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The TAK1-NLK cascade is a mitogen-activated protein
kinase-related pathway that plays an inhibitory role in canonical
Wnt/B-catenin signaling through regulating the LEF1/TCF
family transcriptional factors. TAB2 (TAK1-binding protein 2)
is a putative TAKI1 interacting protein that is involved in the
regulation of TAK1. Here, we found that TAB2 could directly
interact with NLK and function as a scaffold protein to facilitate
the interaction between TAK1 and NLK. Knocking down TAB2
using small interfering RNA abolished the interaction of TAK1
with NLK in mammalian cells. The intermediate region (resi-
dues 292-417) of TAB2 was mapped for its binding to NLK.
TAB2-AM, a TAB2 mutant lacking this region, showed a lower
affinity for NLK and became defective in its scaffolding func-
tion. In addition, TAB2, but not TAB2-AM, mediated TAK1-de-
pendent activation of NLK and LEF1 polyubiquitylation, result-
ing in the inhibition of canonical Wnt signaling. Moreover,
Wnt3a stimulation led to an increase in the interaction of TAB2
with NLK and the formation of a TAK1-TAB2:-NLK complex,
suggesting that this TAK1-TAB2-NLK pathway may constitute
a negative feedback mechanism for canonical Wnt signaling.

The TAKI-NLK cascade is a mitogen-activated protein
kinase (MAPK)>-related pathway that regulates a number of
biological processes (1-7). TAK1 (transforming growth factor-
B-activated kinase 1) is a MAPK kinase kinase that was
identified by complementation assays to substitute for the
MAPKKK stell in yeast (8). NLK (Nemo-like kinase) is an atyp-
ical MAPK that adopts some critical variations in its putative
MAPK domain that differs from classic MAPK (9, 10). The
TAK1-NLK cascade was first found in Caenorhabditis elegans
to modulate Wnt signaling in endoderm induction during
embryogenesis, and this cascade was later confirmed in mam-
malian cells and other organisms (2, 3, 11, 12). In this cascade
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TAK1 is the upstream activator of the kinase activity of NLK,
which in turn phosphorylates and regulates several transcrip-
tional factors (4, 6, 13), including lymphoid enhancer factor
1/T-cell factor (LEF1/TCF) family proteins (2, 14).

The Wnt/B-catenin pathway, i.e. canonical Wnt pathway,
functions in various physiological and pathophysiological pro-
cesses through stabilizing cytoplasmic 3-catenin. Accumulated
B-catenin stimulated by Wnt signals enters the nucleus to form
a complex with the high mobility group box class of DNA bind-
ing transcription factors, including LEF1 and TCFs, and ini-
tiates the transcription of Wnt target genes (15-17). In addi-
tion, many activators or inactivators have been found to
converge to regulate the transcriptional complex of B-catenin
and LEF1/TCFs (1, 18 -20). The TAK1-NLK pathway plays a
negative role in regulating the canonical Wnt pathway. NLK
can directly phosphorylate LEF1/TCFs to prevent the B-catenin-
LEF1/TCFs complex from binding to DNA (2, 14). The phosphor-
ylation also facilitates the ubiquitylation of LEF1/TCFs, which
leads to their degradation (21) and, hence, the inhibition of
B-catenin-dependent transcription.

Scaffold proteins play a determinative role in modulating the
signaling strength and fidelity by assembling cognate compo-
nents, in particular signal transductions, especially in the
MAPK pathway. TAK1 is regulated by several distinct extracel-
lular stimuli as previously reported (8, 22—24). However, only
some of them can stimulate the TAK1-NLK cascade (5). This
notion suggests that some specific regulation might be required
for the signal transduction from TAK1 to NLK. Specific inter-
action or particular scaffold proteins are likely to be required to
ensure the fidelity and efficiency of signal flow through kinase
cascades (25-27). However, TAK1 as the activator cannot
directly interact with its effector, NLK (4, 5). Thus, it is a great
possibility that a scaffold protein is involved in the signal trans-
duction from TAK1 to NLK. TAB2 (TAK1-binding protein 2) is
one well characterized TAK1-binding protein that is required
in several TAK1 functions (28, 29). TAB2 cannot directly reg-
ulate TAK1 kinase activity (30) as TAB1 (TAK1-binding pro-
tein 1) does (22, 30), whereas it acts as an adaptor or scaffold
protein to modulate TAK1 in different signal transductions by
linking it to other molecules (28, 31-36). In this work we report
that TAB2 functions as a scaffold protein for TAK1 and NLK to
bridge their interaction in repressing canonical Wnt signaling.

