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TAKI (transforming growth factor (TGF)-B-activated kinase
1) is a serine/threonine kinase that is rapidly activated by
TGF-B1 and plays a vital function in its signal transduction.
Once TAKI is activated, efficient down-regulation of TAK1
activity is important to prevent excessive TGF-f31 responses.
The regulatory mechanism of TAKI1 inactivation following
TGEF-1 stimulation has not been elucidated. Here we demon-
strate that protein phosphatase 2A (PP2A) plays a pivotal role as
a negative regulator of TAK1 activation in response to TGF-f1
in mesangial cells. Treatment with okadaic acid (OA) induces
autophosphorylation of Thr-187 in the activation loop of TAK1.
Invitro dephosphorylation assay suggests that Thr-187 in TAK1
is a major dephosphorylation target of PP2A. TGF-f1 stimula-
tion rapidly activates TAKI in a biphasic manner, indicating
that TGF-B1-induced TAKI1 activation is tightly regulated. The
association of PP2A with TAKI1 is enhanced in response to
TGF-B1 stimulation and closely parallels TGF-B1-induced
TAKI activity. Attenuation of PP2A activity by OA treatment
or targeted knockdown of PP2A - with small interfering RNA
enhances TGF-B1-induced phosphorylation of TAK1 at Thr-
187 and MKK3 (MAPK kinase 3). Endogenous TAK1 co-pre-
cipitates with PP2A. but not PP6, another OA-sensitive
protein phosphatase, and knockdown of PP6 by small inter-
fering RNA does not affect TGF-B1-induced phosphorylation
of TAK1 at Thr-187 and MKK3. Moreover, ectopic expres-
sion of phosphatase-deficient PP2A enhances TAK1-medi-
ated MKK3 phosphorylation by TGF-B1 stimulation,
whereas the expression of wild-type PP2A suppresses the
MKK3 phosphorylation. Taken together, our data indicate
that PP2A functions as a negative regulator in TGF-B1-in-
duced TAKI activation.
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The transforming growth factor (TGF)’-8 superfamily regu-
lates a plethora of biological processes, such as cellular differ-
entiation, proliferation, apoptosis, and wound healing (1, 2).
Among TGF- family members, TGF-1, the prototype of the
TGEF-B family, is well established as a potent inducer of extra-
cellular matrix synthesis and regarded as a key mediator in the
pathogenesis of tissue fibrosis, including renal fibrosis (3, 4).
During the past decade, important advances in our understand-
ing of TGF-Bl-induced signaling have been made, and the
Smad signaling pathway is well documented as a canonical
pathway induced by TGF-B1 (5, 6). However, a recently emerg-
ing body of evidence has demonstrated that TGF-B1 also
induces various Smad-independent signaling pathways (7, 8) by
which Rho small GTP-binding proteins (9, 10), Ras (11), phos-
phatidylinositol 3-kinase (12, 13), and TAK1 (T GF-B-activated
kinase 1) (14, 15) can be activated. These Smad-independent
signaling pathways subsequently trigger the activation of extra-
cellular signal-regulated kinase 1/2 (16, 17), c-Jun N-terminal
kinase (JNK) (18, 19), and p38 mitogen-activated protein
kinases (MAPKs) (20-22).

TAK]1, initially identified as a kinase activated by TGF-$ and
BMP family members, consists of ~600 amino acids (14, 15).
The N-terminal half, containing about 300 amino acids, bears
the kinase domain and shares ~30% identity with the catalytic
domain of other mitogen-activated kinase kinase kinases
(MKKKs) (e.g. Raf-1 and MEKK-1). TAK1 also mediates dis-
tinct signaling pathways induced by various stimuli, including
environmental stress (23), inflammatory cytokines (24, 25), and
lipopolysaccharide (26) as well as TGF-B1 (14). These observa-
tions suggest that TAK1 might be the point of convergence in
various signaling pathways activated by a variety of stimuli. For
its activation, phosphorylation of a threonine residue (Thr-187)
and serine residue (Ser-192) in the activation loop of TAK1
protein is required (27-29). In addition, it has been shown that
Ser-412 of TAK1 can be phosphorylated in a protein kinase
A-dependent manner in RAW264.7 cells (30). Unlike other
mitogen-activated kinase kinase kinases (MKKKs), however,
TAK1 also requires a specific binding partner known as TAB1

