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Activated tumor necrosis factor alpha (TNF-a) receptor 1 (TNFR1) recruits TNFR1-associated death do-
main protein (TRADD), which in turn triggers two opposite signaling pathways leading to caspase activation
for apoptosis induction and NF-kB activation for antiapoptosis gene upregulation. Here we show that Stat1 is
involved in the TNFR1-TRADD signaling complex, as determined by employing a novel antibody array screen-
ing method. In HeLa cells, Stat1 was associated with TNFR1 and this association was increased with TNF-a
treatment. TNFR1 signaling factors TRADD and Fas-associated death domain protein (FADD) were also found
to interact with Stat1 in a TNF-a-dependent process. Our in vitro recombinant protein-protein interaction
studies demonstrated that Stat1 could directly interact with TNFR1 and TRADD but not with FADD. Inter-
action between Stat1 and receptor-interacting protein (RIP) or TNFR-associated factor 2 (TRAF2) was not de-
tected. Examination of Stat1-deficient cells showed an apparent increase in TNF-a-induced TRADD-RIP and
TRADD-TRAF2 complex formation, while interaction between TRADD and FADD was unaffected. As a con-
sequence, TNF-a-mediated I-kB degradation and NF-kB activation were markedly enhanced in Stat1-deficient
cells, whereas overexpression of Stat1 in 293T cells blocked NF-kB activation by TNF-a. Thus, Stat1 acts as
a TNFR1-signaling molecule to suppress NF-kB activation.

Tumor necrosis factor alpha (TNF-a) is a pleiotropic cyto-
kine that can elicit dual but opposing reactions from many
different cell types: to live or to die (1, 20). Two types of TNF
receptors (TNFR1 and TNFR2) have been characterized;
TNFR1 has been found to be responsible for most of the
biological properties of TNF-a. Studies of TNF-a signaling
events have revealed that activated TNFR1 forms signaling
complexes with a number of proteins, one of which is TNFR1-
associated death domain protein (TRADD) (11). On the one
hand, the TNFR1-TRADD complex can form the death-initi-
ated signaling complex (DISC) by recruiting Fas-associated
death domain protein (FADD), which leads to caspase activa-
tion and apoptosis (12). On the other hand, the TNFR1-
TRADD complex can recruit receptor-interacting protein
(RIP) and/or TNFR-associated factor 2 (TRAF2), leading to
NF-kB activation (12, 13). NF-kB activation will turn on anti-
apoptotic genes and inhibit TNF-a-induced cell death (25, 27).
Therefore, blocking NF-kB activation increases TNF-a-in-
duced cell death, whereas enhanced NF-kB activity protects
cells from TNF-a-induced death (2, 24, 26). It is conceivable
that in order to induce apoptosis, TNF-a needs not only to
form the DISC and trigger the caspase activation cascade but
also to minimize the activation of NF-kB as much as possible.
Little is known about the mechanism(s) by which TNFRs sup-
press the NF-kB activation pathway while forming the DISC to
trigger apoptosis.

Ample evidence suggests that tyrosine phosphorylation
events are involved in TNF-a signal transduction. Tyrosine
phosphorylation of phosphatidylinositol (PI) 3-kinase was

recently found to be involved in NF-kB activation by TNF-a
(20). Although the tyrosine kinases responsible for TNF-a-
induced protein phosphorylation remain unidentified, the
association of the tyrosine kinase JAK with TNFR1 was
observed (8). In 3T3-L1 adipocytes, Stat1 was tyrosine phos-
phorylated upon TNF-a stimulation, but its DNA binding
activity was undetectable (8). Previous studies have indi-
cated that TNF-a triggers less apoptosis in Stat1-deficient
cells (16). Like TNF-a, some growth factors or cytokines can
quickly induce Stat tyrosine phosphorylation with poor or no
DNA binding activity detected (4, 9, 19). Many SH2-con-
taining enzymes (e.g., SHP-2) have signaling effects in ad-
dition to their catalytic activities. Similarly, Stat proteins are
SH2-containing transcription factors and may function as
both signal transducer and transcription factor, as the name
indicates. Through its association with TNF-a signaling fac-
tors, Stat1 may act as a signal transducer rather than a
transcription activator.

