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Abstract

TAK1 mitogen-activated protein kinase Kinase kinase participates in the Interleukin-1 (IL-1)
signaling pathway by mediating activation of INK, p38, and NF-kB. TAK1-binding protein 2 (TAB2)
was previously identified as an adaptor that links TAK1 to an upstream signaling intermediate, tumor
necrosis factor receptor-associated factor 6 (TRAF6). Recently, ubiquitination of TRAF6 was shown
to play an essential role in the activation of TAK1. However, the mechanism by which IL-1 induces
TRAF6 ubiquitination remains to be elucidated. Here we report that TAB2 functions to facilitate
TRAF6 ubiquitination and thereby mediates IL-1-induced cellular events. A conserved ubiquitin
binding domain in TAB2, the CUE domain, is important for this function. We also found that TAB2
promotes the assembly of TRAF6 with a downstream kinase, IkB kinase (IKK). These results show
that TAB2 acts as a multifunctional signaling molecule, facilitating both IL-1-dependent TRAF6
ubiquitination and assembly of the IL-1 signaling complex.

Introduction

The cytokine IL-1 plays a pivotal role in promoting the inflammatory response to infection and
injury. IL-1 binding to its cell surface receptor drives an intracellular signaling pathway that
leads to activation of two transcription factors, NF-xB and AP-1 (homo- or hetero-dimer
consisting of Jun, Fos, or ATF family proteins) (Dinarello, 1996). These transcription factors
in turn activate the expression of target genes involved in inflammatory responses. Activation
of NF-kB involves the degradation of the inhibitor of NF-kB (IxBs) subunits (Ghosh et al.,
1998; Li and Verma, 2002). In un-stimulated cells, NF-«xB is sequestered in the cytoplasm in
complexes containing IxBs. In response to IL-1 stimulation, these 1xBs are phosphorylated by
a kinase complex consisting of two kinase subunits, IKKa and IKK, and a regulatory subunit,
NEMO/IKKYy. Phosphorylation tags the IxBs for proteasome-mediated degradation, which
allows NF-«B to be released and translocated to the nucleus, where it transcriptionally
upregulates a number of target genes. Another transcription factor involved in the IL-1
response, AP-1, is activated through a mitogen-activated protein kinase (MAPK) cascade
consisting of three kinases, MAPK kinase kinase (MAPKKK), MAPK kinase (MAPKK) and
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MAPK (Pearson et al., 2001). IL-1 stimulation activates a subset of MAPKSs involved in the
stress response: predominantly c-Jun N-terminal kinase (JNK) and p38. Several MAPKKKSs
have been reported to be responsible for IL-1-induced activation of MAPK cascade, and
MKKS3, 4, 6, 7 have been shown to be specifically involved in the activation of JNK and p38.
TAKT1 appears to play a major role in the activation of both INK/p38 and IKK in response to
IL-1 (Ninomiya-Tsuji et al., 1999). The evidence that TAK1 plays an essential role in IL-1
signaling pathway is several-fold: (i) Small interfering RNA (siRNA) inhibition of TAK1
expression was reported to abolish the IL-1 response (Takaesu et al., 2003): (ii) TAK1 was
found in a biochemical fraction essential for in vitro IKK activation (Wang et al., 2001): (iii)
a specific inhibitor of TAK1, 5Z-7-oxozeaenol, was shown to block IL-1-induced activation
of INK/p38 and IKK (Ninomiya-Tsuji et al., 2003).

Recent studies have revealed the mechanism by which TAK1 is activated upon IL-1
stimulation. There are two important events preceding IL-1-induced TAK1 activation. One is
the formation of a complex between TAK1 and TRAF6 (Ninomiya-Tsuji et al., 1999). This
TAK1-TRAFG6 interaction is mediated by TAB2 (Takaesu et al., 2000; Takaesu et al., 2001).
Another event is the K63-linked ubiquitination of TRAF6 (Wang et al., 2001). TRAF6
possesses an E3 ubiquitin ligase activity in its RING finger domain, and is self-ubiquitinated
in a K63-linked manner. K63-linked ubiquitination has been implicated in modifying protein
function, whereas the classical K48-linked ubiquitination targets proteins for degradation
(Weissman, 2001). Ubiquitination-dependent activation of the TRAF6 complex leads to
activation of IKK and the MAPK cascade. However, the mechanisms by which TRAF6
autoubiquitination is induced and how the TRAF6 complex engages IKK activation are
currently unclear.