3 The abbreviations used are: TGF, transforming growth factor; JNK, c-Jun
N-terminal kinase; MAPK, mitogen-activated protein kinase; OA, okadaic
acid; MMC, primary mouse mesangial cells; IL, interleukin; p'®’-TAK1,
phospho-Thr-187-TAK1; p*'2-TAK1, phospho-Ser-412-TAK1; p-MKK3,
phospho-MKK3; FBS, fetal bovine serum; HA, hemagglutinin; siRNA,
small interfering RNA.
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(TAK1-binding protein 1) for its autophosphorylation, and coex-
pression of TAK1 and TABI strongly induces TAK1 activation
through autophosphorylation (27-29). Besides TAB1, TAB2 and
TAB3 interact with the C-terminal region of TAK1 and serve as
adaptor molecules linking TAK1 to TNF-« receptor-associated
factor 2 and 6 in TNF-« and IL-1 signaling pathways, respectively
(31-35). However, it is not yet known whether TAB2 and TAB3
are required for TGF-B1-induced TAK1 activation. Once TAK1 is
activated, it has the capability to trigger the activation of several
downstream cell signaling cascades, including the MKK4/7
(MAPK kinase kinase 4/7)-JNK cascade, MKK3/6-p38 MAPK cas-
cade, and nuclear factor-«B (NF-kB)-inducing kinase-IkB kinase
cascade, which regulates NF-«B activation (24—26) in a cell type-
specific and context-dependent manner.

TAKI has been shown to mediate TGF-B-induced expres-
sion of type I and IV collagens and fibronectin in SV40 trans-
formed mouse mesangial cells (36). We have previously
reported that TGF-Bl-induced activation of downstream
MKK3-p38 MAPK cascade leads to type I collagen expression
(22) and that TAK1 is a major upstream signaling molecule
mediating TGF-B1-induced MKK3 activation in primary
mouse mesangial cells (MMC) (37). In NIH3T3 fibroblasts,
TGF-B-induced fibronectin expression is mediated by TAK1
through MKK4-JNK signaling cascade (38). Furthermore,
increased expression and activation of TAK1 enhance p38
phosphorylation as well as interstitial fibrosis in myocardium
from 9-day-old TAK1 transgenic mice (39), indicating that
TAK]1 plays a crucial role in tissue fibrosis and elaboration of
extracellular matrix iz vivo and in vitro. Additional functions of
TAK1 in the TGF-B signaling pathway have also been
described. For instance, TAK1 is implicated in TGF-B1-in-
duced cell cycle regulation through the regulation of the
expression of cyclin D1 and cyclin A in LLC-PK1 cells (40).
TAK]1 can also regulate TGF-$-induced activation of Smad sig-
naling. The TAK1-p38 MAPK cascade induces Smad7 expres-
sion by regulation of the transcription factor ER81, a member of
the ETS family (41). Furthermore, TAK1 directly interacts with
the Mad homolog domain 2 of Smad family proteins, and the
interaction of TAK1 with R-Smad results in interference with
the nuclear localization and transactivation of R-smad in
murine mesenchymal progenitors (42). Thus, TAK1 may func-
tion as an important regulator of the TGF-B-induced Smad-de-
pendent and Smad-independent signaling pathway as well as an
activator of JNK and p38 MAPK. However, the regulatory
mechanism of TAKI activation by TGF-1 and its rapid inac-
tivation remains incompletely understood.

