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Responses to transforming growth factor 3 and multiple cyto-
kines involve activation of transforming growth factor f-acti-
vated kinase-1 (TAK1) kinase, which activates kinases IkB
kinase (IKK) and MKK3/6, leading to the parallel activation of
NF-«kB and p38 MAPK. Activation of TAK1 by autophosphoryl-
ation is known to involve three different TAK1-binding proteins
(TABs). Here we report a protein phosphatase subunit known as
type 2A phosphatase-interacting protein (TIP) that also acts as a
TAB because it co-precipitates with and directly binds to TAK1,
enhances TAK1 autophosphorylation at unique sites, and pro-
motes TAK1 phosphorylation of IKKf and signaling to NF-«B.
Mass spectrometry demonstrated that co-expression of TAB4
protein significantly increased phosphorylation of four sites in
TAK], in a linker region between the kinase and TAB2/3 bind-
ing domains, and two sites in TAB1. Recombinant GST-TAB4
bound in an overlay assay directly to inactive TAK1 and acti-
vated TAK1 but not TAK1 phosphorylated in the linker sites,
suggesting a bind and release mechanism. In kinase assays using
TAK1 immune complexes, added GST-TAB4 selectively stimu-
lated IKK phosphorylation. TAB4 co-precipitated polyubiquiti-
nated proteins dependent on a Phe-Pro motif that was required
to enhance phosphorylation of TAK1. TAB4 mutated at Phe-
Pro dominantly interfered with IL-18 activation of NF-kB
involving IKK-dependent but not p38 MAPK-dependent signal-
ing. The results show that TAB4 binds TAK1 and polyubiquitin
chains to promote specific sites of phosphorylation in TAK1-
TAB1, which activates IKK signaling to NF-«B.

Inflammatory cytokines tumor necrosis factor o and IL-13
activate cellular pathways involved in cell proliferation and
apoptosis. IL-18 binding to its cognate receptor IL-1R induces
recruitment of MyD88, IRAK1, IRAK4, and TRAF6 (1). IRAK4
functions in this complex to phosphorylate IRAK1, thereby
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triggering release of IRAK1 and TRAF6 into the cytoplasm and
subsequent activation of IKK,? c-Jun N-terminal kinase (JNK),
and p38 MAPK (2, 3). The IKK complex consists of IKK« and
IKK, the two catalytic subunits, and the regulatory subunit
IKKy (known as NEMO), which binds polyubiquitin chains and
is ubiquitinated itself (4). It is proposed that polyubiquitin
chains act as a scaffold to allow for assembly of a signaling
complex (5, 6). Genetic studies have implicated IKKB and IKKry
in regulating activation of nuclear factor-«B (NF-«B) via phos-
phorylation of IkB and its subsequent degradation by the 26 S
proteasome (7).

Activation of IKK involves two complexes called TRIKA1
and TRIKA2 (8, 9). The first complex, TRIKA1, contains
Ubc13/UevlA (an E2 conjugating enzyme) and TRAF6 (an E3
ligase) (8, 9). The second complex, TRIKA2, contains TAK1,
TAB1 (TAK1 activator), and TAB2/3 (ubiquitin-binding pro-
teins) (8, 9). TRAF6 functions with Ubc13/Uev1A to catalyze
the addition of polyubiquitin chains to TRAF6 and possibly
other proteins via Lys®® linkages in ubiquitin (8 —10). TAK1 is
activated by TAK1-binding proteins (TABs). TAB1 binds
TAK1 and promotes autophosphorylation of the activation
loop (11-14). TAB2 and TAB3 activate TAKI indirectly by
binding polyubiquitinated proteins, possibly stabilizing a larger
complex (15-19). TAK1 associates with and is inactivated by
multiple protein-Ser/Thr phosphatases, including different
isoforms of the MPP phosphatases previously called PP2C (20 -
22) as well as by protein phosphatase 6 (PP6), which dephos-
phorylates Thr'®” in the activation loop of TAK1 (21).

Our interest in PP6 raised a question about inactivation of
TAKI. Studies of the TOR pathway in yeast led to the discovery
of Tap42, a protein that binds all of the yeast type 2A phospha-
tases: Sit4 (PP6), Pph3, and Pph21/22 (PP2A) (23). However,
Tap42 action on phosphatases is not understood and is contro-
versial. One group claims Tap42 is phosphorylated directly by
TOR to increase Tap42 binding to Pph21/22 or Sit4 (24, 25).
Another group suggests that Tap42 is restricted from binding
to phosphatases by instead binding a protein called Tip41l
(Tap42-interacting protein of 41 kDa) and that the Tip41-

2 The abbreviations used are: IKK, 1B kinase; MAPK, mitogen-activated pro-
tein kinase; TAK1, transforming growth factor B-activated kinase-1; TAB,
TAK1-binding protein; TIP, type 2A phosphatase-interacting protein; GST,
glutathione S-transferase; E2, ubiquitin carrier protein; E3, ubiquitin-pro-
tein isopeptide ligase; PP, protein phosphatase; HA, hemagglutinin; MOPS,
4-morpholinepropanesulfonic acid; MBP, myelin basic protein; wt, wild
type; FP-AA, F254A/P255A; NF-«B, nuclear factor-«B.
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Tap42 complex is disrupted by TOR phosphorylation of Tip41
(26). Yet a third scenario arose when it was reported that yeast
Tip41 interacted with yeast phosphatases Pph21/22 and Pph3
in a two-hybrid assay (27). While our work was in progress
another group published that the human orthologue of yeast
Tip41 called type 2A phosphatase-interacting protein (TIP)
binds human PP2A, PP4, and PP6 (28). Thus, type 2 phospha-
tases, including PP6, can bind to yeast and human orthologues
of both Tap42 (a-4) and Tip41l (TIP). We showed that the
human version of Tap4?2 called a-4 acts as a targeting subunit
for PP2A, binding to MEK3 to promote selective dephospho-
rylation of one of two sites in the activation loop in that way
opposing activation of p38 MAPK by cytokines (29).

Here because of the relationship to PP6 we investigated the
function of the human TIP protein (NP_690866) relative to
TAKI1 and discovered properties that qualify this protein as a
TAB and led us to call it TAB4. We show that, like TAB1, TAB4
directly binds and activates TAK1 by inducing autophosphoryl-
ation of TAK1. The activated TAK1 phosphorylates TAB1 and
shows specificity toward the endogenous substrate IKKS. A
Phe-Pro sequence motif found in TAB2/3 is present in the
C-terminal region of TAB4. Mutation of Phe*** and Pro®*® in
TAB4 eliminated binding of polyubiquitinated proteins and
activation and phosphorylation of TAK1 and TABI1 without
reduction in PP6 binding. These mutations separate multiple
functions of TAB4. We propose that TAB4 is a multifunctional
protein that promotes the activation of NF-«B using separate
domains that bind TAK1 and polyubiquitin chains.

