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Interleukin-1 (IL-1) is a proinflammatory cytokine that recognizes a surface receptor complex and generates
multiple cellular responses. IL-1 stimulation activates the mitogen-activated protein kinase kinase kinase
TAK1, which in turn mediates activation of c-Jun N-terminal kinase and NF-kB. TAB2 has previously been
shown to interact with both TAK1 and TRAF6 and promote their association, thereby triggering subsequent
IL-1 signaling events. The serine/threonine kinase IL-1 receptor-associated kinase (IRAK) also plays a role in
IL-1 signaling, being recruited to the IL-1 receptor complex early in the signal cascade. In this report, we
investigate the role of IRAK in the activation of TAK1. Genetic analysis reveals that IRAK is required for
IL-1-induced activation of TAK1. We show that IL-1 stimulation induces the rapid but transient association of
IRAK, TRAF6, TAB2, and TAKI1. TAB2 is recruited to this complex following translocation from the membrane
to the cytosol upon IL-1 stimulation. In IRAK-deficient cells, TAB2 translocation and its association with
TRAF6 are abolished. These results suggest that IRAK regulates the redistribution of TAB2 upon IL-1
stimulation and facilitates the formation of a TRAF6-TAB2-TAK1 complex. Formation of this complex is an

essential step in the activation of TAK1 in the IL-1 signaling pathway.

Interleukin-1 (IL-1) plays a central role in eliciting a variety
of inflammatory responses. These responses to IL-1 are medi-
ated by a cascade of intracellular signaling events, including
activation of c-Jun N-terminal kinase (JNK) and nuclear tran-
scription factor kB (NF-«kB) (6). IL-1 signaling is initiated by
the formation of a high-affinity complex composed of IL-1, the
IL-1 receptor (IL-1RI), and the IL-1 receptor accessory pro-
tein (IL-1RACcP) (Fig. 1) (8, 12, 42). Formation of this complex
causes the intracellular adapter molecule MyDS88 to be re-
cruited to the complex, which in turn facilitates the association
of the serine/threonine IL-1 receptor-associated kinase
(IRAK) (2, 3, 29, 41). Next, IRAK dissociates from the recep-
tor complex and interacts with TRAF6, a factor required for
IL-1-induced JNK and NF-kB activation (4, 25). The mecha-
nism by which TRAF6 is then able to activate the JNK and
NF-«kB pathways is not understood.

In unstimulated cells, NF-«B resides in the cytoplasm in an
inactive form, due to its association with the inhibitory IkB
proteins. Following stimulation with IL-1, the IkB proteins are
specifically phosphorylated and degraded through a ubiquitin
proteasome-dependent mechanism. Proteolysis of IkB releases
NF-kB and allows it to translocate to the nucleus, where it
activates transcription of specific target genes (1, 37, 39). The
kinases responsible for phosphorylating IkB are known as the
IkB kinases (IKKs) IKK«/IKK1 and IKKB/IKK2 (5, 14, 28, 31,
43, 47), and they form a large multiprotein complex that also
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contains NEMO/IKKYy (32, 45). Although the IKKSs themselves
can be activated by members of the mitogen-activated protein
kinase kinase kinase (MAPKKK) family, including MEKK1
(19, 20) and NF-kB-inducing kinase (NIK) (23, 26), the iden-
tities of the direct IKK activators remain to be identified.

TAKI1 is a member of the MAPKKK family and is activated
by various cytokines, including the family of transforming
growth factor B ligands (44). We have previously demonstrated
that TAK1 is also involved in the IL-1 signaling pathway (30).
Following exposure of cells to IL-1, endogenous TAKI is re-
cruited to the TRAF6 complex and activated. Activated TAK1
then stimulates both JNK and NF-«B activation. Thus, TAK1
functions at the same position as TRAF6 in the IL-1-activated
signaling cascade (Fig. 1). In previous studies, the yeast two-
hybrid system was employed to isolate novel proteins that
interact with TAK1. Two proteins that selectively interact with
TAK1 were isolated, TAB1 and TAB2 (35). TAB1 was found
to augment the kinase activity of TAK1 when coexpressed (15,
35), indicating that it functions as an activator of TAK1. We
recently showed that TAB2 is an intermediate in the IL-1
signaling pathway (36). IL-1 stimulates the translocation of
TAB2 from the membrane to the cytosol, where it interacts
with TRAF6 and mediates its association with TAKI1. These
results suggest that TAB2 functions as an adapter that links
TAKI and TRAF6 in response to IL-1 and thereby mediates
TAKI activation (Fig. 1).