In the present study, we attempted to evaluate the role of TAB2 using TAB2 knockout mouse
embryonic fibroblasts. We found that TAB2 is required for IL-1-induced TRAF6
ubiquitination. We also found that TAB2 facilitates the assembly of TRAF6 with IKK. Our
data presented here show that TAB2 acts as a multifunctional protein that facilitates TRAF6
ubiquitination and assembly of an IL-1 signaling complex containing TRAF6, TAK1 and IKK.

TAB2 is required for IL-1-induced TRAF6 ubiquitination

To evaluate the function of TAB2 in the IL-1 signaling pathway, we analyzed IL-1-induced
activation of TAK1 in mouse embryonic fibroblasts (MEF) from TAB2-deficient mice.
Previous studies have demonstrated that TAB2 is essential for embryonic development (Sanjo
etal., 2003). TAB2 7/~ mice display fetal liver degeneration and die at embryonic day 12.5. We
established several lines of immortalized MEFs from wild type and TAB2~/~ embryos by
standard 3T3 methods. We treated wild-type (TAB2*/*) MEF and TAB2-deficient (TAB2 7/~
#1 and #2) MEF lines with IL-1, and tested for IL-1 responsiveness. We have previously shown
that activation of TAK1 coincides with its autophosphorylation, as evidenced by mobility shift
in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Kishimoto et al.,
2000). TAK1 showed a migration shift at 5 min after IL-1 stimulation in wild-type MEFs,
whereas the migration shift was significantly reduced in both TAB2/~ MEFs (Figure 1). These
results suggest that TAK1 is not activated in TAB2/~ MEFs, consistent with a previous study
utilizing primary TAB2~~ MEFs (Sanjo et al., 2003).

IL-1 stimulation has been shown to induce ubiquitination of TRAF6 (Wang et al., 2001). We
therefore examined the effect of TAB2 deficiency on IL-1-induced ubiquitination of TRAF®6.
TRAF6 was immunoprecipitated and the ubiquitinated form was detected with anti-ubiquitin
antibody (Figure 1). In wild-type MEFs, a smear of very high molecular weight material

representing ubiquitinated TRAF6 was found to increase upon IL-1 treatment. In contrast, no
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increase in ubiquitinated TRAF6 was observed in either of the TAB2/~ MEFs. These results
indicate that TAB2 is required for IL-1-induced TRAF6 ubiquitination.

TRAF6 possesses E3 ubiquitin ligase activity (Wang et al., 2001) and is autoubiquitinated
when overexpressed. However, under physiological conditions, this ubiquitination is regulated
by IL-1 stimulation, as shown above. Our results raised the possibility that TAB2 functions as
a trigger of IL-1-dependent TRAF6 ubiquitination. We therefore examined whether
overexpression of TAB2 induced TRAF6 ubiquitination. HA-tagged TAB2 was co-expressed
with Myc-tagged ubiquitin in 293 cells. Endogenous TRAF6 was immunoprecipitated, and
ubiquitinated TRAF6 was detected by immunoblotting with anti-Myc (Figure 2). We found
that endogenous TRAF6 was highly ubiquitinated in the presence of exogenously expressed
TAB2. This result suggests that TAB2 has the ability to induce TRAF6 ubiquitination.