In this study, we examined the role of Stat1 in TNF-a signal
transduction. We screened Stat1-interacting proteins using a
newly designed antibody array with which different antibodies
against TNF-a signaling factors were immobilized. We have
obtained strong evidence that Stat1 is a component of the
TNFR1-TRADD signaling complex. By binding to TRADD,
Stat1 attenuates the interactions of TRADD with RIP and
TRAF2 without disturbing TRADD-FADD interaction. In
cells lacking Stat1, TRADD-RIP or TRADD-TRAF2 interac-
tion was enhanced and led to markedly enhanced NF-kB tran-
scriptional activation in response to TNF-a. Consistently in
293T cells, transient overexpression of Stat1 blocked NF-kB
activation by TNF-a. Therefore, by binding to the TNFR1-
TRADD signaling complex, Stat1 favors DISC formation for
apoptosis induction and prevents the signaling-complex forma-
tion required for NF-kB activation.

* Corresponding author. Mailing address: Department of Pathology
and Laboratory Medicine, Brown University School of Medicine, Prov-
idence, RI 02912. Phone: (401) 863-2540. Fax: (401) 863-9008. E-mail:
Y_Eugene_Chin@Brown.edu.

4505



MATERIALS AND METHODS

Cell culture and whole-cell-extract preparation. Cultures of the epithelial cell
lines HeLa, A431, 293T, 2fTGH, U3A, and U3A-S1 were all grown in Dulbecco
modified Eagle medium supplemented with 10% fetal bovine serum. In U3A-S1
cells, the expression of Stat1 (wild type or Y701F mutant form) was restored by
stable transfection with an expression vector as described previously (5). Con-
fluent cells were treated with different cytokines as indicated below for 30 min or
left untreated. Whole-cell extracts were then prepared with radioimmunopre-
cipitation assay buffer containing freshly added proteinase inhibitors by following
the manufacturer’s protocol (Santa Cruz Biotechnology).

Antibodies and antibody array screening. Antibodies against TNFR signaling
molecules used for making the antibody arrays and for the immunoprecipitations
were obtained from Santa Cruz Biotechnology. They were anti-TNFR1 (goat
polyclonal immunoglobulin G [IgG], against the C terminus), anti-TNFR2 (goat
polyclonal IgG, against the C terminus), anti-FADD (goat polyclonal IgG,
against the N terminus), anti-TRADD (goat polyclonal IgG, against the C ter-
minus), anti-RIP (goat polyclonal IgG, against the C terminus), and anti-TRAF2
(rabbit polyclonal IgG, against the C terminus). One hundred polyclonal or
monoclonal antibodies, including these against TNFR signaling proteins (0.5 mg
each), were immobilized on polyvinylidene difluoride (PVDF) membranes (5 by
5 cm) at predetermined positions. The antibody array membranes were then
incubated with 5% milk at room temperature for 2 h, followed by incubation with
whole-cell lysates from HeLa cells (2 3 107) treated or not with recombinant
human TNF-a (10 ng/ml) for 30 min. After incubation for 2 h, the membranes
were washed three times with phosphate-buffered saline and blotted with horse-
radish peroxidase (HRP)-conjugated anti-Stat1 monoclonal antibody (against
the Stat1 N terminus; Transduction Laboratory) for an additional 2 h, followed
by three washes and enhanced chemiluminescence (ECL) detection.

cDNA constructs. Full-length Stat1, N-terminal Stat1 fragments (representing
N-terminal amino acids 1 to 488), and C-terminal Stat1 fragments (amino acids
489 to 750) were subcloned into the pET-28a vector (Novagen) for expression of
recombinant His6-Stat1 proteins. All His6-expressing proteins were confirmed by
Western blotting with anti-His6 antibody. The TNFR1 cytoplasmic domain
(TNFR1C), TRADD, and FADD were subcloned into the pGEX-2T vector
(Amersham Pharmacia) for expression of recombinant glutathione transferase
(GST) proteins. GST-expressing proteins were confirmed by Western blotting
with antibodies against TNFR1, TRADD, and FADD, respectively.

Recombinant GST protein interaction, immunoprecipitation, and immuno-
blotting. GST fusion proteins were purified from bacteria using glutathione-
agarose beads according to the manufacturer’s instructions (Sigma). Whole-cell
extracts prepared as described above were incubated with either GST fusion
proteins (2 mg) or different antibodies (1 mg) conjugated with protein G agarose
at 4°C from 6 h to overnight. The precipitates were washed three times with lysis
buffer and resolved by sodium dodecyl sulfate–10 to 12% polyacrylamide gel
electrophoresis, transferred to PVDF membranes, and immunoblotted with dif-
ferent antibodies. Immunoblot analyses were carried out using ECL as instructed
(Amersham Pharmacia). Different GST fusion proteins were incubated with
bacterially expressed recombinant His6-Stat1 proteins at 4°C overnight (see Fig.
2C). The GST precipitates were immunoanalyzed with anti-His6 monoclonal
antibody (Amersham Pharmacia).