The idea that IRAK plays a critical role in IL-1 signaling is
supported by genetic studies. In embryonic fibroblasts derived
from IRAK-deficient mice and in an IRAK-deficient 293 cell
line, IL-1-induced NF-kB and JNK activities are much reduced
compared to those of wild-type cells (13, 22, 38). However,
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FIG. 1. Receptor proximal signaling pathway for IL-1.

while IRAK is necessary for the activation of NF-kB and JNK,
its kinase activity has been shown to be dispensable (16, 22,
27). In this work, we examine the role of IRAK in the activa-
tion of TAK1. We demonstrate that IRAK induces the trans-
location of TAB2 to the cytoplasm upon IL-1 stimulation and
facilitates the formation of a complex composed of TRAF6,
TAB2, and TAKI. This complex formation is critical for the
activation of TAK1 by IL-1.

MATERIALS AND METHODS

Reagents, expression vectors, and cell culture. Recombinant human IL-1B3
was purchased from Boehringer. Anti-Flag monoclonal antibody M2 (Sigma),
anti-T7 monoclonal antibody (Novagen), anti-hemagglutinin monoclonal anti-
body HA.11 (Babco), anti-IRAK polyclonal antibody H-273 (Santa Cruz), anti-
IKKa polyclonal antibody H-744 (Santa Cruz), anti-B-catenin monoclonal
antibody (Transduction Laboratories), and anti-a-tubulin monoclonal antibody
(Monosan) were used. Anti-IkB and anti-phosphospecific IkB (Ser-32) antibod-
ies were from New England Biolab. The rabbit anti-TAKI1, anti-TABI, anti-
TRAF6, and anti-TAB2 polyclonal antibodies were described previously (30, 36).
Expression vectors for IRAK, TRAF6, TAB2, and TAB2C were described pre-
viously (4, 36, 41). 293 IL-1RI, C6, I1A, I1A+IRAK, and I1A+IRAK-KN cells
were described previously (3, 22). Cells were maintained in high-glucose Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal calf serum,
penicillin G (100 U/ml), and streptomycin (100 pg/ml). For the transfection
studies, cells (10°) were plated in 10-cm-diameter dishes, transfected with a total
of 10 g of DNA containing various expression vectors by the calcium phosphate
precipitate method, and incubated for 24 to 36 h.

Immunoprecipitation and immunoblotting. Cells were either left untreated or
treated with IL-1 for the indicated times. Cells were washed once with ice-cold
phosphate-buffered saline and lysed in 0.3 ml of 0.5% Triton X-100 lysis buffer
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containing 20 mM HEPES (pH 7.4), 150 mM NaCl, 12.5 mM B-glycerophos-
phate, 1.5 mM MgCl,, 2 mM EGTA, 10 mM NaF, 2 mM dithiothreitol (DTT),
1 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride (PMSF), and
20 uM aprotinin. Cellular debris was removed by centrifugation at 10,000 X g for
5 min. Proteins from cell lysates were immunoprecipitated with 1 pg of various
antibodies and 20 pl of protein G-Sepharose (Pharmacia). The immune complex
was washed three times with washing buffer containing 20 mM HEPES (pH 7.4),
500 mM NaCl, and 10 mM MgCl, and was suspended in 40 pl of rinse buffer
containing 20 mM HEPES (pH 7.4), 150 mM NaCl, and 10 mM MgCl,. For
immunoblotting, the immunoprecipitates or whole-cell lysates were resolved on
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels
and transferred to Hybond-P membranes (Amersham). The membranes were
immunoblotted with various antibodies, and the bound antibodies were visual-
ized with horseradish peroxidase-conjugated antibodies against rabbit or mouse
immunoglobulin G (IgG) by using the Enhanced Chemiluminesence (ECL)
Western Blotting System (Amersham).

In vitro phosphorylation assay. Anti-TAKI or anti-IKKa immunoprecipitates
were incubated with 1 pg of bacterially expressed MKK6 or GST-IkBa (1-72),
respectively, in 10 .l of kinase buffer containing 10 mM HEPES (pH 7.4), 1 mM
DTT, 5 mM MgCl,, and 5 p.Ci of [y-**P]JATP (3,000 Ci/mmol) at 25°C for 2 min.
Samples were separated by SDS-10% PAGE and visualized by autoradiography.

Reporter gene assay. For the reporter gene assays, I1A cells (1.6 X 10°
cells/well) were seeded into six-well (35 mm) plates. At 24 h after seeding, cells
were transfected with a reporter plasmid and expression plasmid as indicated. An
Ig—«-luciferase reporter was used to measure NF-kB-dependent gene activation.
A plasmid containing the B-galactosidase gene under the control of the B-actin
promoter (pAct-B-Gal) was used to normalize transfection efficiency.