In general, cyclic phosphorylation and dephosphorylation of
kinases represent the major mechanism responsible for control
of intracellular signaling cascades. TAK1 requires phosphoryl-
ation at Ser and Thr residues for its activation and is rapidly
down-regulated. In this context, Ser/Thr protein phosphatases
may play a crucial role in inactivation of TAKI. In mammalian
cells, four major groups of Ser/Thr protein phosphatases (PP1,
PP2A, PP2B, and PP2C) exist. Two isoforms of PP2C (PP2CS1
and PP2Ce) have been shown to be capable of binding with and
dephosphorylating TAK1 in 293 cells under nonstimulated
conditions (43, 44). More recently, it has been shown that a new
Ser/Thr protein phosphatase family member, PP6, also inter-
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acts with and negatively regulates IL-1-induced TAK1 in 293
cells (45). In the present study, we sought to examine the role of
another Ser/Thr protein phosphatase family member, PP2A, in
TAKI1 activation by TGF-B1. We reasoned that PP2A is a likely
candidate, since it can associate with type I TGF- B receptor and
Raf-1 whose kinase domain shares about 30% identity with
TAKI is consistently associated with PP2A (46, 47).

PP2A is an abundant and ubiquitous enzyme with pleiotropic
functions (48). The predominant form of PP2A in cells contains
a heterotrimeric subunit structure, consisting of a 36-kDa cat-
alytic C subunit (PP2A.), a 65-kDa structural A subunit
(PP2A ), and one of a variety of structurally distinct regulatory
B subunits (PP2Ay). In addition to the heterotrimeric form of
PP2A, a core dimeric form of PP2A consisting of A and C sub-
units also exists in cells. The different B subunits are believed to
change substrate specificity and subcellular localization of
PP2A (49, 50). PP2A . undergoes at least three different post-
translational modifications: phosphorylation of Tyr-307,
carboxymethylation of Leu-309, and phosphorylation of unidenti-
fied threonine residues. By either mutation at Tyr-307 or Leu-309,
PP2A , - core dimer loses the ability to interact with a regulatory B
subunit (51, 52). Phosphorylation of Tyr-307 reduces its phospha-
tase activity (52, 53, 54), whereas the carboxymethylation at Leu-
309 does not cause a large change in phosphatase activity (55).
PP2A;, specifically interacts with activated TBRI through the
WD-40 repeat domain and is phosphorylated by TGF-£ stimula-
tion (46). In addition, PP2A associates with and dephosphorylates
p70S6 kinase in response to TGF-B stimulation, which in turn
induces G, arrest of polarized EpH4 mammary epithelial cells (56).
Here, we demonstrate that PP2A associates with TAK1 and TAB1
and functions as a negative regulator in TGF-B1-induced TAK1
activation in mouse mesangial cells.

MATERIALS AND METHODS

Reagents—Recombinant human TGF-S1 was obtained from
R & D Systems (Minneapolis, MN). Antibodies against HA
(Y-11), TAK1, PP2A, and horseradish peroxidase-conjugated
secondary antibodies were purchased from Santa Cruz Bio-
technology, Inc. (Santa Cruz, CA). Polyclonal antibodies
against MKK3, p-MKK3/6, phospho-Thr-187-TAK1 (p'®-
TAK1), or phospho-Ser-412-TAK1 (p*'>-TAK1) were obtained
from Cell Signaling Technologies (Beverly, MA). Anti-FLAG
(M2), and anti-Myc (9E10) antibodies were from Sigma. Rabbit
anti-PP6. antibody was obtained form Exalpha Biological Inc.
(Watertown, MA). Anti-V5 antibody and Lipofectamine
Plus™ reagent were purchased from Invitrogen. Okadaic acid
(OA) was obtained from Calbiochem.

Cell Cultures and Transfection—Glomerular mesangial cells
from male C57BL/6 mice were isolated and characterized as
previously described (22). Primary MMC established in culture
were maintained in RPMI 1640 medium supplemented with
15% EBS, 100 units/ml penicillin, and 100 pg/ml streptomycin.
Transfection of expression vectors was performed using Lipo-
fectamine Plus™ reagent according to the manufacturer’s
instruction. In brief, cells grown to ~60% confluence on either
a 100- or 60-mm dish were washed with phosphate-buffered
saline and transfected with 1 ug (for a 100-mm dish) or 0.3 ug
(for a 60-mm dish) of plasmid for 4 h under serum-free condi-
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tions. Total amount of DNA was adjusted with empty vector,
pcDNA3.1. Following transfection, cells were washed with
phosphate-buffered saline and incubated in medium supple-
mented with 15% FBS for 18 h prior to each experiment.