NF-kB activity measurements. For electrophoretic mobility shift assays
(EMSAs), we used a radiolabeled double-stranded oligonucleotide correspond-
ing to the NF-kB binding site in the mouse immunoglobulin enhancer. For
Northern blotting assays, blots containing 20 mg of total RNA per lane at various
time points were hybridized with specific probes that were 32P labeled with a
randomly primed DNA labeling kit (Boehringer Mannheim). All probes were
generated by cutting from their cDNA expression vectors. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) mRNA was used as an equal RNA loading
control. For NF-kB reporter gene assays, cells (2fTGH, U3A, and 293T) were
transiently transfected with luciferase reporter construct 23kB alone or together
with TRADD, Stat1, and TRADD1Stat1 by the Lipofectamine method (Gibco/
BRL). Twenty-four hours after transfection, cells were left untreated or treated
with TNF-a (10 ng/ml) for 6 h. Luciferase activities were determined three times
and normalized to the basal (untreated) levels.

RESULTS

Stat1 is a component of the TNFR1-TRADD signaling com-
plex. To identify Stat1-interacting molecules, we designed an
antibody array that permits simultaneous detection of multiple
protein-protein interactions under physiological conditions.
The antibody array designed for this study contained 100 an-
tibodies against different proteins, including TNFRs and their
downstream signaling molecules. Individual antibodies were
immobilized on PVDF membranes. By using these uniquely
designed antibody array membranes, we screened for possible
interactions between Stat1 and molecules involved in TNFR
signaling pathways. Whole-cell extracts from HeLa cells that

had been treated or not with recombinant human TNF-a for
30 min were incubated with antibody array membranes for 2 h.
The arrays were then probed with HRP-conjugated anti-Stat1
antibody in order to identify Stat1-associated proteins. As can
be seen in Fig. 1, Stat1 proteins were detected at several spots
on the membrane, indicating the presence of Stat1-interacting
proteins. While some interactions were unaffected by TNF-a
treatment, others were either enhanced or reduced by TNF-a
treatment (Fig. 1). For instance, Stat1 protein was detected by
immobilized antibodies against TNFR1 and TNFR2 in both
TNF-a-treated and untreated samples (Fig. 1, spots 7d and
8d). Moreover, Stat1 was detected by antibodies against
TNFR1 adapter protein TRADD and TRADD binding pro-
tein FADD in TNF-a-treated cell lysates (Fig. 1B, spots 9d and
3b). As a positive control, Stat1 was detected at the position
immobilized with antibody against CREB binding protein
(CBP) (also called p300) (Fig. 1, spot 1j), indicating that the
antibody array designed here was able to detect the interaction
between Stat1 and CBP which was shown previously (3, 26).
The protein-protein interactions observed here were also de-
tected with other cell lines (data not shown).

Interactions between Stat1 and individual TNF-a signaling
molecules identified by the antibody array were confirmed by
coimmunoprecipitation and GST fusion protein pulldown as-
says. In coimmunoprecipitation assays, we precipitated pro-
teins from lysates of control and TNF-a-treated HeLa cells
with TNFR1-specific antibody and analyzed them by Western
blotting for Stat1. As shown in Fig. 2A, Stat1 was associated
with TNFR1 and this association was greatly enhanced by
treating the cells with TNF-a. Interestingly, although HeLa
cells express a low but detectable level of TNFR2 (10), Stat1
was recovered from the TNFR2 immunoprecipitates under the
same conditions (not shown). We then examined the interac-
tions between Stat1 and TRADD. Although the same amounts
of TRADD were immunoprecipitated from treated and un-
treated cells, only precipitates from TNF-a-treated cells con-
tained Stat1 (Fig. 2A). Similarly, the association of Stat1 with
FADD was detected only in the lysates of TNF-a-treated cells
(Fig. 2A). Although a weak Stat1 signal was detected in the
spot immobilized with antibody against TRAF2 in antibody
array screening (Fig. 1A, spot 4f), Stat1 did not coprecipitate