Subcellular fractionation. Cells at ~70% confluency were either left untreated
or treated with IL-1 (5 ng/ml) for the indicated times and were resuspended in
10 packed-cell volumes of ice-cold hypotonic buffer containing 10 mM HEPES
(pH 7.4), 1.5 mM MgCl,, 10 mM KCl, 0.2 mM PMSF, and 0.5 mM DTT and
homogenized on ice with 30 strokes of a Dounce homogenizer. Unlysed cells,
nuclei, and cell debris were pelleted by centrifugation at 1,000 X g for 5 min.
Soluble (supernatant [S100]) and particulate (pellet [P100]) fractions were gen-
erated by centrifugation at 100,000 X g for 1 h. Samples were separated by
SDS-PAGE and immunoblotted with various antibodies as described above.

RESULTS

IRAK is required for IL-1-induced activation of TAK1. IL-1
stimulation leads to the activation of TAK1 MAPKKK (30). It
has been shown recently that an IRAK-deficient 293 cell line
(I1A) can no longer respond to IL-1 (22). To test the role of
IRAK in IL-1-induced activation of TAK1, we first examined
the effect of IRAK deficiency on endogenous TAKI1 activity
(Fig. 2). Immunoblottings performed with anti-IRAK antibody
confirmed the absence of IRAK protein in I1A cells. I1A cells
and cells of the parental cell line, C6, were stimulated with
IL-1, and cell extracts were subjected to immunoprecipitation
with anti-TAK1 antibody. The activity of the immunoprecipi-
tated endogenous TAK1 complex was measured in vitro using
bacterially expressed MKKG6 as an exogenous substrate. In the
wild-type C6 cells, TAK1 was activated upon IL-1 treatment, as
had been observed previously for 293 IL-RI cells (30). Previous
studies have shown that activation of TAKI1 correlates with
TAK1 autophosphorylation (15). The kinase assays revealed
that TAK1 prepared from IL-1-treated cells phosphorylated
TAKI1 itself. In contrast, TAK1 activation in response to IL-1
was abolished in the IRAK-deficient I1A cells.

To determine whether IRAK can complement the defect in
I1A cells, we examined TAKI activity in I1A cells stably trans-
fected with IRAK driven from the thymidine kinase promoter
(ITA+IRAK) (22). In I1A+IRAK cells, TAKI1 activity was
increased even in the absence of IL-1 (Fig. 2). These results
demonstrate that IRAK is essential for activation of TAKI. It
has been reported that the kinase activity of IRAK is not
necessary for it to function in IL-1 signaling (16, 22, 27). To
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FIG. 2. IRAK is required for IL-1-induced activation of TAKI1. Wild-type C6 [IRAK(+)], IRAK-deficient I1A [IRAK(—)], I1A cells stably
transfected with IRAK [IRAK(—) + IRAK], and I1A cells stably transfected with IRAK(K239A) [IRAK(—) + IRAK-KN] were treated (+) or
were left untreated (—) with IL-1 (5 ng/ml). Cell extracts were immunoprecipitated (IP) with anti-TAK1 antibody. The immunoprecipitates were
subjected to an in vitro phosphorylation assay using bacterially expressed MKK6 as an exogenous substrate (top panel) and autophosphorylation
of TAK1 (second panel). The immunoprecipitates were analyzed by immunoblotting (IB) with anti-TAK1 antibody (third panel). Whole-cell
extracts (WCE) were immunoblotted with anti-IRAK antibody (bottom panel).

examine the requirement for IRAK kinase activity in TAK1
activation, a kinase-deficient mutant of IRAK(K239A) was
expressed by the thymidine kinase promoter in I1A cells
(ITA+IRAK-KN) (22). IRAK(K239A) induced activation of
TAKI as well as that of wild-type IRAK (Fig. 2), revealing that
the kinase activity of IRAK is not required for TAKI activa-
tion.