The TAB2 CUE domain recognizes monoubiquitin

Protein ubiquitination and ubiquitin-dependent biological processes have been shown to
depend upon a number of ubiquitin-binding domains in proteins, including the coupling of
ubiquitin conjugation to ER degradation (CUE) domain (Hicke and Dunn, 2003). The CUE
domain is structurally characterized as a monoubiquitin-recognizing motif, and has been
implicated in facilitating covalent binding of ubiquitin to the target (Biederer et al., 1997; Prag
et al., 2003; Shih et al., 2003). The N-terminal region of TAB2 contains a conserved CUE
domain sequence that includes FP residues essential for ubiquitin binding (Figure 3A) (Prag
etal., 2003; Shih et al., 2003). This suggested the possibility that TAB2 may bind to ubiquitin.
We therefore examined potential interaction between the TAB2 CUE domain and
monoubiquitin using a yeast two-hybrid system (Figure 3B, left panel). We used TRAF6 as a
positive control binding partner, since we previously demonstrated that TAB2 directly interacts
with TRAF6 (Takaesu et al., 2001). We found that TAB2 was able to bind to ubiquitin. To
examine whether the TAB2 CUE domain mediated ubiquitin binding, we generated the mutants
TAB2(F20A) and TAB2(F20D), in which a phenylalanine in the FP motif of the TAB2 CUE
domain was replaced with alanine or aspartic acid, respectively (Figure 3A). These mutants
were also tested for their abilities to recognize ubiquitin (Figure 3B, middle and right panels).
We found that binding to ubiquitin was significantly impaired in both mutants, whereas binding
to TRAF6 remained intact. These results suggest that TAB2 binds to ubiquitin via its CUE
domain.

The effect of TAB2 CUE mutations on NF-kB activation

Next we asked whether the TAB2 CUE domain is required for TAB2 function. To this end,
we examined activation of NF-kB using an NF-xB-dependent reporter construct. We
transfected 293 cells with an NF-«B reporter plasmid in combination with expression vectors
encoding HA-tagged wild-type TAB2, TAB2(F20A), TAB2(F20D) or TAB2ACUE (deletion
of the entire CUE domain) (Figure 4). Overexpression of wild-type TAB2 in 293 cells gave
about a 10x increase in NF-xB reporter activity, whereas when TAB2ACUE, TAB2(F20A) or
TAB2(F20D) was overexpressed, activity increased only 2-to 4-fold. To verify the expression
of wild-type TAB2 and the mutants, we immunaoblotted cell extracts with anti-HA (Figure 4,
upper panel). we observed no prominent difference in the amounts of TAB2 expressed in each
case. Therefore, we concluded that TAB2 CUE mutants were impaired in their ability to
activate NF-«xB. These results demonstrate that the TAB2 CUE domain is important for TAB2-
dependent cellular responses.

TAB2 engages TRAF6 with IKK

We have previously demonstrated that TAB2 functions as an adaptor between TRAF6 and
TAK1 (Takaesu et al., 2000). Overexpression of TAB2 can drive interaction of TAK1 with
TRAF6 independent of I1L-1, leading to the activation of TAK1 and IKK. This suggested the
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possibility that TAB2 may also mediate the interaction of the active TAK1-TRAF6 complex
with IKK. To test this possibility, we examined whether overexpression of TAB2 could induce
the association of IKK with TRAF6 (Figure 5A). When 293 cells were transfected with an
expression vector for TAB2, and proteins from the cell lysates were immunoprecipitated with
anti-IKKa, we could detect co-precipitation of TRAF6 and TAB2 (Figure 5A). We found that
overexpression of TAB2 enhanced co-precipitation of TRAF6 with IKKa. This suggests that
TAB2 facilitates the interaction between TRAF6 and IKK.

We have previously shown that endogenous TAB2 and TAK1 transiently interact with TRAF6,
reaching a peak at 2-5 min after IL-1 stimulation (Takaesu et al., 2001). We therefore tested
for IL-1-dependent interaction of TRAF6 and IKK (Figure 5B). 293 IL- 1RI cells were treated
with IL-1 and lysates were subjected to co-precipitation as above. We found that IKK interacted
with TRAF®6 in a transient manner at 3 min after IL-1 stimulation, suggesting that the TRAF6-
TAB2-TAK1 complex interacts with IKK. Taken together, these data suggest that TAB2 may
mediate assembly of the IL-1 signaling complex.