FIG. 1. Screening of Stat1-interacting proteins using a novel antibody array.
PVDF membranes immobilized with different polyclonal or monoclonal anti-
bodies were incubated with whole-cell lysates from HeLa cells (2 3 107) that
were left untreated (A) or treated recombinant human TNF-a (10 ng/ml) for 30
min (B). After incubation for 2 h, the membranes were washed with phosphate-
buffered saline and blotted with HRP-conjugated anti-Stat1 antibody followed by
ECL detection. In addition to the antibodies against TNFR1 (7d), TNFR2 (8d),
FADD (3b), and TRADD (9d), antibodies that also showed up positively in the
array were P-CAM polyclonal antibody (Pharmingen) (9c), EGF receptor poly-
clonal antibody (Gibco/BRL) (6c), b-catenin monoclonal antibody (Transduc-
tion Laboratory) (10j), PI 3-kinase P85a polyclonal antibody (Santa Cruz Bio-
technology) (7b), and CBP polyclonal antibody (Santa Cruz Biotechnology) (1j).
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with TRAF2 or RIP in HeLa cells treated or not with TNF-a
(Fig. 2A). Coprecipitation of other Stat family members (e.g.,
Stat3 and Stat5) with TRADD and FADD was not detected
(data not shown), although they have previously been shown to
be activated by TNF-a in adipocytes (8). To further confirm
the interactions between Stat1 and TNFR signaling proteins,
we constructed GST fusion proteins containing the intracellu-
lar domains of TNFR1 and TNFR2 (GST-TNFR1C and GST-
TNFR2C) as well as GST fused to full-length TRADD and
FADD. Recombinant GST fusion proteins were purified with
glutathione-agarose beads and used to pull down Stat1 from
cell lysates. Stat1 of TNF-a-treated HeLa cells was consistently
found to interact with GST-TNFR1C, GST-TNFR2C, GST-
FADD, and GST-TRADD, but not with GST alone (Fig. 2B).
Thus, Stat1 appears to bind the TNFR1-TRADD-FADD com-
plex as well as the TNFR2 cytoplasmic domain in cells.

In order to determine whether Stat1 directly interacts with
these individual TNFR signaling molecules, we assessed
the ability of purified GST-TNFR1C, GST-TNFR2C, GST-
TRADD, and GST-FADD to bind recombinant histidine epi-
tope (His6)-tagged full-length Stat1 and N-terminally (1 to 488
residues) and C-terminally (489 to 750 residues) truncated
Stat1 in vitro. GST-TNFR1C, GST-TNFR2C, and GST-
TRADD but not GST-FADD could precipitate His6-Stat1
(Fig. 2C). Interestingly, although only the C-terminal region of
Stat1 could interact with TRADD and TNFR2C, both C-ter-
minally and N-terminally truncated Stat1 proteins bound
TNFR1C, suggesting that these two regions of Stat1 may co-
operate for maximal binding of TNFR1. Thus, Stat1 interacts
directly with TRADD but indirectly with FADD.

TNF-a-activated Stat1 does not translocate into nuclei and
bind DNA. Stats recruited to ligand-bound receptors can
be tyrosine phosphorylated and serve as activators of tran-
scription after translocation into nuclei. The above results
prompted us to investigate whether Stat1 was tyrosine phos-
phorylated and transcriptionally active upon TNF-a stimula-
tion. Stat1 was immunoprecipitated with its specific antibody
and subsequently blotted with antiphosphotyrosine antibody.
As shown in Fig. 3A, TNF-a indeed induced tyrosine phos-
phorylation of Stat1 in HeLa cells. By using antibodies that can
specifically recognize phospho-Stat1, we confirmed that the
Y701 residue of Stat1 was phosphorylated upon TNF-a treat-
ment in the HeLa and A431 cell lines (Fig. 3B), whereas Stat1
was constitutively phosphorylated at the S727 residue in these
cells. However, in EMSA, DNA binding activity was undetect-
able with either nuclear extracts or whole-cell lysates prepared
from TNF-a-treated HeLa and A431 cells incubated with the
probe for Stat1 binding site M67SIE (data not shown). Taken
together with previous data (8), these results suggested that
Stat1 recruited by TNFR1 might function as a signal trans-
ducer rather than as an activator of transcription. We then
examined Stat1 nuclear translocation in response to TNF-a
treatment. In Fig. 3C, as a control, Stat1 in A431 cells treated
with epidermal growth factor (EGF) exclusively translocated
into nuclei. With TNF-a treatment, however, Stat1 nuclear
translocation was not observed. It was recently reported that by
binding to another protein factor, Stat protein might lose its
DNA binding activity (6). Preincubation of GST-TRADD, but
not GST alone, with whole-cell lysates of EGF-treated A431
cells reduced the amount of Stat1 bound to DNA (Fig. 3D). To
confirm the role of residue Y701 of Stat1 in this TRADD-Stat1
interaction, we performed immunoprecipitation by using U3A
cell lines restored with comparable levels of wild-type Stat1
and Y701F-Stat1. As expected, Stat1 was coimmunoprecipi-
tated with TRADD in the parental 2fTGH cell line and the
U3A cell line, which was restored with wild-type Stat1 (Fig.
3E), whereas Stat1-TRADD interaction was greatly reduced in
the U3A cell line expressing Y701F-Stat1 (Fig. 3E). Therefore,
tyrosine phosphorylation at the Y701 residue in response to
TNF-a stimulation may be critical for Stat1 to interact with
TRADD, and Stat1-TRADD complex formation may prevent
Stat1 from nuclear translocation and binding to DNA.