TAB2 overexpression activates NF-«kB in IRAK-deficient
cells. TAB2 functions as an adapter that links TAKI and
TRAF6 in response to IL-1 and thereby mediates TAK1 acti-
vation. Ectopic expression of TAB2 strongly induces NF-xB
activation even in the absence of IL-1 (36). To investigate the
relationship between IRAK and TAB2, we examined whether
overexpression of TAB2 can activate NF-«B in the absence of
IRAK. We assayed NF-«B activity by using an NF-kB-depen-
dent luciferase reporter (Fig. 3). As previously demonstrated
(22), activation of NF-«kB in response to IL-1 is abrogated in
IRAK-deficient I1A cells, while activation by tumor necrosis
factor alpha remains intact. Transient transfection of IRAK
restores expression of the luciferase reporter in I1A cells, and
constitutive activation of NF-kB was observed in these cells.
When a TAB2 expression vector was cotransfected into 1A
cells with the luciferase reporter plasmid, basal NF-kB-depen-
dent reporter activity increased even in the absence of IL-1.
Similarly, in I1A cells, overexpression of TRAF6 resulted in
constitutive activation of NF-kB. Transfection of TAB2 with
IRAK into I1A cells had an additive effect on the induction of
NF-kB-dependent promoter activity. Moreover, IRAK-in-
duced activation of NF-kB was blocked by cotransfecting a
dominant-negative form of TAB2, TAB2C (amino acids 401 to
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FIG. 3. Effect of TAB2 on NF-kB activation in IRAK-deficient
cells. IRAK-deficient I1A cells were transiently transfected with the
reporter vector Ig-k-luciferase and pAct-B-Gal in combination with
empty vector (columns 1 to 3) or expression vectors (columns 4 to 10)
for IRAK, TAB2, TRAF6, or TAB2C, as indicated. Cells were left
untreated (columns 1 and 4 to 10) or were treated with IL-1 (5 ng/ml)
(column 2) or tumor necrosis factor alpha (TNF-«) (10 ng/ml) (column
3). Luciferase activities were determined and normalized to that of
B-galactosidase. Results are expressed as the fold increase in luciferase
activity relative to that of untreated cells transfected with empty vector
(column 1).
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FIG. 4. IRAK is required for IL-1-induced translocation of TAB2. Wild-type C6 cells [IRAK(+)], IRAK-deficient I1A cells [IRAK(—)], [1A
cells stably transfected with IRAK [IRAK(—) + IRAK], and I1A cells stably transfected with IRAK(K239A) [IRAK(—) + IRAK-KN] were
treated (+) or were left untreated (—) with IL-1 (5 ng/ml). Cell extracts were fractionated into membrane (P100) and cytosolic (S100) fractions.
Each fraction was subjected to immunoblot analysis (IB) with anti-TAB2 antibody (top panels). Anti-B-catenin (second panels) and anti-a-tubulin
(third panels) antibodies were used as controls for the membrane and cytosolic fractions, respectively. Cytosolic fractions prepared from C6 and
I1A cells were immunoblotted with anti-IkB antibody (bottom panels).

693) (36). These results suggest that IRAK activates NF-«kB in
a TAB2-dependent mechanism.

IRAK is required for IL-1-induced relocalization of TAB2.
We have recently shown that TAB2 is translocated from the
membrane to the cytosol following IL-1 stimulation and that it
facilitates the interaction between TRAF6 and TAKI1 (36). We
next tested the effect of IRAK deficiency on the localization of
TAB2 in response to IL-1. Wild-type C6 and IRAK-deficient
11A cells were treated with IL-1 or were left untreated, and
membrane and cytosolic extract fractions were prepared. Each
fraction was subsequently analyzed by immunoblotting for the
presence of TAK1, TABI, and TAB2 (Fig. 4). In the wild-type
C6 cells, TAB2 was located primarily in the membrane fraction
in the absence of IL-1, but was found in the cytosolic fraction
in cells treated with IL-1. In contrast, TAB2 remained in the
membrane fraction in the IRAK-deficient I1A cells, even in
the presence of IL-1 stimulation. Under the above conditions,
IL-1 treatment induced degradation of IkB in C6 cells but not
in I1A cells, confirming that the IL-1 signaling pathway is
functional in C6 but not in I1A cells. Thus, IRAK is critical to
the relocation of TAB2 in response to IL-1.

To determine whether IRAK can complement the defect in
T1A cells, we examined the subcellular localization of TAB2 in
I1A cells stably transfected with IRAK (Fig. 4). In IIA+IRAK
cells, levels of TAB2 proteins in the cytosol were increased
even in the absence of IL-1. Taken together with the fact that
TAKI is constitutively active in I1A+IRAK cells (Fig. 2), these
results suggest that increasing the amount of TAB2 in the
cytosol increases its ability to activate the IL-1 signaling path-
way. As described above, the kinase activity of IRAK is not
required for TAK1 activation (Fig. 2). Consistent with this
result, a kinase-deficient mutant of IRAK(K239A) also re-
sulted in increased levels of TAB2 proteins in the cytosol of
I1A cells stably transfected with TRAK(K239A). Thus, the

kinase activity of IRAK is not required for TAB2 transloca-
tion.