To further examine this complex formation, we employed immunofluorescent staining of
TRAF6, TAB2 and IKKa. We transfected HeLa cells with expression vectors for TRAF6,
TAB2 and IKKa and visualized their localization with Cy2- and/or Cy3-conjugated antibodies.
TRAF6 and IKK were seen to localize in the cytoplasm and exhibit diffused staining, whereas
TAB?2 displayed a punctate pattern (Figure 6A). TAB2 staining did not overlap with
mitochondria (data not shown). This suggests that TAB2 may localize in/on the endosome.
When TRAF6 was co-expressed together with TAB2, TRAF6 also showed a punctate staining
pattern and co-localized with TAB2 (Figure 6B). When IKKa was co-expressed with TRAF6
and TAB?2, it showed overlapping staining with TRAF6 in some punctate clusters, although
the predominant IKKa, staining was diffuse (Figure 6C). These results suggest that TAB2
mediates assembly of a signaling complex containing TRAF6 and IKK in the cytoplasm.

Discussion

We have previously demonstrated that TAB2 links TAK1 to TRAF6 and mediates activation
of TAK1 (Takaesu et al., 2000). Chen and colleagues have independently identified TAB2 as
a component in a biochemical fraction that is essential for TRAF6-dependent IKK activation
(Deng et al., 2000; Wang et al., 2001). They have also shown that TRAF6 ubiquitination is
essential for TAK1 activation (Kanayama et al., 2004; Wang et al., 2001). In the present study,
we discovered some novel functions of TAB2, viz. TAB2 binds to ubiquitin and promotes
TRAF6 ubiquitination in IL-1 stimulated cells. Furthermore, we found that TAB2 facilitates
assembly of TRAF6 with IKK. These results demonstrate that TAB2 is a multifunctional
scaffold/mediator in the IL-1 signaling pathway. In agreement with this, earlier genetic studies
utilizing TAB2 knockout mice revealed that TAB2 is essential for IL-1-induced TAK1
activation (Sanjo et al., 2003). However, these studies have also demonstrated that TAB2 is
not essential for IL-1-induced activation of JNK, p38 or NF-xB in MEFs (Sanjo et al., 2003).
Moreover, the transcriptional activation of IL-1 target genes is intact in TAB2/~ MEFs. These
results strongly suggest that TABZ2 is not an essential intermediate in the cellular response to
IL-1. We assume that in the absence of TAB2 and consequent loss of TAK1 activation, those
downstream events in the IL-1 pathway are induced through other signaling molecules. Such
signaling molecules may include MEKKZ1 (Baud et al., 1999; Kopp et al., 1999; Lee et al.,
1997), MEKK?2 (Zhao and Lee, 1999), MEKK3 (Huang et al., 2004; Yang et al., 2001; Zhao
and Lee, 1999) and NF-«B inducing kinase (Malinin et al., 1997), which have been previously
implicated in IL-1-induced activation of JNK, p38 and NF-«B.

We and others have recently identified TAB3, a homologue of TAB2 that also associates with
TAK1 (Cheung et al., 2004; Ishitani et al., 2003; Jin et al., 2004). Studies in cells treated with
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TAB2 and TAB3 siRNAs have revealed that TAB3 functions overlap those of TAB2 in HelLa
cells (Ishitani et al., 2003; Kanayama et al., 2004). In contrast, the earlier and present studies
utilizing TAB2 knockout cells suggest that TAB2 functions predominantly to activate TAK1
in MEF cells. TAB3 also contains a conserved CUE domain in its N-terminal region. Therefore,
itis very likely that TAB3 also participates in TRAF6 ubiquitination in some cell types. Further
genetic studies will be needed to address the exact roles of TAB2 and TAB3.