MATERIALS AND METHODS

¢DNA Constructs, Plasmids, and Antibodies—Full-length
human TAB4 was cloned downstream of GST in pGEX-4T2
using BamHI and EcoRI restriction sites for production of
recombinant protein in bacteria. Recombinant GST-TAB4 was
used to raise polyclonal antibodies in rabbits. Antibodies were
purified using a two-step procedure. 1) GST-conjugated Affi-
Gel-15 was used to preclear anti-GST antibodies followed by 2)
purification with GST-TAB4-conjugated Affi-Gel-15 using
0.1 M glycine elution-2 m Tris-HCI neutralization as described
in the manufacturer’s protocol (Bio-Rad). TAB4 was also
cloned downstream of HA epitope tag (pKHA vector) and
FLAG epitope tag (pcDNA3-FLAG2 vector) using BamHI and
EcoRI for expression in mammalian cells. Site-directed
mutagenesis of TAB4 was done following the manufacturers’
protocol. FLAG-TAK1, HA-TAK1, HA-TAK1(K63W), FLAG-
TAB1, and T7-TAB1 were described previously (13). FLAG-Ub
vector was a kind gift from Dr. David Wotton at the University
of Virginia. Antibodies (dilutions) used in this study are as fol-
lows: anti-FLAG (1:3,000) (Sigma-Aldrich), anti-HA (1:5,000)
(12CA5), anti-T7 (1:10,000) (Novagen), anti-PP6 (1:5,000) (30),
anti-(Thr(P)*®*/Thr(P)'®”) TAK1 (1:1,000) and anti-(Ser(P)*"”/
Ser(P)'®") IKKB (1:1,000) (Cell Signaling Technology Inc.),
anti-GST and anti-TAB4 (1:5,000) (described above), and anti-
(Ser(P)*®”) MEK3/(Ser(P)*°7) MEKS6 (1:1,000) (Santa Cruz Bio-
technology, Inc.).

Cell Culture, Transfection, Immunoprecipitation, and Pull-
down Assays—HEK293, HEK293T, and 293IL-1R1 cells were
grown in Dulbecco’s modified Eagle’s medium and 10% fetal
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bovine serum at 37 °C in a humidified incubator with 5% CO.,,.
HEK293T cells were transfected using Arrest-In (Open Biosys-
tems) as suggested by the manufacturer. In every case,
HEK293T cells were seeded into 10-cm dishes at ~40% conflu-
ence the day before transfection. Cells were transfected using
~5 g of plasmid for each construct and incubated for 24— 48 h
before harvesting. Cell extracts were made using a 1% Nonidet
P-40 (Igepal CA-630, Sigma) lysis buffer (1% Nonidet P-40, 50
mm MOPS, pH 7.4, 150 mMm NaCl, 1 uM microcystin-LR (Alexis
Biochemicals), 1 mm sodium orthovanadate, 1 mm sodium flu-
oride, 1 mm Pefabloc, 1 mg/ml leupeptin, 1 mg/ml pepstatin, 1
mMm dithiothreitol). Extracts were immunoprecipitated using
either anti-FLAG M2 beads (Sigma-Aldrich), anti-HA beads
(Sigma-Aldrich), or anti-TAB4 bound to protein A-agarose
(Amersham Biosciences). Immunoprecipitations and pull-
downs were done using approximately the same volume of
extracts with 10-15 ul of a 50% slurry of anti-FLAG, anti-HA,
and microcystin-LR-agarose beads. Inmunoprecipitations and
pulldowns were incubated at 4 °C for 2 h and then washed with
Nonidet P-40 buffer two to three times. Complexes were eluted
using 35 ul of 2X SDS sample buffer and boiled for 5 min.
Extracts and immunoprecipitates were analyzed by immuno-
blotting using the antibodies described earlier and the LI-COR
Odyssey infrared scanner and software.

Recombinant M\-Phosphatase Treatment—HEK293T cells
were transfected with 1) FLAG-TAK1 and T7-TABI or 2)
FLAG-TAK1 and T7-TAB1 plus HA-TAB4, and extracts were
made with RIPA buffer (1% Nonidet P-40, 0.25% sodium deoxy-
cholate, 0.1% SDS, 50 mm MOPS, pH 7.4, 150 mm NaCl, 1 mm
EDTA, 1 puM microcystin-LR, 1 mM sodium orthovanadate, 1
mM sodium fluoride, 20 mm B-glycerophosphate, 1 mm Pefab-
loc, 1 mg/ml leupeptin, 1 mg/ml pepstatin, 1 mm dithiothrei-
tol). Immunoprecipitates were collected after 2 h at 4 °C and
washed three times with RIPA buffer followed by two washes
with 50 mm Tris-HCI, pH 7.5, 0.1 mm EDTA, 2 mm MnCl,, 5
mM dithiothreitol (A-phosphatase buffer). Imnmunoprecipitates
were taken up in 30 ml of A-phosphatase buffer and treated with
0,0.2, or 1 ul of MBP-A-phosphatase (~8,330 units/mg) for 2 h
at 30 °C. Samples were then analyzed by SDS-PAGE and immu-
noblotted to detect mobility shifts of TAK1 and/or TABI.

Far-Western (Overlay) Assay—HEK293T cells were trans-
fected with 1) FLAG-TAK1, 2) FLAG-TAKI and T7-TABI, 3)
FLAG-TAK1 and T7-TAB1 plus HA-TAB4, or 4) empty vector
control. Extracts were made using RIPA buffer and immuno-
precipitated using anti-FLAG beads for 2 h at 4 °C. Immuno-
precipitates were washed three times with RIPA buffer, eluted
with 35 ul of 2X SDS sample buffer, and boiled for 5 min.
Proteins were resolved by SDS-PAGE and transferred to nitro-
cellulose. Membranes were blocked in 1% blocking buffer (1%
bovine serum albumin in Tris-buffered saline/Tween 20) for
2 h. Probes were diluted in 1% blocking buffer at a concentra-
tion of 5 mg/ml and incubated overnight at 4 °C. Membranes
were washed two to three times with 1X phosphate-buffered
saline for 1-2 min followed by fixation using 0.5% paraformal-
dehyde for 30 min at room temperature. Membranes were then
rinsed quickly twice with 1X phosphate-buffered saline and
quenched using 2% glycine in phosphate-buffered saline for 10
min at room temperature. The membrane was incubated with
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anti-GST plus secondary antibody and analyzed using the
LI-COR Odyssey system and software.