EXPERIMENTAL PROCEDURES

Plasmids, siRNAs, and Antibodies—Full-length mouse NLK
was identified from the pPC86-based mouse embryonic E10.5
c¢DNA library as a positive clone, which showed the interaction
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with TAB2, and subcloned into pCMV-HA, pCMV-EE (con-
taining a Glu-Glu epitope tag), pPCMV-FLAG, pGEX-4T2, and
pET28C plasmids. Mouse TAK1 and TAB2 plasmids were
cloned from mouse cDNA and subcloned into pCMV plasmids
to express in mammalian cells. The plasmid of IkB super sup-
pressor was offered from the Chen Wang laboratory (Institute
of Biochemistry and Cell Biology). The plasmid of ubig-
uitin-HA was from the Bing Sun laboratory (Institute of Bio-
chemistry and Cell Biology). Other plasmids have been used in
our previous work (37).

Two siRNAs targeting NLK were designed and synthesized
according to the sequences as siNLK-1 (5'-GGATGTTGGTC-
TTTGATCCATCCAA-3') and siNLK-2 (5'-GCTGCTACAG-
TTAAGGCGCACCATC-3'). TAB2 RNAi was synthesized
according to the sequence as 5'-CCTCCAGCACTTCCTCTT-
CAGTCAA-3' (siTAB2-1) and 5'-GGTTTTACATGAGGTG-
CGACAAAAA-3'" (siTAB2-2). Control siRNA was designed
with the sequence targeting renilla luciferase (5'-AATGAAC-
GTGCTGGACTCCTTCATC-3').

TAB2, TAK], and NLK antibodies were purchased from Santa
Cruz Biotechnology, Inc. Anti-HA, Myc, and EE (Covance), anti-
FLAG (Sigma), anti-B-catenin (BD Biosciences), and c-Jun N-ter-
minal kinase (JNK) and phospho-JNK (Cell Signaling Technology)
were used in this work.

Yeast Two-hybrid Screen—Yeast two-hybrid screens system
and pPC86-based mouse embryonic E10.5 cDNA library were
purchased from Invitrogen. Full-length mouse TAB2 was sub-
cloned into pDB plasmid, which was used as bait. A yeast two-
hybrid assay was performed according to the manufacturer’s
manual.

Cell Culture, Transfection, and Reporter Gene Assay—Cells
of HEK293T or HEK293 stably transfected NLK (NLK-293)
were maintained in Dulbecco’s modified Eagle’s medium plus
10% fetal bovine serum (Invitrogen). Plasmids were transfected
using Lipofectamine/Plus reagent (Invitrogen) according to
the manufacturer’s instructions. For reporter gene assays,
HEK293T cells were used and seeded in 24-well plates. Each
well was transfected with 250 ng of plasmids in total, including
10 ng of TOPFLASH, 10 ng of EGFP-C1, and other plasmids
indicated in each figure. At 24 h after transfection, cells were
lysed, and experiments were done as previously described (37).
Relative luciferase activity was calculated as the -fold luciferase
activity over the basal activity from cells transfected with blank
control plasmid (LacZ).

Co-immunoprecipitation and Western Blot—HEK293T cells
were seeded in 35-mm dishes and cultured for 24 h before
transfection. At 24 h post transfection, cells were lysed in 500 ul
of lysis buffer (20 mm Tris-HCI, pH 8.0, 1% Nonidet P-40, 10%
glycerol, 138 mm NaCl) plus 10 mm NaF, 2 mm NazVO,, 1 mm
pyrophosphoric acid, and Complete™" protease inhibitors
(Roche Applied Science). The lysates were centrifuged for 15
min at 14,000 rpm at 4 °C. The supernatants were mixed with
antibodies and Protein A/G plus-agarose (Santa Cruz Technol-
ogy) for 3 h at 4 °C. Then immunoprecipitates were washed
with lysis buffer three times, denatured in SDS sample buffer for
10 min at 95 °C, and resolved by SDS-PAGE. For experiments
using the NLK-293 cell line, cells were lysed, and co-IP was
carried out by incubating relevant antibodies or FLAG affinity