TAB2 forms a transient complex with IRAK and TRAF6. To
investigate further the functions of IRAK, TAB2, and TRAF®6,
we determined whether endogenous TAB2 could interact with
IRAK or TRAF6 (Fig. 5A). 293 IL-1RI cells were stimulated
with IL-1 for various lengths of time, and endogenous TAB2
was immunoprecipitated with anti-TAB2 antibody. These im-
munoprecipitates were analyzed by immunoblotting with anti-
IRAK or anti-TRAF6 antibodies. In the absence of IL-1, there
was no association of endogenous TAB2 with IRAK or
TRAF6. However, the addition of IL-1 promoted the associa-
tion of these proteins. IRAK and TRAF6 were detected in
TAB2 immunoprecipitates, starting at 1 to 2 min after IL-1
treatment, with IRAK present as the slower-migrating phos-
phorylated form. This is consistent with previous observation
that IRAK undergoes autophosphorylation when activated by
IL-1 (3, 46). The amounts of IRAK and TRAF6 that were
found to be associated with TAB2 peaked 2 to 5 min after IL-1
induction and declined steeply thereafter. These results dem-
onstrate that TAB2 forms a transient complex with IRAK and
TRAF6 in response to IL-1 signaling. We next analyzed the
interaction of endogenous IRAK with TRAF6 (Fig. 5B). No
association between endogenous IRAK and TRAF6 was de-
tected in unstimulated cells, but one was detected upon addi-
tion of IL-1. The kinetics of this association were comparable
to those of TAB2 with IRAK or TRAF6. Collectively, these
results suggest that IL-1 transiently induces the formation of
IRAK-TRAF6-TAB2 complexes.

To test whether the interactions among IRAK, TRAF6, and
TAB2 are direct, we assayed for all possible pairwise interac-
tions among these proteins by using the yeast two-hybrid sys-
tem (Fig. 6). We confirmed the interactions between IRAK
and TRAF6 and between TAB2 and TRAF6. However, we
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FIG. 5. Associations among IRAK, TRAF6, and TAB2. (A) Association of endogenous TAB2 with IRAK and TRAF6. 293 IL-1RI cells were
treated with IL-1 (5 ng/ml) for the indicated times. Cell extracts were immunoprecipitated (IP) with anti-TAB2 antibody. Coprecipitated IRAK
and TRAF6 were detected by immunoblotting (IB) with anti-IRAK (left, top panel) and anti-TRAF6 (left, middle panel) antibodies, respectively.
The amounts of immunoprecipitated TAB2 were determined by immunoblotting with anti-TAB2 antibody (left, bottom panel). Total amounts of
IRAK and TRAF6 were determined by immunoblot analysis of whole-cell extracts (right panels). (B) Association of endogenous IRAK with
TRAF6. 293 IL-1RI cells were treated with IL-1 (5 ng/ml) for the indicated times. Cell extracts were immunoprecipitated with anti-IRAK antibody.
Coprecipitated TRAF6 was detected by immunoblotting with anti-TRAF6 antibody (top). The amounts of immunoprecipitated IRAK were
determined with anti-IRAK antibody (middle). Whole-cell extracts (WCE) were immunoblotted with anti-TRAF6 antibody to determine total

amounts of TRAF6 (bottom).

failed to detect interactions between IRAK and TAB2. Thus,
TRAF6 directly interacts with IRAK and TAB2, whereas the
interaction between IRAK and TAB2 appears to be indirect.
For these components, we also assayed for self-association. We
found that IRAK and TAB2 formed homodimers in the two-
hybrid assay. Homodimers of IRAK and TAB2 have been
detected previously in biochemical experiments (36, 40).
Effect of IRAK on association between TAB2 and TRAF6. In
IRAK-deficient cells, IL-1-induced translocation of TAB2 to the
cytosol was abolished (Fig. 4). This raised the possibility that
IRAK drives the association of TRAF6 and TAB2 by regulating
the redistribution of TAB2. To test this possibility, we examined

the effect of IRAK deficiency on the interaction between endog-
enous TRAF6 and TAB2 in response to IL-1 (Fig. 7A). Wild-type
C6 and IRAK-deficient I1A cells were treated with IL-1 or were
left untreated, and cell extracts were subjected to immunoprecipi-
tation with anti-TAB2 antibody. The immune complexes were
probed for the presence of TRAF6 by immunoblot analysis. In
the wild-type C6 cells, IL-1 treatment induced the association of
TAB2 with TRAF6 in a fashion comparable to the one seen in
293 IL-1RI cells. In contrast, IL-1-induced interaction of TAB2
with TRAF6 was not observed in the IRAK-deficient I1A cells.
Thus, IRAK is required for IL-1-induced association between
TRAF6 and TAB2.
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FIG. 6. Interactions among IRAK, TRAF6, TAB2, and TAKI in
the yeast two-hybrid system. Yeast PJ69-4A cells were cotransformed
with expression vectors encoding the indicated Gal4 activation domain
and Gal4 DNA-binding domain fusion proteins. Interactions between
the fusion proteins were assayed by growth on histidine-deficient
(—His) medium. TRAF6 could only be assayed as an activation do-
main fusion, since DNA-binding domain fusion to TRAF6 activates

transcription in the absence of an interaction partner.

