, Carlsbad, CA). Total RNA (20
mg) was denatured, separated by electrophoresis in a formalde-
hyde-1.2% agarose gel, and transferred to Hybond-N nylon
membrane (Amersham). Tryptophanyl-1RNA synthetase/IFP-
53 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNAs were detected using specific cDNA fragments, which
were labeled with a-32P-dCTP (Amersham) by nick-translation,
using the DNA megaprime labeling system (Amersham), and
visualized by autoradiography. Expression levels were quanti-
fied using a PhosphorImager (Amersham).

Transfection and reporter assays

For stable transfections, cells at 60%–70% confluence seeded
the previous day in 100-mm plates were transfected by the cal-
cium phosphate method(48) with 2 mg of either pSV2-neo or
pBabe-puro and 10 mg of one of the following: pXIN-IkBmut
superrepressor (a kind gift of Dean Ballard, Vanderbilt Uni-
versity School of Medicine), IKKa (K44A) dominant-negative
mutant, IKKb (K44A) dominant-negative mutant, NIK
(K429A, K430A) dominant-negative mutant (kind gifts of
Zhaodan Cao, Tularik, CA), Flag-JNK1-APF (T183A, Y185F)
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dominant-negative mutant, p38 (T180A, Y182F) dominant-
negative mutant (kind gifts of Roger Davis, University of Mass-
achusetts), HA-JNKK2-JNK1 (a fusion product of MKK7 and
JNK) constitutively active JNK mutant (a kind gift of Dennis
J. Templeton, University of Virginia Medical School), and
SEK1(MKK4)-AL (S220A,T224L) dominant-negative mutant
(a kind gift of James Woodgett, University of Toronto, ON,
Canada). After 48 h, the cells were selected with either 400
mg/ml active G418 (for pSV2-neo transfectants) or 1 mg/ml
puromycin (for pBabe-puro transfectants) until clones appeared.
For luciferase reporter assays, cells at 60%–70% confluence
seeded the previous day in 150-mm plates were transfected by
the calcium phosphate method with 10 mg of 4XGBPGAS-luc
(Stratagene, La Jolla, CA) and 2 mg pSV2-b-gal (to verify trans-
fection efficiency). Eight hours after transfection, the cells were
divided into four or six 100-mm plates, one for each different
treatment. The cells were stimulated with IFN-g, IL-1, or TNF,
individually or in combination, for 6 h beginning 48 h after
transfection. Luciferase and b-galactosidase activities were de-
termined using the Promega luciferase assay or chemilumines-
cence reagents, respectively (Promega, Madison, WI). Results
are shown for one of at least three independent experiments, all
of which were comparable.

RESULTS

IL-1-mediated Stat1 serine phosphorylation requires
IRAK, but not its kinase domain

Treatment of C6 or T98G cells with IL-1 increased the phos-
phorylation of Stat1 on serine 727 (Fig. 1). The basal levels of
serine-phosphorylated Stat1 in these cells are most likely caused
by the constitutive activation of kinases, for example, PI3K.(43)

In contrast to IFN-g, treatment with IL-1 did not lead to the
phosphorylation of Stat1 on tyrosine 701 (Fig. 1).

A panel of mutant C6 cell lines, defective in various com-
ponents of the IL-1 signaling pathway,(14) was analyzed for the
phosphorylation of Stat1 following IL-1 treatment (Fig. 2A). In
contrast to parental C6 cells, in I1A cells, which lack IRAK, as
well as in I2A and I3A cells, which lack as yet unidentified
components upstream of IRAK, Stat1 was not phosphorylated
on serine in response to IL-1. However, in I4A cells, which are
defective downstream of the degradation of IkBa, Stat1 was
phosphorylated on IL-1 treatment. To investigate further the
role of IRAK in the serine phosphorylation of Stat1, I1A cells
reconstituted with derivatives of IRAK lacking various do-
mains(34) were used (Fig. 2B). IRAK derivatives lacking either
the death domain (dDD) or the C-terminal domain (dC1 1
dC2), shown previously to be unable to restore the IL-1-medi-
ated activation of both NF-kB and JNK,(34) also did not restore
the serine phosphorylation of Stat1 in response to IL-1 (Fig.
2C). In contrast, IRAK derivatives found previously to support
the activation of both JNK and NF-kB, lacking only one of the
two C-terminal subdomains (dC1, dC2), were also able to phos-
phorylate Stat1 on serine in response to IL-1 (Fig. 2D), indi-
cating that the serine phosphorylation of Stat1 requires the same
domains of IRAK that are required to activate NF-kB or JNK
in response to IL-1. Expression of a point-mutant, kinase-dead
derivative of IRAK (K239A) or a mutant protein lacking the
kinase domain (dKD) also restored IL-1-mediated Stat1 serine