Stat1-TNFR1-TRADD complex formation inhibits NF-kB
activity. By binding to TNFR1, TRADD bifurcates for both
FADD-mediated caspase activation and RIP- and/or TRAF2-
mediated NF-kB activation (11, 12). The observation that
Stat1 binds to TRADD and FADD but not to RIP and TRAF2
raised the possibility that Stat1 plays a role in either stabilizing
the death signaling complex (TRADD-FADD) or preventing
TRADD-RIP complex formation. In cells lacking Stat1 (U3A),
although TRADD-FADD complex formation was unaffected
(Fig. 4A), TRADD-RIP and TRADD-TRAF2 interactions in

FIG. 2. Stat1 is a component of the TNFR1-TRADD complex. (A) Whole-
cell lysates of HeLa cells (2 3 107) treated or not with TNF-a (10 ng/ml) for 30
min were incubated with protein G-agarose beads conjugated with anti-TNFR1,
anti-TRADD, anti-FADD, anti-RIP, or anti-TRAF2 antibody. After a washing,
the bead-associated proteins were resolved by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis followed by Western blotting with anti-Stat1 antibody.
IP, immunoprecipitation. (B) Purified forms of GST-TNFR1C, GST-TNFR2C,
GST-FADD, GST-TRADD, and GST alone on glutathione-agarose beads were
incubated with TNF-a-treated HeLa cell lysates for 2 h at room temperature.
After a washing, proteins bound to the beads were subjected to immunoblot
analysis with anti-Stat1 antibody. (C) Bacterially expressed His6 epitope-
tagged full-length Stat1 (WT) or N-terminally truncated (amino acids 1 to
488) and C-terminally truncated (amino acids 489 to 750) Stat1 proteins were
incubated with GST-TNFR1C, GST-TNFR2C, GST-FADD, GST-TRADD,
and GST alone, respectively. Precipitated proteins were detected by anti-His6
monoclonal antibody (Amersham Pharmacia).
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response to TNF-a were enhanced compared with those in
either parental cells (2fTGH) or cells with Stat1 reconstituted
(U3A-S1) (Fig. 4A). Competitive protein binding assays con-
firmed these results. In the presence of increasing amounts of
His6-Stat1, the amounts of RIP and TRAF2 precipitated with
GST-TRADD were markedly reduced (Fig. 4B). Under the
same conditions, the level of FADD recovered from GST-

TRADD precipitates was not apparently affected (Fig. 4B).
Thus, by binding to the TNFR1-TRADD complex, Stat1 may
inhibit TRADD-RIP and TRADD-TRAF2 interactions with-
out detriment to TRADD-FADD formation.

Both RIP and TRAF2 were considered to play roles in
NF-kB activation through their interactions with TRADD. We
hypothesized that by blocking TRADD-RIP and/or TRADD-