We next examined the effect of IRAK overexpression on the
interaction between endogenous TRAF6 and TAB2 (Fig. 7B).
293 IL-1RI cells were transfected with vector expressing
IRAK. Immunoprecipitation experiments revealed that signif-
icant amounts of TRAF6 were found associated with TAB2 in
cells overexpressing IRAK, even in the absence of IL-1 stim-
ulation. These results suggest that IRAK drives the association
of TRAF6 and TAB2.

IL-1-induced activation of TAK1 kinase and interaction be-
tween TAK1 and TRAF6. We examined the kinetics of IL-1-
induced activation of endogenous TAK1 (Fig. 8A). Extracts
were prepared from 293 IL-1RI cells, either untreated or stim-
ulated with IL-1 for various times, and subjected to immuno-
precipitation using anti-TAK1 antibody. These TAK1 immu-
noprecipitates were assayed for TAKI1 kinase activity in vitro
using bacterially expressed MKKG6 as a substrate. IL-1 stimu-
lation elicited a rapid but rather short-lived effect, with maxi-
mum kinase activity observed at 2 to 5 min of incubation.
TAKI1 activity decreased sharply after 15 min of treatment.
Since IL-1-induced NF-kB activation is mediated through site-
specific phosphorylation and proteasomal degradation of IkB
(1, 37, 39), we also probed the samples with anti-IkB and
phospho-specific anti-IkB antibodies. We observed increases
in phosphorylation and degradation of IxB within 2 to 5 min of
IL-1 addition. Consistent with this, endogenous IKKa was
activated within 2 to 5 min of IL-1 addition (Fig. 8B). These
results confirm that the activation of TAK1 correlates with the
activation of IKKs.

When the TAK1 immunoprecipitates were analyzed by im-
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FIG. 7. Effect of IRAK on the interaction between TRAF6 and
TAB2. (A) IRAK is required for IL-1-induced interaction between
endogenous TRAF6 and TAB2. Wild-type C6 cells [IRAK(+)] and
IRAK-deficient I1A cells [IRAK(—)] were treated with IL-1 (5 ng/ml)
for the indicated times. Cell extracts were immunoprecipitated (IP)
with anti-TAB2 antibody. Coprecipitated TRAF6 was detected by im-
munoblotting (IB) with anti-TRAF6 antibody (top). The amounts of
immunoprecipitated TAB2 were determined by immunoblotting with
anti-TAB2 antibody (middle). Total amounts of TRAF6 were deter-
mined by immunoblot analysis of whole-cell extracts (WCE) (bottom).
(B) Effect of IRAK overexpression on the interaction between endog-
enous TRAF6 and TAB2, 293 IL-1RI cells were transfected with
empty vector (V) or an expression vector for IRAK as indicated. Cell
extracts were immunoprecipitated with anti-TAB2 antibody. Copre-
cipitated TRAF6 was detected with anti-TRAF6 antibody (top). The
amounts of immunoprecipitated TAB2 proteins were determined with
anti-TAB2 antibody (middle). Whole-cell extracts were immunoblot-
ted with anti-TRAF6 antibody to determine total amounts of TRAF6
(bottom).

munoblotting with anti-TRAF6 antibody, association of en-
dogenous TAKI1 with TRAF6 was observed within 1 to 2 min
after IL-1 treatment (Fig. 9A). Thus, the time course of TAK1
activation by IL-1 parallels the formation of complexes among
IRAK, TRAF6, TAB2, and TAKI. The yeast two-hybrid assay
showed that TRAF6 does not interact with TAK1 directly (Fig.
6), consistent with the previous observation that TAB2 medi-
ates the association of TAK1 and TRAF6 (36). Furthermore,
we investigated the role of IRAK in IL-1-induced TRAF6-
TAKI complex formation using the IRAK-deficient I1A cells
(Fig. 9B). In the wild-type C6 cells, endogenous TRAF6 was
coprecipitated with TAK1 after IL-1 stimulation. The kinetics
of this association in C6 cells were comparable to the ones seen
in 293 IL-1RI cells. In contrast, the TRAF6-TAK1 complex
was not detectable in IL-1-treated I1A cells, indicating that
IRAK is required for the IL-1-induced interaction between
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FIG. 8. Kinetics of IL-1-induced activation of TAKI and IKKa. (A) IL-1-induced activation of endogenous TAK1. 293 IL-1RI cells were
treated with IL-1 (5 ng/ml) for the indicated times. Cell extracts were immunoprecipitated (IP) with anti-TAK1 antibody. The immunoprecipitates
were subjected to an in vitro phosphorylation assay using bacterially expressed MKK6 as an exogenous substrate (top panel) and analyzed by
immunoblotting (IB) with anti-TAK1 antibody (second panel). Whole-cell extracts (WCE) were immunoblotted with anti-phospho-IkB (third
panel) and anti-IkB (bottom panel) antibodies. (B) IL-1-induced activation of endogenous IKKa. 293 IL-1RI cells were treated with IL-1 (5 ng/ml)
for the indicated times. Cell extracts were immunoprecipitated with anti-IKKa antibody. The immunoprecipitates were subjected to an in vitro
phosphorylation assay using bacterially expressed IkB as an exogenous substrate (above) and analyzed by immunoblotting with anti-IKKa antibody

(below).