Experimental procedures

Cell Culture and Expression Vectors: 293 cells and mouse embryonic fibroblasts (MEF)
were maintained in Dulbecco's modified Eagle’s medium supplemented with fetal calf serum
(10%) at 37°C and 5% CO2. A mammalian expression vector encoding TAB2 (pCMV-HA-
TAB2) was described previously (Takaesu et al., 2000). The TAB2ACUE mutant was
generated by utilizing EcoRV site to remove sequences encoding amino acids 1-53 of TAB2
cDNA. TAB2(F20A) and TAB2(E20D) mutants were generated by PCR and verified by DNA
sequencing. The expression vector for ubiquitin ()CDNA3.1-Myc-Ub) was a kind gift from
Dr. Keiji Tanaka (The Tokyo Metropolitan Institute of Medical Science).

Antibodies and Immunoprecipitation: Polyclonal rabbit antibodies to TRAF6, TAK1,
TAB1, and TAB2 have been described previously (Ninomiya-Tsuji et al., 1999; Takaesu et
al., 2000). Polyclonal rabbit antibodies to JNK, p38, IkBa, IKKa and monoclonal antibodies
to Myc and ubiquitin were purchased from Santa Cruz. Monoclonal antibodies to phospho-
JNK and phospho-p38 were purchased from Cell Signaling. Monoclonal antibody to HA (HA.
11) was purchased from Covance. For immunoprecipitation, MEFs were plated (1 x 106) on
10 cm dishes 24 hrs prior to stimulation. Cells were starved in serum-free medium at 37°C for
3 hrs and stimulated with IL-1p (Roche). After stimulation, cells were washed once with ice-
cold phosphate-buffered saline (PBS) and lysed in 0.5% Triton X-100 lysis buffer containing
20 mM HEPES (pH 7.4), 150 mM NacCl, 12.5 mM B-glycerophosphate, 1.5 mM MgCI2, 2 mM
EGTA, 10 mM NaF, 2 mM DTT, 1 mM sodium orthovanadate, 1 mM PMSF and 20 mM
aprotinin. Cellular debris was removed by centrifugation at 10,000 x g for 5 min. Proteins from
cell lysates were immunoprecipitated with 1 ug of various antibodies and 15 pl of protein G-
Sepharose (Pharmacia). For the transfection studies, 293 cells (1 x 108) were plated in 10 cm
dishes, and transfected by the calcium phosphate precipitate method with a total of 15 ug DNA
of various expression vectors . After incubation for 48 hrs, cells were lysed with 0.5% Triton
X-100 lysis buffer.

Reporter Gene Assay: For the reporter gene assays, 293 cells (1.6 x 10° cells/well) were plated
into 6-well (35 mm) plates. At 24 hrs after plating, cells were transfected with an Ig-k-luciferase
reporter plasmid and the indicated expression plasmids. A plasmid containing the -
galactosidase gene under the control of the B-actin promoter (pAct-p-Gal) was used for
normalizing transfection efficiency.

Yeast two-hybrid analysis: The yeast strain PJ69-4A was transformed with yeast expression
vectors encoding proteins fused in-flame to the Gal4 DNA-binding domain (GBD) or the Gal4
activation domain (GAD). The plasmid pACT2-wtUbi for expressing wild-type ubiquitin fused
with Gal4-activation domain was a kind gift from Dr. Linda Hicke (Northwestern University).
The interactions between the bait and prey proteins were evaluated by growth on medium
lacking histidine and containing 3 mM 3-AT (histidine synthesis inhibitor).

Subcellular localization: HeLa cells, plated on chamber slides, were transfected by Transfast
transfection reagent (Promega). After transfection at 36 hrs, cells were washed with PBS, fixed
in 4% paraformaldehyde, and washed 2 times with PBS. The fixed cells were subsequently
permeabilized with acetone for 2 min at room temperature and blocked with 10% serum for
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30 min. The cells were then incubated with various combinations of anti-HA, anti-Flag, anti-
IKKa, anti-TAB2 and anti-TAKZ1, followed by Cy2-conjugated anti-mouse and/or Cy3-
conjugated anti-rabbit secondary antibody (Amersham), and examined by fluorescent
microscopy (Olympus).
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Figure 1. TAB2 is required for IL-1-induced TRAF6 ubiquitination