13398 JOURNAL OF BIOLOGICAL CHEMISTRY

gel (Sigma) with cell lysates overnight at 4 °C. Then cell lysates
with antibodies were added with protein A/G plus-agarose and
mixed for another 2 h at 4 °C. For immunoblotting, proteins
were transferred to nitrocellulose (Schleicher & Schiill) or poly-
vinylidene difluoride (Millipore) membranes. After being
blocked with 5% nonfat milk, membranes were incubated with
the primary antibodies for 1 h at room temperature or over-
night at 4 °C and then IRDye 800 (Rockland) or horseradish
peroxidase-conjugated secondary antibodies (Thermo Scien-
tific) for 0.5—1 h at room temperature. Results were visualized
by the Odyssey Infrared Imaging System 9120 (LI-COR) or
FujiFilm Las 4000 (FujiFilm).

Free B-Catenin Assay—For the free 3-catenin assay, a 35-mm
dish of HEK293T cells was used. Cells were washed once with
cold phosphate-buffered saline (PBS) and scraped into 1 ml of
PBS. Then cells were collected by spinning at 3000 rpm for 10
min and resuspended in buffer A (10 mm Hepes-KOH, pH 7.9,
10 mm KCI). After 10 min on ice, cells were homogenized and
centrifuged at 3000 rpm for 5 min at 4 °C, and the deposited
parts were preserved for nuclear extraction. The supernatant
was collected and centrifuged at 100,000 X g for 1 h at 4 °C.
After centrifugation, the supernatant was collected as the cyto-
plasmic fraction and subjected to a Western blot to detect free
B-catenin. For nuclear extraction, the pellet was resuspended in
buffer C (20 mm Hepes-KOH, pH 7.9, 25% glycerol, 500 mm
NaCl). After cooling on ice for 30 min, the nuclear extract was
centrifuged at 14,000 rpm for 15 min at 4 °C, and the superna-
tant was obtained as the nuclear fraction.

Reverse Transcription-PCR and Quantitative Real-time PCR—
Total RNAs were extracted from siRNA-transfected HEK293T
cells with TRIzol, and reverse transcription of purified RNA
was performed using oligo(dT) priming and superscript III
reverse transcription according to the manufacturer’s instruc-
tions (Invitrogen). The quantification of AXIN2 and GAPDH
transcripts was done by quantitative PCR using the SYBR Pre-
mix Ex Taq™ (Perfect Real Time) PCR kit (TaKaRa) and a
Rotor-Gene RG-3000A apparatus (Corbett Research). The
primer pairs used for human Axin2 gene were 5'-AGTGT-
GAGGTCCACGGAAAC-3" and 5'-CTTCACACTGCGATG-
CATTT-3'. The primer pairs used for the human GAPDH gene
were 5'-GCACCACCAACTGCTTA-3" and 5'-AGTAGAG-
GCAGGGATGAT-3'. The relative expression of Axin2 was
quantitated by normalization over the expression of GAPDH.

NLK Kinase Assay—HEK293T cells seeded in 35-mm dishes
were transfected with indicated plasmids. At 24 h post-trans-
fection, cells were lysed, and NLK or LEF1 was immunoprecipi-
tated. The beads were washed twice with lysis buffer and twice
with kinase assay buffer (30 mm Hepes, pH 7.4, 3.7 mm MgCl,,
4.6 mm MnCl,). Then, the immunoprecipitates were incubated
in kinase buffer containing 5 uCi of [y->*P]ATP at 25 °C for 20
min as reported (38). For NLK kinase assays with NLK-293
cells, stably transfected NLK was pulled down with FLAG affin-
ity gel (Sigma). After washing, the immunoprecipitates were
eluted off from the beads with FLAG peptide. Kinase assays
were performed at 25 °C for 5 min in kinase assay buffer (25 mm
Hepes, pH 7.4, 10 mm MgCl,) including 5 uCi of [y->*P]ATP.
Reactions were terminated by the addition of SDS loading
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buffer, and proteins were separated on SDS-PAGE. Phosphor-
ylated proteins were visualized by autoradiography.