FLAG-Ub Binding Assay—HEK293T cells were transfected
with HA-TAB4(wt), HA-TAB4(F254A), or HA-TAB4(FP-AA)
or empty vector control along with FLAG-Ub. Extracts were
prepared using 1% Nonidet P-40 lysis buffer described above
and immunoprecipitated using anti-HA beads for 2 h at 4 °C
and washed 2-3 times with Nonidet P-40 buffer. HA-FLAG
complexes were eluted using 35 ul 2X SDS sample buffer and
boiled for 5 min. Samples were analyzed by SDS-PAGE and
immunoblotted with anti-FLAG and anti-HA. Immunoblots
were analyzed using the LI-COR Odyssey system and software.

In Vitro TAKI Kinase Assay with MKK6 or IKKB—HEK293T
cells were transfected with 1) FLAG-TAK]1, 2) FLAG-TAK1
and T7-TABI, or 3) FLAG-TAK1 and T7-TABI plus either
HA-TAB4(wt), 4) HA-TAB4(F254A), or 5) HA-TAB4(FP-AA).
Extracts were prepared using a 1% Nonidet P-40 lysis buffer
described above and immunoprecipitated using anti-FLAG
beads. Immunoprecipitates were collected after 2 h at 4 °C,
washed two to three times with Nonidet P-40 buffer, and then
washed twice in 20 mm Tris-HCI, pH 7.5, 500 mm NaCl, 10 mm
MgCl,. Immunoprecipitates were taken up in 30 ml of 20 mm
Tris-HCI, pH 7.5, 10 mm MgCl,. Kinase assays were done using
1 pg of recombinant His,-MKK6 or GST-IKKB (Upstate-
Chemicon), 5 ul of immunoprecipitate, 2 ul of 5X kinase buffer
(50 mMm Tris-HCI, pH 7.5, 5 mMm dithiothreitol, 25 mm MgCl,), 5
uCi of [y-*?PJATP at 30 °C for 2 min. Kinase reactions were
stopped by adding an equal volume of 2X SDS sample buffer
and resolved by SDS-PAGE followed by staining with Gel-Code
Blue (Pierce) to visualize bands. Bands corresponding to His,-
MKK6 or GST-IKKp were excised from the stained gel, and >*P
was analyzed using a liquid scintillation counter.

NF-kB Luciferase Assays—HEK293T cells were seeded at
30-40% confluence in 12-well dishes and transfected 16 h later
with 100 ng of F254A, FP-AA, or empty vector plus 100 ng of
NE-«B firefly luciferase and 10 ng of Renilla luciferase vectors
or with 100 ng of FLAG-TAB4(wt) or empty vector and
HA-TAK1(wt) or HA-TAKI(K63W) plus 100 ng of NF-«B
luciferase and 10 ng of Renilla vectors. Cells were incubated for
16 h before changing the medium to serum-free conditions
(0.5% fetal bovine serum, Dulbecco’s modified Eagle’s medium)
for the remainder of the experiment. Cells were pretreated with
curcumin or SB203580 for 30 min prior to stimulation for 6 h
with 10 ng/ml IL-1p or vehicle alone. Cells were harvested and
analyzed as described previously (29) to test for luciferase activ-
ities in extracts.

RESULTS

TAB4 Enhances Activation of TAKI-TABI—The human
protein NP_690866 has been reported to bind protein phospha-
tase catalytic subunits PP2A, PP4, and PP6 (27, 28) and is
referred to as TIP. We found that TIP bound type 2 phospha-
tases in a yeast two-hybrid assay and noted that it showed pref-
erential binding to the C-terminal region of PP6 (residues 177—
305) compared with PP2A. Because PP6 dephosphorylates and
inactivates TAK1 kinase (21), we tested whether overexpres-
sion of this PP6-binding protein (which we called TAB4) would
affect TAKI. Activation of TAKI and its substrate IKK were
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FIGURE 1. TAK1 phosphorylation and activation by TAB4. A, combinations
of FLAG-TAK1, T7-TAB1, HA-TAB4, and HA-a-4 were expressed in HEK293T
cells and analyzed by immunoblotting with (top to bottom) 1) anti-(Thr(P)'8%/
Thr(P)'®7) TAK1, 2) anti-FLAG, 3) anti-(Ser(P)'””/Ser(P)'®") IKKB, and 4) anti-HA
(bottom panel). Lanes 1-3 show extracts from cells co-expressing 1) FLAG-
TAK1, 2) T7-TAB1, or 3) FLAG-TAK1 and T7-TAB1. Lanes 4—6 show extracts
from cells co-expressing HA-TAB4 with FLAG-TAK1 and/or T7-TAB1. Lanes 7-9
show extracts from cells co-expressing HA-a-4 with FLAG-TAK1 and/or
T7-TAB1. B, phosphatase treatment of FLAG-TAK1 and T7-TAB1. Proteins
were co-expressed without (lanes 71-3) and with HA-TAB4 (lanes 4-6) in
HEK293T cells,immunoprecipitated using anti-FLAG M2 beads, and immuno-
blotted with anti-T7 (upper panel) and anti-FLAG (lower panel). Immunopre-
cipitates (IPs) were treated with vehicle, 1X, or 5X amounts of recombinant
MBP-A-phosphatase (PPase) as indicated. P-, phospho-.

assayed in whole cell extracts by immunoblotting with phos-
phosite-specific antibodies (Fig. 14). Neither TAK1 nor IKKf3
were phosphorylated in cells transfected with FLAG-TAK1
alone (lane I) or T7-TABI alone (lane 2). However, cells co-
expressing FLAG-TAK1 with T7-TAB1 exhibited phospho-
TAK1, with retarded migration of the FLAG-TAKI, and
increased phosphorylation of endogenous IKKf (lane 3). Com-
pared with this, co-expression with HA-TAB4 (lane 6) caused
more reduced migration of FLAG-TAK1 and greatly increased
the phosphorylation of endogenous IKK at Ser'””/Ser'®! with
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FIGURE 2. Phosphorylation sites in TAK1 and TAB1. Phosphorylation sites
in TAK1 (top) and TAB1 (bottom) are shown as vertical lines, and those sites
significantly increased by co-expression of TAB4 are indicated with a P above
the boxes. The kinase domain with three sites of activating phosphorylation
and the TAB2/3 binding region in TAK1 and the PP2C-like domain and TAK1
binding domain in TAB1 are shown as hatched boxes within the entire
sequence. TGFB, transforming growth factor .