phosphorylation, indicating that the kinase activity of IRAK is
not required for the phosphorylation of Stat1 on serine and,
therefore, that IRAK is not the IL-1-activated serine kinase (Fig.
2D). These latter two mutant proteins also support the IL-1-me-
diated activation of both NF-kB and JNK.(34)

IRAK-dependent Stat1 serine phosphorylation does not
involve activation of Akt, p38, or ERK

The S727 residue of Stat1 lies in a potential MAPK site. To
examine if its phosphorylation in response to IL-1 requires the ac-
tivation of a MAPK pathway, the patterns of Akt, JNK, ERK, and
p38 phosphorylation were analyzed in I1A cells, in which the ser-
ine is not phosphorylated in response to IL-1, and in K239A cells,
which have no defect (Fig. 3A). Akt was activated constitutively
in parental C6 cells, and its activation was not affected by the lack
of IRAK. Similar to the pattern of Stat1 serine phosphorylation,
JNK and p38 were not phosphorylated in IRAK-deficient cells
but were phosphorylated in K239A cells in response to IL-1. I1A
cells exhibited low constitutive levels of phosphorylated ERK,
which did not increase with IL-1 treatment, and inducible activa-
tion was modestly restored in K239A cells. These results dem-
onstrate a correlation between the activation of JNK and p38 in
the serine phosphorylation of Stat1 in response to IL-1 and ex-
clude the involvement of Akt in this process. The patterns of
MAPK activation and Stat1 serine phosphorylation were also an-
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FIG. 1. Phosphorylation of Stat1 on serine but not tyrosine
in response to IL-1. (A) C6 or (B) T98G cells were stimulated
with IL-1 or IFN-g for the times indicated. Cell lysates were
separated by 10% SDS-PAGE, and Western analysis was car-
ried out using antiphospho-S727-Stat1, antiphospho-Y701-
Stat1, or anti-N-terminal-Stat1, sequentially. DP, Stat1 doubly
phosphorylated on serine and tyrosine; SP-S, Stat1 singly phos-
phorylated on serine; SP-Y, Stat1 singly phosphorylated on ty-
rosine; Stat1a, full-length Stat1; Stat1b, Stat1 lacking 38 C-ter-
minal residues.



alyzed in dUD cells, in which JNK but not NF-kB is activated(34)

(Fig. 3B). In these cells, p38 was phosphorylated, JNK was par-
tially phosphorylated, and the basal levels of phosphorylated
ERK1 actually decreased with IL-1 treatment, yet there was no
serine phosphorylation of Stat1 on IL-1 stimulation (Fig. 3B).
These results indicate that p38 and ERK are not involved in IL-
1-mediated Stat1 phosphorylation.

Several inhibitors of NF-kB or ATF/AP1 activation do
not affect IL-1-mediated Stat1 serine phosphorylation

The effects of the phosphorylation of Stat1 on serine of
chemical inhibitors or of stable expression of dominant-nega-
tive or constitutively active forms of signaling components that
respond to IL-1 were analyzed in T98G cells (Table 1). Inhi-