RNA Interference—Efficiencies of each siRNA were validated
with Western blot. RNA were resolved in diethyl pyrocarbonate
water and stored at the concentration of 20 um. For transfec-
tion of siRNA, 0.5—1 ul was used for each well of the 24-well
plate. Transfections of siRNA were performed with Lipo-
fectamine 2000 reagent (Invitrogen). Transfected cells were
subjected to different assays 48 h after transfection.

RESULTS AND DISCUSSION

NLK Is Identified as a Novel TAB2-binding Protein—Previous
studies have shown that TAB2 interacted with TAK1 in a num-
ber of TAK1-mediated signaling events (28, 29). In the search of
additional TAB2-binding proteins, we screened a mouse
embryonic cDNA library using the approach of yeast two-hy-
brid with TAB2 as bait and identified the full-length NLK. We
first confirmed the interaction using co-IP. As shown in Fig. 14,
overexpressed NLK and TAB2 can be co-immunoprecipitated
in HEK293T cells. In an in vitro pulldown assay, recombinant
GST-TAB?2 protein efficiently pulled down His,-NLK (Fig. 1B),
suggesting that TAB2 can directly interact with NLK. Besides
NLK, TAK1 as MAPKKK (MAPK kinase kinase) can also acti-
vate JNK and p38 MAPK (23, 31). However, TAB2 only inter-
acted with NLK, but not JNK and p38 in co-IP assays (Fig. 1C),
suggesting that the interaction of TAB2 and NLK is specific.
NLK binding with TAB2 not only requires its kinase domain,
which is similar with that of J]NK and p38 (10), but also its
C-terminal region (Fig. 1D). This result may explain why TAB2
specifically binds NLK. Because we could not find a NLK-spe-
cific antibody that can efficiently pull down endogenous NLK,
we stably expressed FLAG-tagged NLK in HEK293 cells
(NLK293) to detect the interaction of NLK and TAB2 in vivo.
The expression of NLK in NLK-293 cells was similar to the
endogenous level of NLK in HEK293T as detected by Western
blot (supplemental Fig. S1A4). In NLK-293 cells, FLAG-tagged
NLK can be efficiently immunoprecipitated from cell lysates,
and endogenous TAB2 was detected in the immunoprecipitates
pulled down by NLK (Fig. 1E). These results together indicate
that NLK is a novel TAB2-binding protein.

To understand how TAB2 interacts with NLK, we mapped
the NLK binding region in TAB2 with co-immunoprecipitation
assays. We generated four N-terminal truncation mutants of
TAB2. They are C1 (amino acids (aa) 178 -693), C2 (aa 292—
693), C3 (aa 417-693), and C4 (aa 477-693) (Fig. 1F). Because
all of these mutants contain the TAK1 binding region (amino
acids 574-653) (29), they efficiently interacted with TAKI.
However, these mutants exhibited different affinities for NLK.
TAB2-C3 and C4 lost the ability to interact with NLK, indicat-
ing that NLK binding region of TAB2 is near the N terminus,
which does not overlap with its interacting domain for TAKI.
Therefore, it provides the possibility that TAK1 and NLK bind
to TAB2 at the same time by interacting with different region.

TAB2 Scaffolds the Interaction of TAK1 and NLK—In the
light of above findings, we speculated that TAB2 might play a
role in the interaction of TAK1 and NLK. TAK1 activates NLK
during signaling, but they cannot bind to each other as previ-
ously reported (4, 5) (Fig. 24, left lane). However, when TAB2
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FIGURE 1. NLK is identified as a novel TAB2 interacting protein. A, NLK
interacts with TAB2. HEK293T cells transfected with indicated plasmids were
used for the co-IP assay. Interactions were determined by Western blot.
TAK1-KD (kinase dead mutant), K63W, was used as a positive control of TAB2-
interacting protein. B, TAB2 physically interacts with NLK. Purified Hisg,-NLK
mixed with GST-TAB2 or GST bound GSH-Sepharose beads for 1 h, then beads
were washed with purification buffer 3 times. The samples from the GST pull-
down assay were subjected to SDS-PAGE and Western blot. C, TAB2 specifi-
cally interacts with NLK, but not JNKand p38 MAPK. D, interactions of various
NLK mutants with TAB2 are shown. A schematic map of various NLK mutants
shows amino acid numbers and their interactions with TAB2. The solid rectan-
gle stands for the identified kinase domain of NLK. £, TAB2, as well as TAK1, can
be co-immunoprecipitated with NLK in NLK-293 cells. NLK-293 cells were
used to perform the co-IP assay as described under “Experimental Proce-
dures.” A Western blot was carried out with the indicated antibodies. F, the
interactions of TAB2 mutants with TAK1 and NLK are shown. A schematic map
of various TAB2 mutants shown with amino acid numbers and their interac-
tions with TAK1 and NLK were shown as in D. The solid rectangle stands for the
identified TAK1 interacting region of TAB2.