appearance of multiple IKK bands presumably due to other
sites of phosphorylation. Co-expression of TAB4 with either
FLAG-TAKI1 alone (lane 4) or T7-TABI alone (lane 5) as con-
trols did not induce phosphorylation of either TAK1 or IKKp.
This shows TAB1 dependence of TAK1 activation by TAB4, the
same as for activation of TAK1 by TAB2/3. The effects were
specific for TAB4 and not mimicked by overexpression of
another PP2A/PP4/PP6-binding protein, a-4 (Fig. 1A). HA-a-4
was expressed with FLAG-TAK]1 (lane 7) or T7-TABI1 (lane 8)
but produced no increase in phospho-TAK1, no gel shift of
FLAG-TAK], and no detectable phospho-IKKp. Triple expres-
sion of HA-«a-4, FLAG-TAKI, and T7-TABI1 (lane 9) was no
different from dual expression of FLAG-TAKI and T7-TAB1
(lane 3). The level of HA-a-4 expressed in these controls was
even higher than the levels of HA-TAB4 in parallel samples
based on anti-HA immunoblotting (Fig. 24, lanes 4—6 and
7-9). Together these results showed that TAB4 expression
enhanced TAB1-dependent TAK1 phosphorylation and TAK1
activity toward the endogenous substrate IKKf.

TAB4 Significantly Increases Multiple Sites of Phosphoryla-
tion in TAKI and TABI—The reduced mobility of FLAG-
TAK1 and T7-TAB1 in SDS-PAGE was due to phosphorylation
that was induced by TAB4 and reversed by A-phosphatase (Fig.
1B). FLAG-TAKI1 and T7-TABI1 were expressed in HEK293T
cells with and without HA-TAB4, and complexes were immu-
noprecipitated using anti-FLAG M2 beads. Immunoblotting
with anti-FLAG and anti-T7 showed reduced mobility of both
TAKI1 and TABI proteins due to TAB4 co-expression (Fig. 1B;
also see Fig. 34 below). Incubation of immunoprecipitates with
increasing amounts of recombinant A-phosphatase-MBP
fusion protein dephosphorylated both FLAG-TAKI and
T7-TAB1 as evident from their increased mobility (Fig. 1B).
After dephosphorylation by MBP-A-phosphatase the FLAG-
TAKI1 and T7-TAB1 had the same mobility whether they orig-
inated from cells expressing or not expressing TAB4. This dem-
onstrated that the extra reduced mobility of TAK1 and TAB1
during co-expression with TAB4 was due to phosphorylation.
We noted that migration of TAB4 itself in SDS-PAGE was not
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FIGURE 3. TAB4 associates with and directly binds TAK1. A, FLAG-TAK1
and/or T7-TAB1 were expressed with and without HA-TAB4 in HEK293T cells
and immunoprecipitated using anti-FLAG M2 beads. Extracts (lanes 1-6) and
immunoprecipitates (IP) (lanes 7-12) were analyzed by immunoblotting with
anti-HA, anti-T7, and anti-FLAG (top to bottom). B, empty vector, FLAG-TAK1,
FLAG-TAK1 and T7-TAB1, or FLAG-TAK1, T7-TAB1, and HA-TAB4 were
expressed in HEK293T cells. Proteins were immunoprecipitated using anti-
FLAG M2 beads, resolved by SDS-PAGE, and analyzed by immunoblotting
using anti-FLAG (upper panel). A duplicate filter was used in an overlay assay
(far-Western) with 5 wg/ml GST-TAB4 or GST as probes and immunoblotted
with anti-GST for detection.

affected by co-expression with TAK1-TABI or incubation with
MBP-A-phosphatase, suggesting that it was not phosphoryla-
ted. The results demonstrate that TAB4 increased phosphoryl-
ation and kinase activity of TAK1-TABI complexes.
Phosphorylation sites in both TAK1 and TABI induced by
co-expression of TAB4 were mapped by mass spectrometry.
Cells were transfected to express TAK1-TAB1 with and with-
out TAB4, FLAG-TAK1 complexes were immunoprecipitated,
and the tryptic peptides were analyzed by a linear quadrupole ion
trap-Fourier transform mass spectrometer (ThermoScientific)
(Table 1). A total of at least 16 phosphorylation sites were iden-
tified in FLAG-TAK1, including the well known sites at Thr'®%,
Thr'®”, and Ser'®? in the kinase activation loop (Fig. 2). Phos-
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TABLE 1
Phosphopeptide analysis of TAK1 and TAB1 by mass spectrometry

TIP/TAB4 Activates TAK1 and NF-kB

Tryptic peptides from FLAG-TAK1-TABI complexes were analyzed via nanoflow high pressure liquid chromatography coupled on line to a microelectrospray ionization
source on a linear quadrupole ion trap-Fourier transform mass spectrometer (35). triplephos, triply phosphorylated.

Sites Peptides” Sequence”

FLAG-TAK1

Thr'®* or Thr'®” 173-190 ICDFGTACDIQp (THMT)NNK

Thr'®* and Thr'®” ICDFGTACDIQPTHMPTNNK

triplephos (Thr'”® or Thr'®* or Thr'®” or Ser'*?) 173-209 ICDFGppp (TACDIQTHMTNNKGS ) AAWMAPEVFEGSNYSEK

Thr3** 331-347 SDTNMEQVPATNDPTIKR

Ser®”* or Ser®”® 373-386° Gp (SS) VESLPPTSEGK

Thr?%2 GSSVESLPPPTSEGK

Ser®®? 388-398° MpSADMSEIEAR

Ser3%? MSADMpSEIEAR

Thr**? 399-409 IVAPTAGNGQPR

Ser™? and (Thr**® or Thr*?*) and (Ser**” or Ser**®) 410-429 RRpSIQDLTVP (TGT) EPGQVP (SS) R