Expression Constructs—Mammalian expression constructs
for wild-type TAK1 (HA-TAK]1), kinase-deficient mutant of
TAK1 (HA-TAKIDN, a K63W mutant of TAK1), FLAG-
TAB1, Myc-TAB1, and bacterial expression vector for His-
MKK6 (pQE-31-MKK6) were kindly provided by K. Mat-
sumoto (Nagoya University) (24). First strand cDNA of mouse
MKKS3b was synthesized by Moloney murine leukemia virus
reverse transcriptase with oligonucleotide d T, according to
the manufacturer’s instructions and then amplified by PCR
using a mouse MKK3b-specific PCR primer set (forward
primer, 5'-GGGGTCCTGGGATCTGAATCCTCTCC-3';
reverse primer, 5'-GTCCATGGCTTTGGATCCGTCCCCA-
AGTAT-3') synthesized according to the sequence from Gen-
Bank™ (accession number NM_008928). PCR products were
then ligated with pcDNA3.1/TOPO cloning vector (Invitro-
gen). Correct clones were confirmed by DNA sequencing of the
inserted MKK3b cDNA and its surrounding region and named
pcDNA-V5-MKK3. Expression vectors for FLAG-tagged
wild-type TAK1 (FLAG-TAK1) and C-terminal deleted
TAK1 (FLAG-TAKIAC) harboring the N-terminal 300
amino acids of TAK1 were kindly provided by G. Gross (42).
HA-tagged wild type PP2A. (HA-PP2A_) and its mutant
variants, (HA-PP2A. (H118N), HA-PP2A. (Y307F), and
HA-PP2A (L309Q)) were gifts from D. L. Brautigan (Uni-
versity of Virginia) (52, 57). The His-118 mutant (H118N) is
a phosphatase-deficient mutant of PP2A ., whereas the Tyr-
307 mutant (Y307F) and Leu-309 mutant (L309Q) are the
phosphorylation site mutant and methylation site mutant of
PP2A, respectively.

Small Interfering RNAs (siRNAs)—siGENOME SMARTpool
targeted against mouse PP2A (L-040657), PP6. (L-062583),
and siCONTROL nontargeting pool (D-001206-13) were pur-
chased from Dharmacon Inc. Transfection of siRNA using
DharmaFECT"™ reagent was carried out according to the man-
ufacturer’s instructions. Briefly, cells were grown to 50% con-
fluence on a 60-mm dish in 3 ml of medium supplemented with
15% FBS. Two hundred microliters of siRNA transfection solu-
tion containing respective siRNA and 4 ul of DhamarFECT™
in serum-free medium were added to the cell culture, resulting
in 100 nm siRNA for each transfection. Following transfection,
cells were incubated in medium containing 15% FBS for 24 h
and then rendered quiescent in medium supplemented with
0.5% EBS for 16 h prior to each experiment.