was present, TAK1 and NLK were recruited to form a complex
(Fig. 24, right lane), indicating that TAB2 could act as a scaffold
protein for TAK1 and NLK to bridge their interaction. Consis-
tent with this idea, not only TAB2 was pulled down by NLK in
NLK-293 cells, but also TAK1 appeared in the co-IP fractions
(Fig. 1E), suggesting TAK1, TAB2, and NLK form a protein
complex in vivo. Moreover, overexpressing TAB2 can also
increase the affinity of NLK for TAK1 in NLK-293 cells
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FIGURE 2. TAB2 bridges the interaction of TAK1 and NLK as a scaffold
protein. A, NLK interacts with TAK1 in the presence of TAB2. Indicated plas-
mids were transfected into HEK293T cells, and a co-IP assay was done as
described in Fig. 1A. B, ectopically expressed TAB2 can increase the interac-
tion of TAK1 and NLK in vivo. NLK-293 cells transfected with TAB2 or LacZ
plasmid were used to evaluate endogenous TAK1-NLK interaction. C, RNAi of
TAB2 (siTAB2-1) blocks the interaction of TAKT and NLK in vivo. NLK-293 cells
were used for a co-IP assay 48 h after transfection. Co-IP experiments in Band
C were done as described in Fig. 1D. Ctrl, control. D, TAB2-AM (AM) shows a
lower affinity for NLK, but not TAK1, than wild type (WT) TAB2. Upper, the
schematic map shows the sequences of the wild type TAB2 and TAB2-AM.
The deletion region of amino acids 292-417 is represented with a line. Lower,
the interaction of TAB2 with TAK1 and NLK was evaluated by co-IP assay.
E, TAB2-AM is defective in bridging the interaction of TAK1 and NLK com-
pared with wild type TAB2. HEK293T cells were used, and the co-IP experi-
ment was done as described above.

IP HA

(Fig. 2B). Most importantly, knocking down endogenous TAB2
with a specific siRNA (siTAB2-1) disrupted the interaction of
TAKI1 and NLK (Fig. 2C). These results support the conclusion
that TAB2 acts as the scaffold protein for TAK1 and NLK.
Because TAB2-C1 and C2, not C3 and C4, bind to NLK (Fig.
1F), the region of amino acids 292—417 in TAB2 may be critical
for its binding to NLK. Thus, we generated the deletion mutant
of TAB2, TAB2-AM, which lacks the region of 292—417 (Fig.
2D, upper panel). TAB2-AM showed a weaker affinity for NLK
than wild type TAB2 but retained its intact ability to interact
with TAK1 (Fig. 2D, lower panel). Consistently, TAB2-AM was
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FIGURE 3. TAB2 inhibits canonical Wnt signaling without affecting the
stability of B-catenin. A, TAB2 blocks the TOPFLASH activities induced by
Wnt1 or AN-B-catenin. Plasmids of Wnt1 or AN-B-catenin were used to acti-
vate TOPFLASH reporter gene in HEK293T cells. RLA, relative luciferase activ-
ity. B, TAB2 down-regulates Wnt signaling without affecting the accumula-
tion and subcellular translocation of B-catenin. Transfected cells were treated
with control or Wnt3a CM for 8 h and then for free B-catenin assays. Expres-
sion (Exp.) of transfected TAB2 and GSK38 is shown. C and D, TAB2 siRNAs
efficiently increase the activation of TOPFLASH (C) and expression of Axin2
(D). siRNAs were transfected into HEK293T cells with or without TOPFLASH
plasmids. 48 h later cells were treated with control or Wnt3a CM for 8 h and
then lysed fora TOPFLASH assay (C) or the expression of Axin2 by quantitative
real-time PCR (D). Data are representative results from at least two independ-
ent experiments. Student’s t test was used to determine statistical signifi-
cance based on at least three independent experiments. *, p < 0.05;
** p < 0.01. Ctrl, control.