TRAF6 and TAKI. These results collectively suggest that
IRAK facilitates the formation of a TRAF6-TAB2-TAKI1
complex. This complex formation is critical to the activation of
TAKI and its consequent function in the IL-1 signaling path-
way.

DISCUSSION

Previous studies have demonstrated that the TAK1-associ-
ating protein TAB2 interacts with TRAF6 in an IL-1-depen-
dent manner, resulting in the formation of a TRAF6-TAB2-
TAKI complex (36). Formation of this complex appears to be
required for IL-1-mediated activation of JNK and NF-«B. In
fact, mutational analysis has revealed that the integrity of the
TAB2 protein is essential not only for activating downstream
signals but also for mediating the association of TAK1 with
TRAF6. In addition, our previous results have shown that once
IL-1 signaling is initiated, the membrane pool of TAB2 trans-
locates to the cytosol, where it mediates the interaction be-
tween TRAF6 and TAK1 (36). Therefore, in our present pic-

ture, TAB2 acts as an adapter that links TAK1 and TRAF6
and thereby mediates the activation of TAKI in the IL-1 sig-
naling pathway. By this model, the redistribution of TAB2
proteins upon IL-1 stimulation is a key step in the specific
activation of TAKI1. In addition, IRAK is essential for the
activation of NF-kB and JNK by IL-1 and functions upstream
of TRAF®6 in the IL-1 pathway (13, 22, 38). However, the role
of IRAK in this signal transduction cascade has previously not
been defined. In this study, we examined how IRAK mediates
the activation of TAK1 in response to the IL-1 signal.
Several lines of evidence lead us to propose that IRAK plays
a critical role in the formation of the TRAF6-TAB2-TAK1
complex by inducing the translocation of TAB2. First, IL-1
treatment induces the association of IRAK-TAB2, IRAK-
TRAF6, TRAF6-TAB2, and TRAF6-TAKI, each with similar
kinetics, consistent with the idea that IL-1 induces the forma-
tion of a multicomponent complex. Second, in IRAK-deficient
cells, TAB2 translocation to the cytosol and its association with
TRAF6 in response to IL-1 are abolished. These results indi-
cate that IRAK regulates the redistribution of TAB2 upon
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FIG. 9. Association between TRAF6 and TAKI1. (A) IL-1-induced
association of endogenous TAK1 with TRAF6. 293 IL-1RI cells were
treated with IL-1 (5 ng/ml) for the indicated times. Cell extracts were
immunoprecipitated (IP) with anti-TAKI1 antibody. Coprecipitated
TRAF6 was detected by immunoblotting (IB) with anti-TRAF6 anti-
body (top). The amounts of immunoprecipitated TAK1 proteins were
determined with anti-TAK1 antibody (middle). Total amounts of
TRAF6 were determined by immunoblot analysis of whole-cell ex-
tracts (WCE) (bottom). (B) IRAK is required for IL-1-induced inter-
action between endogenous TRAF6 and TAKI. Wild-type C6 cells
[IRAK(+)] and IRAK-deficient I1A cells [IRAK(—)] were treated
with IL-1 (5 ng/ml) for the indicated times. Cell extracts were immu-
noprecipitated with anti-TAKI antibody. Coprecipitated TRAF6 was
detected by immunoblotting with anti-TRAF6 antibody (top). The
amounts of immunoprecipitated TAK1 were determined by immuno-
blotting with anti-TAK1 antibody (middle). Total amounts of TRAF6
were determined by immunoblot analysis of whole-cell extracts (bot-
tom).
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IL-1 stimulation and facilitates the formation of the TRAF6-
TAB2 complex. Third, TAK1 activation occurs rapidly follow-
ing IL-1 application. The kinetics of TAKI1 activation following
IL-1 stimulation parallels the observed formation of complexes
among IRAK, TRAF6, TAB2, and TAKI1. It therefore seems
reasonable to assume that formation of the TRAF6-TAB2-
TAKI complex constitutes an early event in the activation of
TAKI by IL-1. Finally, IL-1 stimulation does not induce acti-
vation of TAK1 in IRAK-deficient cells, demonstrating that
IRAK indeed is essential for TAK1 activation in response to
IL-1. Taken together, these results suggest a model in which
IRAK functions in IL-1 signaling to facilitate the formation of
the TRAF6-TAB2 complex. This model implies that IRAK-
mediated relocalization of TAB2 plays an important role in
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IL-1 signaling. It remains to be determined, however, whether
a large complex containing IRAK, TRAF6, and TAB2 is
formed.