Wild-type (TAB2*/*) and two lines of TAB2-deficient (TAB2 7/~ #1 and #2) MEFs were treated
with 10 ng/ml IL-1 for the indicated times. Whole cell extracts were subjected to
immunoblotting with anti-TAK1 and anti-TAB2 antibody. Cell extracts were also
immunoprecipitated with anti-TRAF6. The immunoprecipitated TRAF6 was detected by

immunoblotting with anti-TRAF6 and also with anti-Ubiquitin.
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Figure 2. TAB2 induces TRAF6 ubiquitination

293 cells were transiently transfected with Myc-Ub in combination with empty vector (—) or
with expression vector for HA-TAB2. Cell extracts were immunoprecipitated with anti-
TRAF6. Immunoprecipitated endogenous TRAF6 was detected by immunoblotting with anti-
TRAFG6 (top panel). Immunoprecipitates were also immunoblotted with anti-Myc in order to
detect ubiquitinated TRAF6 (bottom panel). In the middle panel, whole cell extracts (WCE)

were immunoblotted with anti-HA to detect HA-TAB2.
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Figure 3. TAB2 contains a CUE domain that recognizes monoubiquitin

(A) Alignment of the amino acid sequences of the CUE domain from S. cerevisiae Vps9 and
human TAB2. The critical FP motif for ubiquitin recognition is highlighted. We mutated
phenylalanine 20 to alanine (F20A) or aspartic acid (F20D).

(B) The ability of TAB2 (wild type, F20A and F20D) to recognize ubiquitin was examined in
the yeast two-hybrid system. Yeast strain PJ69-4A was transformed with the indicated
combinations of Gal4 DNA-binding domain (GBD)-fused with TAB2 and Gal4 activation
domain (GAD)-fused constructs. The transformants were streaked on selection plates lacking
histidine (and containing 3 mM 3-AT). Growth on the selection plate indicates the interaction
between the GAD- and the GBD-fused proteins.
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Figure 4. CUE domain is involved in TAB2-induced NF- k B activation

293 cells were transiently transfected with the reporter vector Ig-k-luciferase and pAct-p-Gal
in combination with empty vector (-) or various amounts of expression vectors for HA-TAB2
(WT, ACUE, F20A, and F20D). Luciferase activities were determined and normalized to the
levels of B-galactosidase activity. Results are expressed as the fold-increase in luciferase
activity relative to the cells transfected with empty vector. In upper panel, cell extracts were
immunoblotted with anti-HA to confirm the expression levels of HA-tagged wild-type and
mutant TAB2 proteins.
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Figure 5. TAB2 recruits IKK to the TRAF6 complex

(A) 293 cell were transiently transfected with plasmid encoding TAB2, and whole cell extracts
were immunoprecipitated with anti-IKKa antibody. The precipitates were separately
immunoblotted with anti-TRAF6, anti-TAB2 and anti-IKKa. Whole cell extracts were also
immunoblotted with anti-TRAF6.

(B) 293 IL-1RI cells were treated with IL-1 for the indicated times, and whole cell extracts
were immunoprecipitated with anti-IKKa followed by immunoblotting with anti-TRAF6 and
anti-IKKa. Whole cell extracts were also immunoblotted with anti-TRAF6.
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Figure 6. TRAF6 and IKK a co-localize in the presence of TAB2

(A) HeLa cells were transiently transfected with plasmids encoding HA-TRAF6, IKKa, TAB2
and TAK1. After transfection at 36 hrs, cells were fixed and incubated with anti-HA, anti-
IKKa, anti-TAB2 and anti-TAKZ, followed by Cy2-conjugated anti-mouse or Cy3-conjugated
anti-rabbit secondary antibody. Cells were examined by fluorescent microscopy.

(B) HeLa cells were transfected with plasmids encoding Flag-TRAF6 and TAB2. Those
proteins were visualized using anti-Flag and anti-TAB2 primary antibodies.

(C) Hela cells were transfected with plasmids encoding HA-TRAF6, IKKa, and TAB2. HA-
TRAF6 and IKKa proteins were visualized using anti-HA and anti-IKKa primary antibodies.
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