Ctrl-CM

less capable of scaffolding TAK1 and NLK together (Fig. 2E).
This conclusion was also confirmed by the results from
TAB2-C1 and C2 (supplemental Fig. S2). Thus, TAB2 scaffold-
ing ability depends on its interaction with NLK.

TAB2 Inhibits Canonical Wnt Signaling through Scaffold-
ing TAKI and NLK—The TAK1-NLK cascade plays a nega-
tive role in the canonical Wnt pathway (1-3, 38). The afore-
mentioned findings suggest that TAB2 may function
together with TAK1 and NLK in the negative regulation of
canonical Wnt signaling. Indeed, TAB2 could effectively
block the TOPFLASH activity induced by both Wntl and
AN-B-catenin, a constitutive active form of 3-catenin, with-
out affecting the accumulation and nuclear translocation of
free PB-catenin induced by Wnt3a conditioned medium
(Wnt3a CM) (Fig. 3, A and B). These results suggest that
TAB2 inhibits Wnt signaling by targeting the transcriptional
complex. In addition, TAB2 siRNAs (supplemental Fig. S1B)
effectively increase the activation of Wnt3a CM induced
TOPFLASH activity (Fig. 3C) as well as expression of Axin2
(Fig. 3D), an authentic Wnt target gene (39 —41), which sug-
gests that TAB2 could act as an inhibitor to canonical Wnt
signaling in physiological conditions.

TAB2 can assist TAKI1 to activate NFkB (28). On the other
hand, RelA, a component of NF«kB, was reported to suppress
B-catenin/TCF-dependent transcription (42). To check
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rescues the inhibition of TAB2 to Wnt signaling. The activation (%) was calculat

ed as the percentage of fold  cating that TAB2 scaffolds TAK1

activation induced by Wnt1 under TAB2 expression compared with control plasmid (LacZ) in the cells co- d NLK ificall .
transfected with LacZ, TAK1-KD, or NLK-KD. D, NLK RNAi rescues the inhibition of TAB2 to Wnt signaling. an to specifically potentiate
Control or NLK siRNAs were co-transfected into HEK293T cells with the indicated plasmids. Luciferase assays NLK kinase activity. NLK was

were carried out 48 h after transfection. £, TAB2 and its N-terminal truncated mutants show different inhibition
to Wnt signaling. F, TAB2-AM shows weaker inhibition to Wnt signaling compared with wild type TAB2. Plas-

shown to regulate Wnt signaling by

mids of TAB2 and TAB2-AM were transfected in two different doses to evaluate their inhibitory effects. Right phosphorylating LEF1/TCFs. Acti-

panel, TAB2 and TAB2-AM have the same efficiency in activating NF«kB signaling.
with HEK293T cells transfected with the indicated plasmids. In all TOPFLASH ass

co-transfected to avoid the interference caused by NF-«B, and GFP was co-transfected to normalize the trans-

TOPFLASH assays were done  vation of NLK by upstream activa-
ays, IkB super repressor were 4, o ould enhance the phosphor-

fection efficiency. Data are representative results from at least two independent experiments. Bars depictthe ~ ylation of LEF1/TCFs (38). We
relative luciferase activity (RLA) to the basal activity from cells transfected with LacZ, and error bars were  -onfirmed the finding and found

calculated from duplicate samples. Student’s t test was used to determine statistical significance based on at

least three independent experiments. **, p < 0.01.

whether RelA is involved in the inhibition of TAB2 to Wnt
signaling, we blocked the activation of RelA with I«B super
repressor (IkBa-S32A/S36A) or IKKB-KD (kinase dead).
Neither of them could rescue the inhibition of TAB2 (Fig. 4,
A and B), suggesting RelA might not be the effector of TAB2
in repressing Wnt signaling. Instead, TAB2 regulates the
canonical Wnt pathway via NLK because NLK-KD (K155M)
(Fig. 4C) blocked the effect of TAB2 on Wnt signaling. More-
over, two NLK-specific siRNAs prevented TAB2 from the
suppressing Wnt pathway (Fig. 4D and supplemental Fig.
S1C), suggesting that NLK is the downstream effector of
TAB2.