Ser*!? 412-429 PSIQDLTVTGTEPGQVSSR

Ser*'? and Thr**! 412-429° PSIQDLTVTGPTEPGQVSSR

Ser*'? and Ser**® PSIQDLTVTGTEPGQVSPSR

Thr**° 437-450 MIPTTSGPTSEKPAR

Thr*** or Ser**® MITTSGPp (TS) EKPAR

Thr**® and (Thr*** or Ser**®) MIpPTTSGPD (TS) EKPAR

Thr*¥” 520-539 KQELVAELDQDEKDQQONPTSR
T7-TAB1

Ser” 7-35 PSLLQSEQQPSWTDDLPLCHLSGVGSASNR

Ser'® or Thr'® SLLQSEQQPP (SWT) DDLPLCHLSGVGSASNR

Ser” and Ser'® PSLLQSEQQPPSWTDDLPLCHLSGVGSASNR

Ser” and Thr'® PSLLQSEQQPSWPTDDLPLCHLSGVGSASNR

Thr** 36-55 SYSADGKGPTESHPPEDSWLK

Ser'?° 116-128 SFLEpPSIDDALAEK

Ser?®® or Thr?®? 263-294 p (SKPIIAEPEIHGAQPLDGVT) GFLVLMSEGLYK

Ser** 337-348 IHSDTFAPSGGER

Ser”3 364-386° NFGYPLGEMpSQPTPSPAPAAGGR

Ser®78 NFGYPLGEMSQPTPpSPAPAAGGR

Ser®”® and Ser®”® NFGYPLGEMpSQPTPPSPAPAAGGR

Ser3°° 387-402 VYPVSVPYSPSAQSTSK

Ser®*®, Thr*®, or Ser*°! VYPVSVPYSSAQP (STS) K

Ser®*® and (Ser®®® or Thr*® or Ser*®') VYPVSVPYSPSAQP (STS) K

Ser*®* or Ser*®” 464-477 P (SRPAHS) LPPGEDGR

Ser**? 490-504 LWpSVDHGEQSVVTAP

Ser**? LWSVDHGEQPSVVTAP

“ Peptides with significantly increased phosphorylation (>5-fold) determined by peak area from co-expression of TAB4 are in boldface font.

b Listing of TAK1 and TAB1 phosphopeptides detected in single letter code. Confirmed phosphorylation sites (phosphoserine (pS) or phosphothreonine (pT)) are in boldface
font. “p()” indicates that a phosphorylation site is located within the parentheses but could not be defined further by the observed fragmentation.

¢ Coelution of more than one phosphorylated form of the peptide collectively contributed to the increased abundance.

phorylation of 14 sites in T7-TAB1 were identified. Co-expres-
sion of TAB4 induced a significant increase (>5-fold) in phos-
phorylation of at least four sites in TAK1: 1) residue Thr*** in
peptide residues 331-347; 2) peptide 373-386 with residues
Ser®”*, Ser®”®, and Ser®®?; 3) peptide 388 —398 containing resi-
dues Ser®® and Ser®*?; and 4) peptide 412-429 containing res-
idues Ser*'?, Thr**', and Ser**®. These all mapped to a region
C-terminal to the kinase domain (Fig. 2). Likewise co-expres-
sion of TAB4 significantly increased at least two sites of phospho-
rylation in TAB1: 1) peptide 364 —386 containing phosphorylated
residues Ser*”® and Ser*”® and 2) peptide 464 —477 phosphoryla-
ted at residue Ser*®* or Ser®®. Thus, TAB4 co-expression signifi-
cantly increased phosphorylation of specific sites in both TAK1
and TABI1.

Binding of TAB4 to TAKI Prevented by Phosphorylation of
Linker Region—TAB4 associates with TAK1 by direct binding,
and phosphorylation of the TAK1 linker region interferes with
the interaction (Fig. 3). FLAG-TAK1l co-precipitated
HA-TAB4 when expressed without TABI, showing that
unphosphorylated TAK1 stably associates with TAB4 (Fig. 34,
lane 10). However, FLAG immunoprecipitates of activated
TAK1-TABI complexes did not contain HA-TAB4 (Fig. 3, lane
12). Thus, TAB4 induced phosphorylation of co-expressed
TAK1 and TAB1 but did not remain bound to the complex. We
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propose that TAB4 acts as a “hit-and-run” activator. TAB4
binds to unphosphorylated TAK1 and to TAK1-TAB1 com-
plexes because TAB1 was required for induced phosphoryla-
tion (see Fig. 1, lanes 4 versus lanes 6), but TAB4 did not co-
precipitate with the active, phosphorylated TAK1. This is in
contrast to a “hit-and-hold” mechanism in which TAB1
remains bound to TAK1 after inducing kinase autophosphoryl-
ation. FLAG-TAKTI co-precipitated T7-TAB1 whether or not
HA-TAB4 was co-expressed (Fig. 34, lanes 9 and 12), confirm-
ing a stable association between these proteins that was not lost
upon phosphorylation. We also examined co-precipitation of
the endogenous TAK1 and TAB4 in 293IL-1R1 cells and mouse
dermal fibroblasts. Precipitation of TAK1 from unstimulated
cells did not yield detectable TAB4; however, 5 min after acti-
vation of the cells with IL-1 (5 ng/ml) TAB4 could be detected
by immunoblotting of the immunoprecipitates (see the supple-
mental figure). At 15 min after stimulation TAB4 was no longer
detected in the TAK1 immunoprecipitates. The results support
a transient, IL-1-stimulated association of TAB4 with TAK1.
A protein overlay assay showed direct protein-protein bind-
ing of GST-TAB4 to FLAG-TAKT1 (Fig. 3B). Different phospho-
rylated forms of FLAG-TAK1 were produced by transfecting
HEK293T cells with 1) empty vector as blank control, 2) FLAG-
TAK1 alone, 3) FLAG-TAK1 and T7-TAB1, or4) FLAG-TAKI,
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T7-TAB1, and HA-TAB4. FLAG immunoprecipitates were
resolved by SDS-PAGE and immunoblotted with anti-FLAG to
show the reduced migration due to phosphorylation as well as
the relative loading of the FLAG-TAKI protein in the different
samples (Fig. 3B, upper panel). The proteins on this filter were
probed with purified GST-TAB4 protein or GST protein as
control and stained with anti-GST antibodies to detect bound
probe proteins (Fig. 3B, lower panels). The GST-TAB4 bound
to unphosphorylated FLAG-TAK1 (lane 2) and the slower
migrating phospho-TAK1 (lane 3) formed by co-expression
with TAB1. However, there was no GST-TAB4 binding to the
more highly phosphorylated TAK1 formed by co-expression
with both TAB1 and HA-TAB4 even though this sample (lane
4) had the highest amount of FLAG-TAKI. These results rein-
force the lack of co-immunoprecipitation between the most
highly phosphorylated form of TAK1 and HA-TAB4 (see Fig.
3A, lane 12). GST as a control probe showed no binding to any
forms of FLAG-TAK]1, demonstrating the specificity of GST-
TAB4 binding. These results show that TAB4 binds directly to
TAK]1, supporting its assignment as an authentic TAB, but
TAB4 does not bind to TAK1-TAB1 complexes when TAK1 is
phosphorylated in the linker region.