FIG. 3. TNF-a-phosphorylated Stat1 does not translocate into nuclei due to its interaction with TRADD. (A) Stat1 proteins were immunoprecipitated from
whole-cell lysates of HeLa cells that received TNF-a treatment for 30 min or were left untreated. The immunoprecipitated Stat1 proteins were subjected to Western
blotting with anti-pY20 or anti-Stat1 antibody. (B) Whole-cell lysates prepared from HeLa and A431 cells treated or not with TNF-a. Phospho-Stat1 was detected by
immunoblotting with antibodies against Stat1-pY701 and Stat1-pS727. (C) A431 cells received no treatment (2) or were treated with EGF or TNF-a for 1 h and fixed
with acetone (Santa Cruz Biotechnology protocol). Acetone-fixed cells were stained with anti-Stat1 antibody and examined with a fluorescent microscope. (D)
Whole-cell lysates of EGF-treated A431 cells were preincubated with increasing amounts of GST-TRADD or GST alone and monitored by precipitation with SIE
oligomer-agarose beads. After being washed, SIE bead precipitates were analyzed with Stat1 immunoblotting. (E) Parental 2fTGH cells, U3A-S1 WT cells expressing
wild-type Stat1, and U3A-S1 YF cells expressing Y701F-Stat1 were incubated with TNF-a for 30 min. Whole-cell lysates prepared from these cells were incubated with
agarose beads conjugated with anti-TRADD antibody. The TRADD immunoprecipitates (IP) were then analyzed with Stat1 immunoblotting.
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TRAF2 interactions, Stat1 may inhibit NF-kB activation. To
test this hypothesis, I-kB degradation and NF-kB activation in
response to TNF-a were compared in 2fTGH, U3A, and
U3A-S1 cells. Stat1-deficient U3A cells became more sensitive
than 2fTGH cells and U3A-S1 cells to TNF-a in I-kB degra-
dation (Fig. 5A). We then examined the DNA binding activity
of NF-kB in these cells. Nuclear extracts were prepared from
2fTGH, U3A, and U3A-S1 cells treated or not with TNF-a and
analyzed in EMSA with the NF-kB binding site as the probe.
As expected, TNF-a-mediated NF-kB DNA binding activity
was enhanced by a factor of 3 to 3.5 in U3A cells compared to
2fTGH and U3A-S1 cells (Fig. 5B, left panel). A similar but
more striking result was obtained with Stat1 knockout mouse
fibroblasts (Fig. 5B, right panel) even though comparable lev-
els of NF-kB (p50 and p65) were present in these cells (data
not shown). We suspected that the enhanced NF-kB DNA
binding activity observed in Stat1-deficient cells might lead to
enhanced NF-kB transcriptional activity. In order to confirm
this, we examined the ability of TNF-a to activate the kB-
dependent reporter construct upon transfection into U3A and
2fTGH cells. A luciferase reporter construct (pBIIx Luc) con-

taining two copies of the NF-kB binding sequence was trans-
fected into U3A and 2fTGH cells. TNF-a treatment resulted in
an approximately sevenfold induction of luciferase activity in
U3A transfectants but only a threefold induction in 2fTGH
transfectants under the same conditions (Fig. 5C). Overexpres-
sion of Stat1 in 293T cells markedly reduced NF-kB activity in
response to TNF-a, as indicated by the analysis of NF-kB-
dependent luciferase activity (Fig. 5D).

The effect of Stat1 on TRADD-mediated NF-kB activation
was also tested. Cotransfection of wild-type Stat1 with TRADD
markedly reduced NF-kB activation by TRADD (Fig. 5E).
However, SH2 domain mutant Stat1 (R6023Q) completely
lost its inhibitory effect on TRADD-dependent NF-kB activa-
tion, suggesting that the SH2 domain of Stat1 may play an
important role in its association with TNFR1 and/or TRADD.
Y701F-Stat1 was less effective than S727A-Stat1 in blocking
NF-kB activation by TRADD, further supporting the notion
that Y701 of Stat1 plays an important role in Stat1-TRADD
interaction, as indicated by the immunoprecipitation data shown
in Fig. 3E. In contrast, DNA binding domain mutant Stat1
(E495E4963AA) could still effectively block TRADD in
NF-kB activation.

NF-kB activation by TNF-a can upregulate a variety of
genes, including those involved in antiapoptosis. The gene
expression patterns of TRAF2 as well as those of inducible
nitric oxide synthase and interleukin-6 in response to TNF-a
were evaluated in the 2fTGH, U3A, and U3A-S1 cell lines. As
shown in Fig. 5F, U3A cells became more sensitive to TNF-a
stimulation in the expression of all these genes. NF-kB-depen-
dent TRAF2 expression has been recently shown to play an
important role in antiapoptosis (23). TRAF2 induction was
most striking in U3A cells but was modest in both 2fTGH and
U3A-S1 cells. Consequently, less cell death was induced by
TNF-a in Stat1-deficient U3A cells than in U3A-S1 cells with
Stat1 reintroduced (Fig. 6A), consistent with a previous report
(16). Cell death induced by transfection of TRADD alone was
increased by cotransfection of TRADD with Stat1 in 293T cells
(Fig. 6B) and COS cells (data not shown). Therefore, by bind-
ing to TRADD, Stat1 promotes apoptosis induction, presum-
ably due to its inhibitory effect on NF-kB pathway activation.