In contrast to wild type TAB2, those N-terminal-truncated
mutants of TAB2 exhibited inhibitory effects corresponding to
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that TAB2, not TAB2-AM, could
increase the phosphorylation of
LEF1 (Fig. 5B). Moreover, the phosphorylation mediated by
NLK can augment polyubiquitylation of LEF1/TCFs by NARF,
an E3 ubiquitin ligase (21). We examined the effect of TAB2 in
ubiquitylation of LEF1. In the presence of ubiquitin, only the
combination of TAK1, TAB2, and NLK markedly increased the
polyubiquitylation of LEF1, whereas NLK-KD did not work as
NLK in the same experiment (Fig. 5C), suggesting TAK1 and
TAB2 cooperated to potentiate the ubiquitylation of LEF1
through activating NLK kinase activity. Furthermore, neither
TAB2-AM nor -C3 worked as well as the full-length TAB2 in
stimulating LEF1 ubiquitylation (Fig. 5D). Thus, we conclude
that the interaction of TAB2 and NLK is indispensable for
phosphorylating or polyubiquitylating LEF1 induced by the
TAKI1-NLK cascade.
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TAB2 Scaffolds TAK1 and NLK
A

NLK-FLAG
TAK1-Myc
HA-TAB2 -
IP.:FLAG |

B

TAB2

Ub-HA
LEF1-FLAG
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IVK
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hand, a recent study showed that
TAB2 could also bridge TAK1 with
its substrate, such as RCAN1 (36).
In the TAK1-NLK cascade, TAK1
activates NLK, but these two pro-
teins do not directly interact with
each other (4, 5). The finding that
TAB2 can scaffold TAK1 and NLK
fills the gap and declares the role of
TAB2 in directing TAK1 signaling
to its specific downstream effector.
In a recent study TAB2 was also
used to specifically potentiate sig-
naling between TAK1 and NLK.
However, it did not touch the mech-

- WT AM

LEF1

. — -~

Lysate
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| T

Ub-
LEF1

IP:FLAG

= e ap——

+ + +
WT AM C3
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anism (7). Nevertheless, the results
from Takada et al. (7) are consistent
with ours that TAB2 can function in
the TAK1-NLK cascade. TAB2-AM
with defects in scaffolding NLK
exhibits functional loss in TAKI-
NLK signaling, but it works almost
the same as wild type TAB2 in
TAK1 stimulated NFkB and JNK
activity (Fig. 4F and supplemental
Fig. S3). These facts indicate that
the interaction of NLK and TAB2
endows TAB2 with the ability to
modulate the TAK1-NLK pathway,

4

FIGURE 5. TAB2 scaffolds TAK1 and NLK to promote functions of NLK. A, TAB2, but not TAB2-AM, cooper-
ates with TAK1 in activating kinase activity of NLK. B, overexpression of TAB2, but not TAB2-AM (AM), leads to
anincrease in phosphorylation of LEF1. WT, wild type. FLAG-tagged NLK or LEF1 was co-transfected with other
plasmids and immunoprecipitated for in vitro kinase assay (/VK) of NLK autophosphorylation (A) or LEF1 phos-
phorylation (B). The results of in vitro kinase assay were visualized with phosphorimaging. C and D, shown are
the effects of TAB2, TAB2-AM, and TAB2-C3 on the TAK1-NLK cascade-mediated LEF1 polyubiquitylation (Ub).
To check the polyubiquitylated LEF1, the indicated plasmids were co-transfected into HEK293T cells, and
LEF1-FLAG wasimmunoprecipitated with FLAG antibody and resolved to Western blot. Polyubiquitylated LEF1

(immunoblotted against HA) was shown at 100-250 kDa.