NGUYEN ET AL.186

FIG. 2. Requirement for IRAK in the phosphorylation of Stat1 on serine in response to IL-1. (A) Analysis of Stat1 serine phos-
phorylation in various mutant cell lines defective in the IL-1 signaling pathway. Parental C6 and the mutant cell lines I1A, I2A,
I3A, and I4A were treated with IL-1 for 10 or 20 min. Cell lysates were separated by 10% SDS-PAGE, and Western analysis
was carried out with antiphospho-S727-Stat1 or anti-N-terminal-Stat1, sequentially. (B) Functional domains of IRAK. The IRAK
protein consists of a death domain (DD), a domain of unknown function (UD), a kinase domain (KD), and C-terminal domains
1 and 2 (C1, C2). IRAK-deficient I1A cells stably expressing constructs encoding a kinase-dead point mutant of IRAK (K239A)
or deletion mutants lacking one or more functional domains either restore (1) or fail to restore (2) the activation of NF-kB or
JNK or both in response to IL-1. dDD, deletion of death domain; dUD, deletion of undetermined domain; dKD, deletion of ki-
nase domain; dC1, deletion of C-terminal domain 1; dC2, deletion of C-terminal domain 2. (C) Domains of IRAK required to
activate NF-kB and JNK are also required to phosphorylate Stat1 on S727 in response to IL-1. C6 and I1A cells and I1A cells
stably reconstituted with the IRAK deletion mutants dDD or dC1 1 dC2 were treated with IL-1 for 10 or 20 min. Cell lysates
were processed as in A. (D) Domains of IRAK that are not required to activate NF-kB and JNK are also dispensable for Stat1
S727 phosphorylation in response to IL-1. C6 cells and I1A cells stably expressing K239A, dKD, dC1, or dC2 were treated with
IL-1 for 10 or 20 min. Cell lysates were processed as in A.



bition of the activity of components important for the libera-
tion of NF-kB (NIK, IKKa, IKKb, IkBa) or for its activation
as a transcription factor (PI3K, Akt) did not affect the phos-
phorylation of Stat1 on serine in response to IL-1. The indi-
vidual IKK subunits were also dispensable for IL-1-mediated
Stat1 S727 phosphorylation (H. Nguyen, N. Sizemore, and G.R.
Stark, unpublished observations) in mouse embryo fibroblasts
(MEFs).(23,49) Constitutive activators or dominant-negative in-
hibitors affecting the kinase activity of JNK (MKK4, JNK), p38,
or ERK (mitogen-activated protein kinase kinase 1 [MEK1],
chemically inhibited by PD98059) also did not affect the phos-
phorylation of Stat1 on serine in response to IL-1 (Table 1). These
findings rule out a role for MAPKs in this process and suggest
the involvement of an unknown IRAK-dependent kinase.

Stat1 and IRAK interact in vivo

To determine if IRAK is an intermediate that links Stat1 to
an IL-1-activated serine kinase, immunoprecipitations followed
by Western analyses were performed with untreated or IL-1-
treated T98G cells (Fig. 4). Interestingly, IRAK was detected
at a low level in Stat1 immunoprecipitates prior to stimulation,
but the amount increased dramatically after treatment with IL-
1 for 10 or 20 min. Stat1 was also detected at low levels in
IRAK immunoprecipitates in the absence of treatment, and the
amounts increased 10 or 20 min after IL-1 stimulation. Inter-
estingly, serine-phosphorylated Stat1 was detected in IRAK im-
munoprecipitates only 20 min after IL-1 treatment, consistent
with the pattern of Stat1 serine phosphorylation in T98G cells
(Figs. 1 and 4B). These results show that Stat1 associates with
IRAK in the absence of stimulation, that the association in-
creases in response to IL-1, and that phosphorylation on serine
follows association.

IL-1 or TNF increases transcriptional activity of Stat1
dimers through a process dependent on serine 727

IFN-g works in concert with IL-1 or TNF to enhance in-
flammation through increased gene expression (reviewed in ref.
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FIG. 3. Analysis of the role of MAPKs in the serine phos-
phorylation of Stat1 in response to IL-1. (A) Lack of inducible
phosphorylation of JNK, ERK, or p38 but not of Akt in re-
sponse to IL-1 in I1A cells. C6, I1A, or K239A cells were
treated for 10 or 20 min with IL-1. Cell extracts were separated
by 10% SDS-PAGE, and Western analyses were carried out
with antiphospho-p38, antiphospho-p42/p42ERK, antiphospho-
JNK, antiphospho-S473-Akt, and antiphospho-S727-Stat1, se-
quentially. (B) Restoration of p38, ERK, but not Stat1 phos-
phorylation in dUD cells in response to IL-1. K239A cells or
I1A cells expressing the dUD deletion mutant of IRAK were
stimulated with IL-1 for 20 min. Cell extracts were separated
by 10% SDS-PAGE, and Western analyses were carried out
with antiphospho-p38, antiphospho-p42/p42ERK, antiphospho-
JNK, or antiphospho-S727-Stat1, sequentially.