DISCUSSION

The data presented here demonstrate that Stat1 recruitment
by TNFR1 can block NF-kB activation, serving as an important
mechanism for facilitating TNF-a-mediated apoptosis induc-
tion. Indeed, in some cells, the NF-kB pathway is inactive in
response to TNF-a (26). TRADD can interact with a number
of TNF-a signaling proteins, and the balance between the
TRADD-FADD and TRADD-RIP or TRADD-TRAF2 sig-
naling complexes decides whether cells live or die. Although
TRADD independently interacted with Stat1, RIP, and
TRAF2, coprecipitation of Stat1 with RIP or TRAF2 was not
detected. This indicates that Stat1 competes with RIP and
TRAF2 to bind TRADD. An enhanced TRAF2 expression
level in Stat1-deficient cells can be responsible for enhanced
NF-kB activation. Nevertheless, in the presence of Stat1, in-
teraction between TRADD and TRAF2 or between TRADD
and RIP was dramatically blocked. Stat1 may therefore affect
NF-kB activation at two levels: (i) by blocking interaction
between TRAF2 and TRADD and (ii) by blocking TRAF2
gene expression in cells. However, NF-kB activation by TNF-a
was not impaired in TRAF2 knockout animals even though
TRAF2 has been considered as one possible link to NF-kB
activation (17, 28). Therefore, NF-kB-dependent TRAF2 up-
regulation by TNF-a may be mainly involved in an NF-kB-

FIG. 4. Stat1 inhibits TRADD interaction with RIP and TRAF2 but not with
FADD. (A) FADD, RIP, and TRAF2 were immunoprecipitated (IP) from
whole-cell lysates prepared from 2fTGH, U3A, and U3A-S1 cells treated or not
with TNF-a. FADD, RIP, and TRAF2 precipitates were then subjected to
TRADD immunoblot analysis. The levels of FADD, RIP, TRAF2, and TRADD
in these cell lysates were examined by blotting with their specific antibodies as
indicated. (B) Whole-cell lysates prepared from TNF-a-treated HeLa cells were
incubated with purified GST-TRADD and different amounts of recombinant
His6-Stat1 protein (0.1 or 0.3 mg). GST-TRADD precipitates were subjected to
anti-RIP, anti-TRAF2, and anti-FADD antibody immunoblot analysis.
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FIG. 5. Stat1 inhibits NF-kB activation by TNF-a. (A) Protein immunoblot analysis of I-kB-a in whole-cell extracts from 2fTGH, U3A, and U3A-S1 cells treated
or not with TNF-a. (B) EMSA were performed as described previously (5) with nuclear extracts prepared from 2fTGH, U3A, and U3A-S1 cells with or without TNF-a
treatment. The probe was derived from the NF-kB binding site in the promoter of the I-kB gene. The NF-kB gel shift complex can be supershifted (SS) by the antibody
against NF-kB (p65) as indicated. WT, wild type. (C) U3A and 2fTGH cells (3 3 105) were transiently transfected with the 23kB luciferase reporter construct.
Twenty-four hours after transfection, cells were left untreated or treated with TNF-a and luciferase activities were determined. (D) In 293T cells (3 3 105), the 23kB
luciferase reporter was cotransfected with the empty vector (2) or Stat1 expression construct at different concentrations (0.5 and 1 mg). Luciferase activities were
analyzed after TNF-a treatment. (E) In 293T cells, the 23kB luciferase reporter was cotransfected with TRADD and Stat1. Luciferase activities were analyzed after
TNF-a treatment. Stat1 proteins tested here include the wild type (WT) and Y7013F mutant (YF), S7273A mutant (SA), R6023Q mutant (RQ), and
E495E4963AA mutant (EEAA) forms. (F) Cells were treated with TNF-a for different periods as indicated. Total RNA was isolated and subjected (20 mg) to analysis
with probes for the TRAF2, inducible nitric oxide synthase, and interleukin-6 genes. To standardize for the amount of RNA loaded, filters were also probed with the
GAPDH gene.
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independent antiapoptosis process. RIP is a serine/threonine
kinase and has been considered as an important mediator of
NF-kB activation by TRADD. In RIP-deficient cells, a failure
of TNF-a to activate the transcription factor NF-kB was re-
ported, suggesting that RIP-TRADD interaction plays a more
important role in NF-kB activation by TNF-a (15). However,
Stat1 facilitates TNF-a-mediated apoptosis induction at the
TNFR1-TRADD complex formation-proximal step, either by
displacing RIP and/or TRAF2 from TRADD or by disrupting
other components required to execute the NF-kB activation
signals (Fig. 7). Therefore, Stat1 should be a useful reagent for
dissecting NF-kB activation initiated by other events, without
excluding direct or indirect interaction between Stat1 and
NF-kB (22). Although Stat1 and NF-kB can interact in nuclei
with some nuclear factors, such as CBP for gene regulation,
Stat1 does not translocate into nuclei for transcriptional acti-
vation in cells that have received TNF-a stimulation. More-
over, Stat1 suppresses NF-kB activity at a stage above I-kB
degradation (Fig. 5A). Therefore, it is unlikely that enhanced
NF-kB activity in Stat1-deficient cells is due to the lack of
competition between Stat1 and NF-kB for a common nuclear
factor.