Wnt3a-conditioned Medium Enhances the Formation of
TAKI-TAB2-NLK Complex—Both canonical and non-canoni-
cal Wnt proteins have been reported to regulate the TAK1-
NLK pathway (4, 7, 38, 43). In our study we found that Wnt3a
CM could enhance TAB2 binding with NLK (Fig. 6A4). Consis-
tently, Wnt3a CM treatment also increased the interaction of
TAK1 and NLK (Fig. 6B) and led to the activation of NLK kinase
activity (Fig. 6C), indicating that Wnt signals could promote the
formation of TAK1-TAB2:-NLK complex. As knockdown of
TAB2 could disrupt the complex of TAK1 and NLK (Fig. 2C),
siRNA of TAB2 (siTAB2-1) also inhibited the effects of Wnt on
NLK (Fig. 6C), suggesting that TAB2 is required to mediate the
TAKI1-NLK pathway in this process. Thus, Wnt proteins may
promote the formation of TAK1-TAB2-NLK complex to acti-
vate the TAK1-NLK cascade as a negative feedback mechanism
to down-regulate canonical Wnt signaling (38).

TAB2 has been reported as an adaptor protein to link TAK1
into several signaling complexes (28, 32, 33) in which TAK1 can
be activated by the polyubiquitin chain (31, 44). On the other
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Lysate

which is independent of its other
functions with TAK1.

In addition, TAB3 was identified
as a TAB2 -like molecule, which is
highly homologous to TAB2 (33,
45). Subsequently, several works
proved that TAB3 has some redun-
dant function with TAB2 both in
vitro and in vivo (29, 33, 34, 46, 47).
In our work we also studied the
function of TAB3 in the TAK1-NLK cascade. As expected,
TAB3, with a similar structure of TAB2, can also interact with
NLK, bridge the interaction of TAK1 and NLK, and inhibit
B-catenin-activated TOPFLASH activity as TAB2 (data not
shown), which indicates that TAB3 may work as TAB2 in medi-
ating TAK1-NLK signaling. However, more evidence is
required to further examine this function of TAB3 in vivo.

Scaffold proteins are usually regulated by particular extracel-
lular stimulus (25-27). STAT3 was reported to enhance TAK1-
NLK signaling only in response to interleukin-6 (5). With our
findings, TAB2 is involved in the signaling of TAK1-NLK
induced by canonical Wnt (Fig. 6). Wnt3a stimulation can
strengthen TAK1-TAB2-NLK complex formation via enhanc-
ing the interaction of TAB2 and NLK (Fig. 6, A and B). The
function of NLK is highly related with Wnt signaling, and a
number of reports show that Wnt regulates NLK (1-4, 43, 48,
49). Based on our and others’ findings, as depicted in Fig. 7, Wnt
proteins can activate LEF1/TCF-dependent transcription of a
series of target genes (15-17, 50) and, on the other hand, acti-
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FIGURE 6. Formation of TAK1-TAB2:NLK complex is induced by Wnt3a
CM. A and B, Wnt3a stimulation increases the interaction of NLK with TAB2 (A)
and TAK1 (B), respectively. NLK-293 cells were treated with Wnt3a CM for the
indicated times, then cells were lysed and immunoprecipitated with TAB2
specific antibody (A) or FLAG affinity gel (B). C, NLK kinase activity is potenti-
ated by Wnt3a CM stimulation. NLK-293 cells were transfected with control or
TAB2 siRNA (siTAB2-1). 48 h later, cells were treated with control or Wnt3a CM
for 6 h, then cells were lysed and immunoprecipitated with FLAG affinity gel.
Immunoprecipitates were used for the NLK kinase assay. Ctrl, control.

Lysate IP:FLAG
Lysate |IP:FLAG

Wnt -

e

TAK1

Gene Expression Degradation

FIGURE 7. Model of TAK1-TAB2:NLK complex negatively regulating
canonical Wnt pathway.

vate different intracellular signals (51, 52), among which the
TAKI-NLK pathway functions as a negative modulator
through regulating LEF1/TCFs (38). In this model, we describe
that Wnt can induce TAK1-TAB2-NLK complex formation,
which in turn leads to NLK activation and inhibition on LEF1/
TCF family transcriptional factors. We believe that canonical
Wnt might use this mechanism to balance the signaling itself.
The canonical Wnt pathway works in several developmental
processes and tumorigenesis, and TAB2-mediated activation of
the TAK1-NLK pathway may play some role in particular bio-
logical events.
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