Immunoprecipitation and Western Blot Analysis—Cells were
washed once with ice-cold phosphate-buffered saline and lysed
in buffer containing 1% Nonidet P-40, 20 mm Tris (pH 8.0), 150
mMm NaCl, 12.5 mm B-glycerophosphate, 1.5 mm MgCl,, 2 mm
EGTA, 1 mMm NaF, 2 mMm dithiothreitol, 1 mMm sodium
orthovanadate (Na;VO,), 1 mm phenylmethylsulfonyl fluoride,
and 20 uM aprotinin. Cell lysates were passed through 21-gauge
needles several times and then centrifuged for 15 min at
14,000 X g at 4 °C to remove cellular debris. The protein con-
centration was determined by BCA protein assay reagent kit
(Pierce). For Western blotting, protein samples (100 ug) were
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subjected to 10% SDS-PAGE and then transferred to polyvinyli-
dene difluoride membranes. The membranes were blocked
with 5% nonfat milk for 1 h and then incubated with primary
antibodies overnight on a rocker at 4 °C. The membranes were
washed three times (15 min/each) with TTBS buffer (10 mm
Tris, pH 7.5, 50 mm NaCl, and 0.1% Tween 20) and then incu-
bated with horseradish peroxidase-conjugated secondary anti-
bodies for 30 min at room temperature. The target proteins
were detected with LumiGLO (Cell Signaling Technologies). In
the case of immunoprecipitation experiments, 200 -500 ug of
cell lysates were reacted with 1-2 ug of primary antibodies for
30 min at 4 °C, followed by precipitation with 20 ul of protein
A/G-Sepharose for 2 h (for proteins expressed by transiently
transfected cDNA) or overnight (for endogenous proteins) at
4 °C. The immunoprecipitates were then washed three times
with the lysis buffer and subjected to Western blotting. Endog-
enous expression levels of phosphorylated Thr-187 in TAK1
activation loop (p'®’-TAK1) and phosphorylated MKK3
(p-MKK3) were quantitated using Image J software (Research
Services Branch, National Institutes of Health). Statistical sig-
nificance of the experimental data from three independent
experiments was determined by Student’s ¢ test for paired data.
p values of <0.05 were considered significant. Data are pre-
sented as mean * S.E. of triplicate experiments.

In Vitro Dephosphorylation Assay—Phosphorylated TAK1
was obtained by coexpression of HA-TAK1 and FLAG-TAB1
in MMC followed by immunoprecipitation of TAK1 with
anti-HA antibodies. An appropriate amount of phosphorylated
TAKI1 was incubated with varying amounts of purified PP2A (A
and C complex) in the reaction buffer (20 mm Hepes, pH 7.2, 1
mM dithiothreitol, 1 mm MgCl,, 0.1 mg/ml bovine serum albu-
min, and 1 mm EDTA) for 20 min at 30 °C. Following the reac-
tion, TAK1 dephosphorylation target sites of PP2A were
evaluated by Western blotting with anti-p'®’-TAK1 and anti-
p*'?>-TAKI1 antibodies.

Immune Complex Kinase Assay—At the indicated time
points following TGEF- 1 treatment, endogenous TAKI protein
was immunoprecipitated with anti-TAK1 antibody. Immuno-
precipitates were washed with kinase buffer (20 mm Tris-HCl,
pH 7.4, 1 mm dithiothreitol, 5 mm MgCl,) and resuspended in
the same kinase buffer containing 1 ug of the specific substrate
His-MKK6. The kinase reaction was initiated by the addition 5
wCi of [y->?P]ATP (3000 Ci/mmol). After 2 min of incubation
at 25 °C, the reactions were terminated by the addition of SDS
sample buffer and boiled for 5 min. Samples were fractionated
by 10% SDS-PAGE and visualized by autoradiography.

RESULTS

OA-sensitive Ser/Thr Protein Phosphatase(s) Negatively Reg-
ulates TAK1 Phosphorylation—TAK1 activation is induced by
autophosphorylation and is rapidly inactivated. We hypothe-
sized that a Ser/Thr protein phosphatase family member,
PP2A, plays a crucial role in regulating TAK1 activation by
TGEF-B1 through dephosphorylation of TAK1. We initially
examined the effects of OA, a specific inhibitor of PP2A, on
endogenous TAK1 phosphorylation. OA treatment with levels
up to 1 umin various cell cultures has been shown to specifically
inhibit PP2A without significantly affecting PP1 activity (58 —

JOURNAL OF BIOLOGICAL CHEMISTRY 10755



Inhibition of TGF-B1-induced TAK1 Activation by PP2A

A) OA@M) 0 0.1 025 05 1.0
TAKT [ e e S S S
B) HA-TAKI + + + + + + +
FlagTABl - + + + + + +
OA(@uM) - 0.0 0.1 02505 1.0 1.0
h PPase - . ow wr me w i
HA-TAKT [| - o - - -
faetanl |

C) HATAKI wt wt wt wt wt

DN DN

FlagTABI + + + . . + +
OAM) 0 05 05 0 05 0 05
APPase .- - 4+ - - -
HA-TAK [| en— e, i o