The innate immune mechanisms of host defense responses
in vertebrates and Drosophila melanogaster utilize remarkably
conserved molecular components (11). Analogous to IL-1 sig-
naling, the Drosophila Toll pathway leads to the phosphoryla-
tion and degradation of the IkB-like molecule Cactus, releas-
ing the NF-kB-like transcription factor Dorsal to enter the
nucleus. Dorsal activation signaled by Toll requires two inter-
mediate signal transducers, Tube and Pelle (21, 34). Pelle is a
serine/threonine kinase that is homologous to IRAK. Tube is
an adapter molecule that tethers Pelle to the membrane (7, 9).
Tube is therefore a functional homolog of MyDS8S, although
these two molecules are not structurally related. A Drosophila
homolog of TRAF6 was recently identified (24), leading to
speculation that TRAF may also be involved in the Drosophila
Toll pathway. Furthermore, a novel evolutionarily conserved
protein, Pellino, associates with Pelle and is thought to link
between Pelle and the downstream target (10). This suggests
that Pellino and TAB2 may carry out analogous functions.

It has been reported that IRAK serine/threonine kinase
activity is not essential for IL-1 signaling (16, 22, 27). If so,
what then might be the role of IRAK kinase activity in IL-1
signaling? Although cells lacking IRAK are defective in IL-1-
induced activation of TAKI, the defect can be reversed by
expression of either wild-type or catalytically inactive IRAK. It
has been therefore suggested that the primary function of
IRAK is to provide a scaffolding function and to facilitate the
formation of signaling complexes during IL-1-mediated signal-
ing. One idea is that IRAK kinase activity plays a role in IL-1
signal termination, rather than transduction. It is known that
IRAK autophosphorylation is followed by proteolytic degra-
dation (46). Upon initial IL-1 stimulation, IRAK forms an
immunocomplex with TAB2 and TRAF6 within 2 to 5 min, but
these interactions disappear within 20 min after treatment.
Since there is no significant change in IRAK protein levels
during the first 20 min after IL-1 treatment, degradation of
IRAK cannot account for the loss of these associations. Fol-
lowing IL-1 stimulation, TAB2 mobility in SDS-PAGE gels is
altered. Phosphatase treatment indicated that this mobility
shift is due to phosphorylation (36). Although the biological
significance is unclear at present, we speculate that phosphor-
ylation of TAB2 may weaken its affinity for the TRAF6-TAB2
complex, thereby promoting dissociation of the complex. If this
assumption is correct, it would suggest that TAB2 is modified
by one of the kinases in the signal transduction pathway, such
as IRAK. It will therefore be important to study the function of
phosphorylated TAB2, to identify which amino acids are phos-
phorylated, and to investigate how phosphorylation is regu-
lated.

IL-1-induced activation of endogenous TAKI is transient,
with activation occurring soon after IL-1 stimulation and ter-
minating 15 min later. TAK1 is known to be activated by
autophosphorylation in response to IL-1 (15); however, TAK1
phosphorylation persists even after its kinase activity has di-
minished. This suggests that some other kinase(s) may phos-
phorylate TAK1. Indeed, we have previously observed that
IKKs also phosphorylate TAK1 (30). Based on these observa-
tions, one possible mechanism by which TAK1 is downregu-
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lated following its activation by IL-1 is the activation of IKKSs,
which in turn phosphorylate and inactivate TAKI1. Consistent
with this hypothesis, IKKa is still active after TAK1 activation
terminates.

The existence of specific anchors or scaffolds that localize
the components of signaling pathways may confer selectivity on
kinase action, providing a means by which the same kinase can
be involved in different signaling cascades. The action of pro-
tein kinases can be modulated by protein-protein interactions.
In the case of the IL-1 signaling pathway, TAK1 binds selec-
tively to TAB2, which functions as an adapter to link TAK1 to
the TRAF6 complex. TRAF6 has further been shown to bind
at least two other proteins involved in the IL-1 pathway:
ECSIT, identified as a TRAF6-binding protein in a two-hybrid
screen (17), and p62, a protein that interacts with atypical
protein kinase C (aPKC) (33). ECSIT also interacts with
MEKKI1, which has been implicated in the activation of NF-«kB
through the phosphorylation of the IKK complex (19, 20). The
aPKCs have been implicated in the activation of the IKK
complex (18). Therefore, there is a remarkable functional sim-
ilarity among TAB2, ECSIT, and p62; each of these proteins
binds TRAF6 and interacts with a kinase proposed to act
upstream of the IKK complex, i.e., TAK1, MEKK1, and aPKC,
respectively. These adapter proteins may therefore function to
maintain specific regulation and suppress cross talk among
signaling pathways.
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