Stat1 deficiency on the one hand downregulates proapopto-
sis genes, such as caspase genes (5, 16), and on the other hand
enhances NF-kB activity leading to the upregulation of anti-

apoptosis genes, such as the TRAF2 gene. It therefore adds
an additional mechanism underlying TNF-a-mediated pro-
tection. Although Stat1 undergoes tyrosine phosphorylation
upon TNF-a stimulation, its DNA binding activity is extremely
weak or undetectable. These results are in agreement with a
previous study (8). Some growth factor or cytokine receptors,
such as hepatocyte growth factor receptor, CD40, and angio-
tensin II receptor, have been reported to recruit and induce

FIG. 6. Stat1 promotes cell death induction. (A) U3A and U3A-S1 cells were cultured in six-well dishes (106/well) and treated with TNF-a (50 ng/ml) for 12, 24,
and 48 h. Cell viability was determined by trypan blue exclusion. Data reflect the average of three experiments. (B) 293T cells in six-well plates (3 3 105/well) received
transient transfection with an empty vector (Mock), Stat1, TRADD, or Stat1 plus TRADD. Photographs were taken 30 h after transfection.

FIG. 7. Model of Stat1 in TNFR1 signal transduction. TNFR1-recruited
Stat1 can form a complex with TRADD. By binding to TRADD, Stat1 prevents
TRADD from further interacting with RIP and TRAF2 without affecting the
association between TRADD and FADD. Consequently, the TRADD-mediated
NF-kB activation process is blocked. Thus, Stat1 promotes TNF-a-induced apo-
ptosis, presumably due to its inhibitory effect on NF-kB activation.
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tyrosine phosphorylation of Stat proteins that exhibit poor or
undetectable DNA binding activity (4, 9, 19). Thus, Stat pro-
teins may primarily serve as signal transducers when recruited
by these receptors. It has been recently reported that tyrosine-
phosphorylated Stat proteins lose their DNA binding activity
by binding to other protein factors, such as PIAS (6). Similarly,
Stat1 did not translocate into nuclei upon TNF-a stimulation,
probably due to its formation of a complex with TRADD in the
cytoplasm. Stat proteins can be recruited by a variety of growth
factor or cytokine receptors in a constitutive or stimulation-
dependent manner (7). Although there is no apparent homol-
ogy between TNFR1 and TNFR2 in their cytoplasmic do-
mains, Stat1 coprecipitated with them both. It is currently
unclear which motifs of these receptors are responsible for
recruiting Stat.

The reduced interaction between Y701F-Stat1 and TRADD
(Fig. 3E) is consistent with the reduced effect of Y701F-Stat1
on TRADD-dependent NF-kB activation observed in Fig. 5E.
These results suggest that tyrosine phosphorylation at the
Y701 residue of Stat1 may be necessary for Stat1 to interact
with TRADD. Currently, it is unclear whether tyrosine phos-
phorylation at residues other than Y701 is involved in mediat-
ing protein-protein interaction. The role of Stat proteins as
adapters mediating signal transduction has been previously
observed. In alpha interferon receptor, for instance, Stat2
serves as the adapter for Stat1 activation and Stat3 functions to
couple another signaling pathway, i.e., the PI 3-kinase, to the
receptor (18, 21). Our results provide evidence that tyrosine-
phosphorylated Stat1 is involved in TNFR1 signal transduc-
tion. Rather than functioning as a nuclear transcription factor,
Stat1 forms complexes with TRADD in the cytoplasm and
regulates TRADD-mediated NF-kB activation.

The antibody array technology applied here allows for mas-
sive parallel protein analysis, a rapid and efficient method for
large-scale protein-protein interaction examination. Antibody
arrays can greatly increase the speed of experimental progress
and will be valuable in the study of functional proteomics.
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