Flag-TABI

FIGURE 1. Inhibition of Ser/Thr protein phosphatases by OA induces
TAK?1 phosphorylation. A, OA treatment increases mobility shift in endoge-
nous TAK1. MMC grown to subconfluence were treated with increasing con-
centrations of OA for 6 h as indicated. Cell lysates were subjected to Western
blot analysis with anti-TAK1 antibody. B, OA treatment enhances TAK1 phos-
phorylation induced by coexpression of TAK1 and TAB1. MMC transfected
with expression vector encoding HA-TAK1 alone or together with FLAG-TAB1
were treated with increasing concentrations of OA for 6 h, as indicated.
Expression of HA-TAK1 and FLAG-TAB1 was determined by Western blot anal-
ysis with anti-HA and anti-FLAG antibodies, respectively. Four hundred units
of A protein phosphatase (A PPase) were added to cell lysates and incubated
for 30 min at 30°C to dephosphorylate TAK1. C, TAK1 kinase activity is
required for its phosphorylation. Wild-type HA-TAK1 (wt) or kinase-deficient
mutant of HA-TAK1 (DN) was coexpressed with FLAG-TAB1 in MMC, as indi-
cated, and treated with 0.5 um OA for 6 h. Western blot analysis and treatment
with A PPase were performed as described in B.

60). MMC were treated with different concentrations of OA for
6 h, and mobility of TAKI proteins obtained from cell lysates
was examined on SDS-PAGE. As shown in Fig. 14, OA treat-
ment significantly reduced the migration of endogenous TAK1
in a dose-dependent manner. To confirm that the slower
migration of TAK1 was due to its autophosphorylation, either
wild-type TAK1 (HA-TAK1) or kinase-deficient mutant of
TAK1 (HA-TAK1DN) was coexpressed with FLAG-TAB1 and
subsequently treated with OA for 6 h. Coexpression of TAK1
and TAB1 induces TAK1 autophosphorylation and slower
TAK1 migration on SDS-PAGE (Fig. 1B, top), as shown in pre-
vious reports (28, 29). OA treatment enhanced the retardation
of TAK1 migration, consistent with our results of endogenous
TAKI1 in Fig. 1A. Conversely, treatment of cell lysates with A
protein phosphatase completely abolished the retardation of
TAKI1 migration induced by OA treatment and by coexpression
of TAK1 with TABI, indicating that the OA-induced slower
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FIGURE 2. OA-induced TAK1 phosphorylation mediates MKK3 phospho-
rylation. A, OA treatment increases endogenous MKK3 phosphorylation. MMC
grown to subconfluence were treated with increasing concentrations of OA for
6 h as indicated. Cell lysates were subjected to Western blot analysis with anti-
TAK1, anti-p-MKK3/6, and anti-MKK3 antibodies, respectively. B, OA-induced
MKK3 phosphorylation is dependent on TAK1 activation. Wild-type HA-TAK1 (wt)
or kinase-deficient mutant of HA-TAK1 (DN) was coexpressed with FLAG-TAB1
and V5-MKK3 in MMC and treated with increasing concentrations of OA for 6 h.
Cell lysates were subjected to Western blot analysis with anti-HA, anti-p-MKK3/6,
and anti-V5 antibodies, respectively.

migration of TAK1 was due to phosphorylation of TAKI.
Moreover, TAK1DN, which possesses the same phosphoryla-
tion sites as wild-type TAK1 but lacks kinase activity, when
coexpressed with TAB1 eliminated the slower migrating band
induced by wild-type TAK1 expression (Fig. 1C). Taken
together, these data suggest that OA-induced TAK1 phospho-
rylation is accomplished by its own kinase activity, and OA-
sensitive Ser/Thr protein phosphatase(s) negatively regulates
the autophosphorylation of TAK1.