Deletion and point mutants of HA-TAB4 were co-expressed
with TAK1 to map TAKI binding to a central region of the
TAB4 protein (Fig. 44). FLAG-TAK1 co-precipitated all the
HA-TAB4 proteins (lanes 9 and 11-14) except HA-TAB4-(1-
116) (lane 10). Whole cell extracts were immunoblotted to
show that the expression levels of FLAG-TAKI1 and several
HA-TAB4 proteins were similar (lanes 1-7). The results indi-
cated that the central region of TAB4 consisting of residues
116-156 was necessary for association with TAK1. It is impor-
tant to note that truncation of the C terminus of TAB4 up to
residue 156 did not reduce binding to FLAG-TAK1 (lane 11).
Truncation of TAB4 residues 177-272 reportedly eliminates
binding to phosphatases (28), suggesting that TAB4 requires
separate regions for binding to TAK1 and to PP6.

TAB4 Requires a Phe-Pro Motif to Stimulate TAKI Auto-
phosphorylation and Bind Polyubiquitin—TAB4 induced
phosphorylation of wild type TAK1 protein but not a kinase-
dead mutant, TAK1(K63W), consistent with TAB4 activating
TAK1 autophosphorylation (Fig. 4B). Phosphorylation of wild
type HA-TAK1 was stimulated by TAB1 in 293IL-1R1 cells
based on the reduced migration in SDS-PAGE in comparison
with HA-TAK]1 expressed alone (lane 2 versus lane I). In con-
trast, kinase-dead HA-TAK1(K63W) was not phosphorylated
with or without co-expression of TABI (lanes 5 and 6). Phos-
phorylation of HA-TAK1 was increased by FLAG-TAB4 with
the characteristic extra shift in migration (lane 3 versus lane 2).
However, FLAG-TAB4 did not induce any reduced mobility
due to phosphorylation of HA-TAK1(K63W) co-expressed
with T7-TAB1 (lane 7), showing that the kinase activity of
TAKI1 was required. This makes it unlikely that TAB4 was acti-
vating or recruiting some other kinase that phosphorylated
TAK1. TAB4 has a Phe-Pro (FP) sequence, a motif known to be
important for TAB2/3 function and association with polyubig-
uitin chains (16). Expression of mutated FLAG-TAB4(FP-AA)
did not induce phosphorylation of TAK1 (Fig. 4B, lane 4) even
though the expression levels of mutated and wild type TAB4
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FIGURE 4. TAB4 activation of TAK1-TAB1 is dependent on TAK1 kinase
activity. A, the diagram shows two domains in TAB4: a TAK1 binding domain
(residues 116-156) and a putative ubiquitin binding domain motif (residues
241-272) with residues Phe®** and Pro®*°. FLAG-TAK1 was expressed in
HEK293T cells with empty vector or one of the following deletion or point
mutants of HA-TAB4 (wt, 1-116, 1-156, 1-231, F254A, or FP-AA), and proteins
were immunoprecipitated with anti-FLAG beads. Extracts (lanes 1-7) and
immunoprecipitates (IP) (lanes 8—14) were analyzed by immunoblotting with
anti-HA (top) and anti-FLAG (bottom). B, HA-TAK1(wt) or HA-TAK1(K63W)
were expressed in 293IL-1R1 cells alone or with T7-TAB1 and either FLAG-
TAB4(wt) or FLAG-TAB4(FP-AA) or empty vector. Extracts were immuno-
blotted (top to bottom) with anti-HA, anti-FLAG, and anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as a loading control.

proteins were comparable in these experiments (lanes 3 and 4).
The results show two important points. 1) TAB4 induction of
TAK1 phosphorylation requires TAK1 activity, indicative of
autophosphorylation, and 2) residues Phe?** and Pro®*® in
TAB4 are required to induce this autophosphorylation of
TAKI.

TAB4 residues Phe®>* and Pro®® that are necessary for acti-
vation of TAK1 are involved in binding to polyubiquitinated
proteins (Fig. 5). HA-TAB4 co-precipitated proteins conju-
gated with FLAG-Ub, and the mutant TAB4(FP-AA) precipi-
tated much less of these ubiquitinated proteins compared with
wild type TAB4 (Fig. 5A). Recovery of the different HA-tagged
TAB4 proteins was assayed by anti-HA immunoblotting (Fig.
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FIGURE 5. TAB4 co-precipitation with polyubiquitinated proteins.
FLAG-Ub and empty vector (lane 1) or HA-TAB4(wt) (lane 2), HA-TAB4(F254A)
(lane 3), or HA-TAB4(FP-AA) (lane 4) were expressed in HEK293T cells, and
extracts were immunoprecipitated with anti-HA beads. Inmunoprecipitates
(IP) were analyzed by immunoblotting with anti-FLAG (A) and anti-HA (B).

5B). Normalized to the amount of HA-tagged protein there was
>60% reduction in the amount of polyubiquitinated proteins
bound to HA-TAB4(FP-AA) compared with wild type TABA4.
This control also showed that the FLAG-Ub-conjugated pro-
teins recovered by anti-HA immunoprecipitation in Fig. 54
were bound to TAB4 and not ubiquitinated forms of the HA-
TAB4 protein itself that would have appeared in the upper part
of the anti-HA immunoblot in Fig. 5B. These results show that
TAB4 has a polyubiquitin binding activity that requires Phe>**
and Pro**®, the same residues required for activation of TAK1
autophosphorylation.

TAB4 Effects on TAK1 in Vitro Phosphorylation of IKK and
MKK6—Kinase assays of FLAG-TAK1 immune complexes
used [*?P]ATP plus either recombinant His,-MKK6 or GST-
IKKB as substrates (Fig. 6). Following reaction the proteins
were resolved by SDS-PAGE and stained with Coomassie (Fig.
6A), and substrates were excised from the gel and quantitated
for **P incorporation by scintillation counting (Fig. 6B). FLAG-
TAKI1 alone exhibited little kinase activity with either His,-
MKK®6 or GST-IKKP (columns 1 and 6), whereas FLAG-TAK1
co-expressed with T7-TAB1 showed about the same level of
activity with both protein substrates (columns 2 and 7) consist-
ent with TAB1 induced autophosphorylation and activation of
TAKI1. Expression of HA-TAB4 with FLAG-TAK1 plus
T7-TAB1 further increased kinase-specific activity 3-fold
toward both substrates (column 3 versus column 2 and column
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FIGURE 6. In vitro TAK1 kinase assay with recombinant MKK6 and IKK3
as substrates. A, FLAG-TAK1 and T7-TAB1 plus either HA-TAB4(wt),
HA-TAB4(F254A), or HA-TAB4(FP-AA) were expressed in HEK293T cells as
indicated. TAK1 complexes were immunoprecipitated using anti-FLAG M2
beads for in vitro kinase assays with [*?P]ATP. Following reaction proteins
were resolved by SDS-PAGE and stained with Coomassie Blue. Lanes 1-5 are
assays using recombinant Hiss-MKK6, and lanes 610 are assays using recom-
binant GST-IKKB as substrate. B, substrates were excised from the gel, and
radioactivity was determined by scintillation counting and corrected by sub-
tracting cpm in blank samples of substrate without added TAK1.