TABLE 1. EFFECTS OF DOMINANT-NEGATIVE OR CHEMICAL INHIBITION OF IL-1-DEPENDENT SIGNALING IN T98G CELLSa

Stat1 S727
Mutant or inhibitor phosphorylation Positive controlb

DN NIK 1 ~50% inhibition of NF-kB-luc activity
DN IKKa 1 ~50% inhibition of NF-kB-luc activity
DN IKKb 1 ~70% inhibition of NF-kB-luc activity
IkB superrepressor 1 100% abrogation of NF-kB DNA binding
50 mM LY294,002 (PI3K inhibitor) 1 100% abrogation of Akt S473 phosphorylation
DN MKK4 1 ~80% abrogation in JNK phosphorylation
CA JNK 1 ~400% increase in JNK phosphorylation
DN JNK 1 ~90% abrogation of JNK phosphorylation
DN p38 1 ~80% abrogation of p38 phosphorylation
50 mM PD98059 (MEK 1 inhibitor) 1 100% abrogation of ERK1/2 phosphorylation

aCells were transfected with dominant-negative (DN) mutants or constitutively active (CA) derivatives of signaling proteins,
and stable clones were analyzed for the serine phosphorylation of Stat1 by the Western method using antiphospho-S727-Stat1.

bNF-kB activation was assessed by EMSA to determine its binding to the kB sequence from the promoter of the human 
IP-10 gene, or by reporter assays to determine NF-kB-dependent transactivation, using a luciferase construct driven by the E-
selectin promoter. The phosphorylation of Akt, JNK, ERK, and p38 was analyzed by the Western method, using phosphospe-
cific antibodies.



50). We examined the effects of IL-1 and TNF on Stat1 phos-
phorylation in combination with IFN-g. As expected, IFN-g
treatment led to the phosphorylation of Stat1 on both serine and
tyrosine, whereas IL-1 or TNF treatment caused the phospho-
rylation of Stat1 only on serine (Fig. 5A). Interestingly, a com-
bination of IL-1 or TNF with IFN-g increased the levels of Stat1
phosphorylated on serine only and of Stat1 phosphorylated on
both serine and tyrosine without affecting the overall level of
tyrosine phosphorylation. Similar observations were obtained
in 2fTGH cells (Fig. 5B). In this case, only the effects of TNF
stimulation were analyzed, as these cells do not respond to IL-
1. These results reveal that IL-1 or TNF enhances the level of
serine-phosphorylated Stat1 induced by IFN-g. To determine if
this enhancement affects transcriptional activation by Stat1
dimers, we examined the effects of these cytokines on the 
activation of a luciferase reporter construct driven by four
copies of a Stat1 consensus GAS site, derived from the human
guanylate-binding protein-1 (HuGBP-1) promoter (4XGBP-
GAS-luc), transiently transfected into T98G cells, 2fTGH and
derived Stat1-deficient U3A cells, and U3A cells expressing the
S727A mutant of Stat1 (Fig. 5C). Treatment of T98G cells with
IFN-g for 6 h induced luciferase activity by ,15-fold, whereas
treatment with IL-1 or TNF alone for 6 h did not affect reporter
activation. Interestingly, treatment with IFN-g in combination
with IL-1 or TNF increased luciferase levels 30–40-fold. Sim-
ilar results were observed in 2fTGH cells. As transcription of
the reporter was not observed in Stat1-null U3A cells, we con-
clude that Stat1 dimer is the principal transcription factor in-
volved in activating 4XGBPGAS-luc. In U3A-S727A cells, the
increase in reporter activity was ,4-fold in response to IFN-g
alone, and TNF did not increase this degree of activation. Sim-
ilar results were obtained with pools of 2fTGH, U3A, and U3A-

S727A cells stably transfected with 4XGBPGAS-luc (data not
shown). These results reveal that IL-1 or TNF can potentiate
transactivation due to the binding of Stat1 dimers to a GAS site
through a process dependent on serine 727.