8 versus column 7). Expression of either HA-TAB4(F254A) or
HA-TAB4(FP-AA) increased TAK1 kinase activity toward
His,-MKK6 more than expression of wild type TAB4 (columns
4 and 5). However, either mutated form of TAB4 did not
increase but blocked TAK1 activity with GST-IKKf as sub-
strate (columns 9 and 10). Thus, wild type TAB4 activated
TAKT1 kinase in vitro using either of two different substrates.
However, TAB4 mutated in the FP motif inhibited TAK1 in
vitro phosphorylation of IKKS but not MKK6.

TAB4 Regulates TAKI Activation of NF-kB via IKK in Living
Cells—T AB4 mutated in the FP motif also interfered with IKK-
dependent NF-«B activation in response to IL-13 in living cells
(Fig. 7A). IL-1B activated an NF-«B-dependent luciferase
reporter >5-fold in control cells, and this response was inhib-
ited completely by pretreatment with 100 um curcumin (used
to inhibit IKK) but was unaffected by 20 um SB203580 (a p38
MAPK inhibitor), showing that the response primarily involved
signaling by IKK rather than p38 MAPK (Fig. 7A, left panel).
Basal NF-«B activity was increased 6-fold in cells overexpress-
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FIGURE 7. A, HEK293T cells were transfected with luciferase reporter plasmid
containing an NF-«B promoter, Renilla reporter plasmid, and either
HA-TAB4(wt) or HA-TAB4(FP-AA) or empty vector; grown in serum-free con-
ditions; and pretreated with kinase inhibitors curcumin (100 um) or SB203580
(20 pm) prior to stimulation with IL-13 (10 ng/ml) for 6 h. Cell extracts were
prepared and assayed for luciferase and Renilla activity using firefly reagent
(Promega) and coelenterazine as substrates, respectively. Cells containing
empty vector (light gray bars, left), HA-TAB4(wt) (black bars, center), or
HA-TAB4(FP-AA) (white bars, right) were analyzed for luciferase/Renilla activ-
ity. Values are luciferase units normalized to Renilla and plotted as mean *+
S.D. (n = 3).B,HEK293T cells were transfected with luciferase reporter plasmid
containing an NF-kB-dependent promoter, Renilla reporter plasmid, and
HA-TAB4(wt) or empty vector and HA-TAK1(wt) or HA-TAK1(K63W). Extracts
were prepared and assayed as described above. The histogram shows NF-«B
luciferase units normalized against Renilla units (mean = S.D., n = 3).

ing wild type HA-TAB4 compared with control; this response
was equivalent to the response of the cells to IL-18. Addition of
IL-1p elicited little further increase in NF-«B activity, suggest-
ing that TAB4 expression had fully activated the pathway (Fig.
74, center panel). The NF-«B activation by TAB4 in these cells
was inhibited by curcumin but not by SB203580, showing that
the response primarily involved IKK signaling. Expression of
the TAB4(FP-AA) mutant modestly increased basal NF-«B
activity and dramatically blunted activation by IL-18 (Fig. 74,
right panel). This activity was inhibited by curcumin but not by
SB203580. The expression levels of HA-TAB4(wt) and
TAB4(FP-AA) proteins were similar in all these experiments
(not shown). As an additional control we observed equivalent
expression of luciferase from an AP-1-dependent promoter in
cells expressing wild type TAB4 or the TAB4(FP-AA) mutant
(data not shown). We concluded that in living cells TAB4 over-
expression activated TAK1 reaction with IKK to increase
NE-kB activity, whereas the FP-mutated form of TAB4 inter-
fered with TAK1 reaction with IKK, thereby preventing stimu-
lation of NF-kB in response to IL-1f3. Furthermore we demon-
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strated that TAB4 activation of NF-«kB required TAK1 kinase
activity (Fig. 7B). Co-expression of FLAG-TAB4 with wild type
HA-TAK]1 activated NF-«B 5-fold compared with FLAG-TAB4
plus kinase-dead HA-TAK1(K63W). Single expression of HA-
TAK1 wild type or K63W did not activate NF-«B in this assay.
Together the results indicate that TAB4 promotes TAK1 phos-
phorylation of IKK in the NF-«B pathway.

DISCUSSION

Inflammatory cytokines, chemokines, and Toll-like receptor
agonists such as lipopolysaccharide activate TAK1 downstream
of receptors by promoting the binding of TABs that stimulate
TAK1 autophosphorylation (11, 12, 14). TAB1 is the primary
TAKI1 activator; it also is a substrate for TAK1 (11, 12, 14). TAB2
and TAB3 are unrelated in sequence to TAB1 and bind to a differ-
ent region of TAK1 near the C terminus. Activation of TAK1 by
TAB2/3 requires their interaction with polyubiquitin chains (15—
19). The exact mechanisms for TAK1 action are not understood,
but polyubiquitin is though to act as a scaffold to assemble differ-
ent kinase complexes, potentially conferring specificity for
upstream activators as well as downstream substrates. Here we
show another protein that qualifies as a new TAB because 1) it
co-precipitates with and binds directly to TAKI; 2) it stimulates
TAK1 autophosphorylation at multiple sites outside the kinase
domain, enhancing phosphorylation above the levels induced by
TAB1I; and 3) like TAB2/3 it has an FP sequence motif that is
required for association with polyubiquitinated proteins, activa-
tion of TAK1, and activation of IKK and NF-«B in living cells.

Multiple protein phosphatases regulate TAK1 activity, but the
interplay among them is still not understood (20-22). Different
individual PP2C isoforms associate with TAK1 and inactivate the
kinase by dephosphorylation of residues in the activation loop
(20-22). Okadaic acid, which does not inhibit PP2C phosphatases,
greatly enhances phosphorylation and activation of TAKI in
response to stimulation (21), implicating the PPP family protein-
Ser/Thr phosphatases in the control of TAKI. This led to our dis-
covery that PP6 associates with TAK1 and dephosphorylates
Thr'®” in the activation loop (21). We suspected that PP6 was
targeted to TAK1 by a regulatory subunit; however, we have not
detected any of the SAPS-related subunits (30) associated with
immunoprecipitated TAK1.? Alternatively other regulatory sub-
units bind PP6 and other type 2A phosphatases. Yeast Tip41 has
been implicated in TOR regulation of type 2A phosphatases, and
the mammalian orthologue of yeast Tip41, called TIP, is a smaller
protein of 32 kDa. Both the yeast and mammalian TIP proteins
directly bind to type 2A protein phosphatases, including PP6 (27,
28). We carried out yeast two-hybrid assays and found relatively
specific binding of TIP to PP6 compared with PP2A and found that
the interaction involved the C-terminal region of PP6 not other-
wise known for regulatory subunit association. Furthermore we
produced a specific antibody and co-immunoprecipitated the
endogenous TIP (TAB4) protein with endogenous PP6 from cell
extracts. Results from another group showed that TIP inhibits
PP2A phosphatase activity in vitro and enhances phosphorylation
of an ataxia telangiectasia mutated kinase substrate (28).

3T.D. Prickett, J. Ninomiya-Tsuji, P. Broglie, and D. L. Brautigan, unpublished
results.
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Association of TIP with PP6 suggested to us a possible role in
targeting PP6 to TAK1; however, in testing this idea we found that
the protein activates TAK1 by physical association and increases
phosphorylation of both TAK1 and TAB1 at multiple novel sites.
Therefore we refer to TIP as TAB4. Phosphopeptide analysis by
mass spectrometry confirmed that co-expression significantly
increased (>5-fold) phosphorylation of four sites in TAK1 and
two sites in TAB1 over and above levels of phosphorylation
achieved with TAK1-TABI co-expression. The sites in TAK1 are
in a linker region, C-terminal to the TAK1 kinase domain, and
N-terminal to the domain that binds TAB2/3. Increased phospho-
rylation of these sites in TAK1 had differential effects on TABs;
binding to TAB1 appeared to be unaffected in terms of co-precip-
itation, but binding of TAB4 to TAK1 was eliminated. This was
seen both by co-precipitation from cell extracts and, more strin-
gently, in an overlay assay of direct TAK1-TAB4 protein-protein
interaction. Therefore, TAB4 binds to TAK1 to activate the kinase
involving phosphorylation, but then TAB4 is released from the
phosphorylated TAK1. We nicknamed this as a hit-and-run acti-
vation distinct from TAB1 action that involves persistent binding
to activated TAKI. In assays with unstimulated 293IL-1R1 cells or
mouse dermal fibroblasts we did not see co-precipitation of
endogenous TAB4 with endogenous TAKI; however, at 5 min
following IL-1 stimulation there was co-precipitation, which was
no longer evident at 15 min after IL-13 stimulation, supporting
our proposed mechanism (see the supplemental figure). Appar-
ently the four sites of phosphorylation in the TAK1 linker region,
residues 330 —430, drastically reduce affinity for TAB4. We spec-
ulate that this is the region of TAK1 that binds TAB4 or at least
regulates TAB4 binding.

We propose that TAB4 functions similarly to the TAB2/3
proteins to mediateactivation of TAK1 througha polyubiquitin-
dependent mechanism. The receptor-activated TRAFF pro-
teins are polyubiquitinated, and these chains are thought to act
as scaffolds to assemble multiprotein complexes for signaling.
The TAB2/3 proteins depend on a Phe-Pro motif for polyubig-
uitin binding in activation of TAK1 (16). Likewise we found that
residues Phe>** and Pro>*® near the C terminus of TAB4 were
required for stimulation of TAK1 phosphorylation and activa-
tion. We imagine the TABs act as adaptors to mediate TAK1
recruitment to polyubiquitin scaffolds. Mutation of the FP res-
idues in TAB4 reduced co-precipitation of ubiquitinated pro-
teins by more than half without affecting binding to PP6 (not
shown). We speculate that polyubiquitin and PP6 are probably
mutually exclusive TAB4 binding partners. Mutation of the FP
motif disabled TAB4 stimulation of TAK1 phosphorylation of
endogenous IKKS in transfected cells and eliminated specific
phosphorylation of IKK3 by TAK1-TAB1 immune complexes
in an in vitro assay. Thus, without binding polyubiquitin TAB4
cannot stimulate activation of TAK1. Moreover the FP mutant
TAB4 acted as a dominant negative interfering protein and
blocked IL-1 stimulation of NF-«B via IKK. Thus, Phe*** and
Pro**® are required for TAB4 to direct substrate specificity of
TAKI1 to IKKB. We propose that TAB4 binds to TAK1 and to
polyubiquitin chains to assemble complexes where TAK1
becomes phosphorylated in the linker sites. Without polyubiq-
uitin association we speculate that TAB4 binds and holds TAK1
withoutan increase in phosphorylation of the linker sites, form-
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ing a complex that has reduced activity with IKK. The phos-
phosites in the TAK1 linker region induced by TAB4 cause
release of the TAB4, might also mediate specificity for IKK, and
enhance binding of IKK to TAKI, a hypothesis that can be
tested in future experiments.

Expression of NF-«B and NF-«B-dependent genes occurs in
inflammatory disease and cancer, and pharmaceutical inter-
vention may be therapeutic. Mutational activation of the p52/
pl100 gene NFKB2 is prevalent in certain T-cell lymphomas,
myelomas, and B-cell lymphomas (31-33). Amplification of the
c-Rel gene, another subunit in the NF-«B family, has been
detected in some B-cell lymphomas (31-33). Dysregulation of
IkB is evident in some cases of Hodgkin lymphoma (31-33).
Genes dependent on NF-«B activity such as c-myc, cyclin D1,
MMP2, vascular endothelial growth factor, tumor necrosis fac-
tor «, IL-1, and cellular inhibitor of apoptosis proteins are
involved in human cancers (31-33). Inhibition of NF-«B in
tumor cell lines using a “super-repressor” form of I«kB that is
degradation-resistant leads to increased apoptotic cell death
(31-33). We propose that TAB4 promotes NF-kB activity via
IKK, and this may be critical for cell survival because depletion
of TAB4 by small interfering RNA in HeLa or HEK293 cells
produced extensive cell death within 48 h (not shown). Side by
side this was a more drastic response than RNA interference
knock-down of a-4, a dominant antiapoptotic factor in cells
(29, 34). The FP-mutated version of TAB4 potently interferes
with signaling from TAKI1 to IKK and effectively blocked
NE-kB activation by IL-18. TAB4 offers a potential target for
chemical modulation of NF-«B for therapeutic benefit.
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