IL-1 or TNF increases expression of the 
IFN-g-inducible IFP-53 gene through a 
Stat1-dependent, NF-kB-independent process

IFN-g plus IL-1 or TNF often increase gene expression co-
operatively as a result of interactions between IFN-g-activated
Stat1 and IL-1-activated or TNF-activated NF-kB (reviewed in
ref. 50). To determine if the enhancement of Stat1 serine phos-
phorylation also contributes to the potentiation of endogenous
gene expression, we analyzed (Fig. 6A) the expression of the
IFN-g-inducible IFP-53 gene, whose promoter is known to con-
tain a GAS site and not an NF-kB site,(51) in T98G cells stably
expressing a superrepressor form of the NF-kB inhibitor IkBa
(T98G-IkBaSR). In these cells, the DNA-binding activity of
NF-kB to its consensus site in the IP-10 promoter is completely
blocked, and the IL-1-induced or TNF-induced expression of
the NF-kB-driven IL-8 gene is reduced by ,90%–95% in re-
sponse to IL-1 or TNF (data not shown). Although IFN-g in-
duced the expression of IFP-53 as expected, IL-1 or TNF alone
had no effect on IFP-53 mRNA levels in either the T98G-neo
controls or T98G-IkBaSR cells. Interestingly, adding IL-1 or
TNF moderately but consistently enhanced the IFN-g-mediated
expression of IFP-53 mRNA not only in T98G-neo cells but
also in T98G-IkBaSR cells, indicating that the effect of IL-1
or TNF on IFN-g-induced IFP-53 expression is independent of
NF-kB. In contrast, the potentiation of expression of the
RANTES gene by IFN-g and IL-1 or TNF, known to be me-
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FIG. 4. In vivo interaction between Stat1 and IRAK. (A) T98G cells were treated with IL-1 for 10 or 20 min. Cellular extracts
were enriched for either Stat1 or IRAK by immunoprecipitation with anti-N-terminal-Stat1 or anti-IRAK. -Ab, control immuno-
precipitations performed in the absence of antibody. Immunoprecipitates were separated by 10% SDS-PAGE, and Western analy-
ses were performed using anti-IRAK for Stat1 immunoprecipitates and sequentially by using antiphospho-S727-Stat1 or anti-N-
terminal-Stat1, respectively, for IRAK immunoprecipitates. (B) Cellular extracts used in the immunoprecipitations (input) were
also separated by 10% SDS-PAGE, and Western analyses were performed using antiphospho-S727-Stat1.



diated through the cooperation of IFN-g-activated Stat1 and IL-
1-activated or TNF-activated NF-kB,(52) was obliterated in the
T98G-IkBaSR cells compared with control T98G-neo cells
(data not shown). IFN-g-induced IFP-53 gene expression was
also enhanced by TNF in 2fTGH cells (Fig. 6B). In contrast,
Stat1-null U3A cells responded minimally to IFN-g, TNF, or
both, confirming that IFP-53 expression is primarily Stat1 dri-
ven (Fig. 6B). Interestingly, IFN-g-induced IFP-53 gene ex-
pression did not increase on treating U3A-S727A cells with
TNF compared with the parental 2fTGH cells (Fig. 6B), re-

vealing that the enhanced serine phosphorylation of Stat1 is im-
portant in potentiating IFN-g-mediated IFP-53 gene expression
in response to IL-1 or TNF.

DISCUSSION

Stat1 is a novel target of IL-1 signaling

We have found that IL-1 can activate the phosphorylation of
Stat1 on serine in several cell lines. Therefore, in addition to
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FIG. 5. Serine 727-dependent increases in IFN-g-induced, Stat1-driven transactivation in response to IL-1 or TNF. (A and B)
Increased levels of IFN-g-induced, serine-phosphorylated Stat1 in response to IL-1 or TNF. T98G (A) or 2fTGH cells (B) were
treated for 20 min with either IFN-g, IL-1, or TNF, individually or in combination. 2fTGH cells were serum-starved for 24 h be-
fore treatment to reduce the constitutive level of Stat1 phosphorylation on S727. Cell extracts were separated by 8% SDS-PAGE,
and Western analyses were carried out using antiphospho-S727-Stat1, antiphospho-Y701-Stat1 or anti-C-terminal-Stat1, sequen-
tially. (C) Potentiation of IFN-g-mediated, Stat1-driven transcription by IL-1 or TNF. T98G, 2fTGH, and derived Stat1-null U3A
cells, and U3A cells reconstituted with Stat1 S727A were transfected transiently with a GBP-4XGAS-luciferase construct. Twenty-
four hours after transfection, the cells were divided into four or six separate plates, one for each treatment. Forty hours after trans-
fection, the cells were treated as indicated for 6 h. Cell extracts were assayed for luciferase activity.



NF-kB and AP1/ATF, Stat1 can transmit some of the biologic
effects of IL-1. The results with I1A-derived 293 cells and with
T98G cells expressing dominant-negative proteins suggest that
IL-1-mediated Stat1 serine phosphorylation requires IRAK but
not the MAPKs. TNF-mediated Stat1 serine phosphorylation
depends on the activation of p38 in macrophages.(42) As IL-1
and TNF stimulate many of the same activities, one might have
predicted that they would use the same mechanism for the phos-
phorylation of Stat1 on serine. However, IRAK, which is re-
quired for the phosphorylation of Stat1 on serine in response to
IL-1, does not participate in the TNF-dependent signaling path-
way, probably explaining the difference in the mechanism of

Stat1 serine phosphorylation between the two cytokines. The
dispensability of JNK, p38, and ERK for the phosphorylation
of Stat1 on serine in response to IL-1 is supported by a study
that reveals that Stat1 is a poor substrate for all three MAPKs,
tested both in vitro and in vivo.(53) Our observation that Stat1
and IRAK interact in vivo suggests that IRAK, while not serv-
ing as the proximal serine kinase for Stat1, may recruit the ki-
nase to Stat1. This hypothesis is supported by the established
requirement for IRAK to interact with TRAF6 in IL-1-depen-
dent signaling pathways,(5,11–14) as well as by its novel role as
a chaperone that mediates the translocation of TAB2 and
TRAF6 from the membrane to the cytosol.(54)
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FIG. 6. Enhancement of IFN-g-induced, Stat1-driven and NF-kB-independent gene expression by IL-1 or TNF. (A) The en-
hancement of IFN-g-induced IFP-53 expression by IL-1 or TNF does not involve NF-kB. T98G cells stably transfected with a
control vector containing the neomycin resistance gene (T98G-neo) or a dominant-negative superrepressor mutant of the IkBa
inhibitor of NF-kB (T98G-IkBSR) were stimulated as indicated for 5 h. Total RNA was analyzed by the Northern procedure,
using a cDNA specific for IFN-g-inducible IFP-53 as a probe. The transfers were stripped and reprobed with GAPDH cDNA to
control for loading. Expression levels were quantified using a PhosphorImager. (B) The enhancement of IFN-g-induced IFP-53
expression by IL-1 or TNF is dependent on Stat1 S727 phosphorylation. 2fTGH, U3A, and U3A-S727A cells were stimulated
as indicated for 4 h. Total RNA was analyzed as in A.



Biologic role of IL-1-mediated Stat1 serine
phosphorylation in enhancing IFN-g-induced 
gene expression

It has been long known that IFN-g and IL-1 or TNF, secreted
after infection, together elicit inflammatory responses that are
more robust than those achieved by any of these cytokines
alone. We have found that combining IFN-g with the proin-
flammatory cytokines increases the levels of serine-phos-
phorylated Stat1 as well as its transactivation function. Bacte-
rial LPS also works in concert with IFN-g in inflammation and
has been shown previously to enhance the serine phosphoryla-
tion and transactivation potential of Stat1 in response to IFN-
g.(40) Furthermore, combining IFN-g and TNF increases the
DNA-binding activity and transactivation potential of NF-kB
by delaying the degradation of the IkBb inhibitor of NF-kB.(55)

Although enhancement of transcriptional activity in response to
combined mediators of inflammation has been demonstrated
previously, IFP-53 represents the first example of a gene whose
IFN-g-mediated expression is amplified by IL-1 or TNF in a
manner independent of NF-kB and reveals an additional mo-
lecular mechanism through which inflammation is facilitated.
The increases in IFP-53 gene expression observed with cyto-
kine combinations were modest but consistent. It would be of
interest to identify other IFN-g-inducible genes whose expres-
sion is perhaps more dramatically enhanced through increased
Stat1 serine phosphorylation or other cell types in which this
process is more important. Probably the cooperation of distinct
transcription factors and the separate enhancement of the ac-
tivity of each individual transcription factor both contribute to
synergistic gene expression in response to cytokine combina-
tions.
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