OA-induced TAKI1 Phosphorylation Activates MKK3—We
have previously reported that TAK1 is a major upstream signal-
ing molecule activating MKK3 in MMC (37). Therefore, we
next examined whether OA-enhanced TAK1 autophosphoryl-
ation is associated with downstream MKK3 activation in MMC.
As shown in Fig. 24, OA treatment increased phosphorylation
of endogenous MKK3 in parallel with the OA-induced TAK1
phosphorylation in a dose-dependent manner. To determine
whether the effect of OA on MKK3 phosphorylation was
dependent on kinase activity of TAKI, either HA-TAKI or
HA-TAK1IDN was coexpressed with FLAG-TAB1 and
V5-MKK3 under different concentrations of OA, and changes
in MKK3 phosphorylation and TAK1 migration were then
determined by Western blot analysis. Fig. 2B demonstrates that
coexpression of wild-type TAK1 and TABI increased phospho-
rylation of ectopically expressed V5-MKK3 in parallel with OA-
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induced TAK1 phosphorylation, similar to the endogenous
MKK3 (Fig. 24). However, no increases in phosphorylation of
V5-MKK3 were observed after OA treatment when kinase-de-
ficient mutant HA-TAK1DN was coexpressed (Fig. 2B). Thus,
these data indicate that OA-induced MKK3 activation is not
because of a direct effect of OA on MKK3 phosphorylation but
because of OA-induced TAK1 phosphorylation and that MKK3
activation in MMC is predominantly dependent on TAK1
activity, as previously reported (37).

PP2A  Inhibits TAKI Activation Induced by Auto-
phosphorylation—Given that OA can inhibit not only PP2A
but also other protein phosphatases, such as PP6 (61, 62) and
PP1 at high concentrations (58), we employed additional strat-
egies to determine the role of PP2A in TAKI activation. First,
we examined the effects of ectopic expression of wild type and
various mutants of PP2A - in MMC. TAK1 activation was eval-
uated by MKK3 phosphorylation, which was previously shown
tobe dependent on TAK1 activity (Fig. 2B). As shown in Fig. 34,
the ectopic expression of wild-type PP2A. reduced MKK3
phosphorylation induced by coexpression of TAK1 and TAB1.
Moreover, the expression of either Y307F or L309Q), two non-
phosphatase-deficient mutants of PP2A., also resulted in
reduced MKK3 phosphorylation. The expression levels of the
transfected wild-type and mutant HA-PP2Ac, as compared
with endogenous PP2Ac detected by Western blotting with
anti-PP2Ac antibody (Fig. 34, bottom), show that the seemingly
modest changes in MKK3 phosphorylation may be because
PP2Ac overexpression can be difficult, since this enzyme is sub-
ject to transcriptional autoregulation. Quantitative analysis
show that the ectopic expression of wild-type PP2Ac and its
mutants, Y307F and L309Q, reduced MKK3 phosphorylation
by 20 £ 2,51 * 1,and 49 * 2%, respectively. On the other hand,
expression of H118N, a phosphatase-deficient mutant of
PP2A, exerted little additive effect on MKK3 activation, which
suggests that the coexpression of TAK1 and TABI induced
TAK]1 activation almost to its maximal degree.

We next examined the effects of OA and PP2A on phospho-
rylation of TAK1 specifically at Thr-187 in the activation loop
and Ser-412. To avoid the potential effect of OA on PP1 activity,
we used low concentrations of OA (0.1 and 0.25 um) and also
reduced the treatment time of OA to 30 min. In MMC, treat-
ment with 0.25 um OA significantly induced endogenous TAK1
phosphorylation at Thr-187, but phosphorylation at Ser-412
was not affected (Fig. 3B). We next sought to determine
whether PP2A may down-regulate TAK1 by directly dephos-
phorylating Thr-187 in the TAK1 activation loop required for
its activation. An in vitro dephosphorylation assay with purified
PP2A (AC heterodimeric form) was carried out, as shown in
Fig. 3C, which demonstrates that TAK1 was phosphorylated at
Thr-187 and Ser-412 by the coexpression of TAB1, and increas-
ing concentrations of PP2A effectively dephosphorylated Thr-
187 of TAK1, whereas dephosphorylation of Ser-412 was less
effective by the same concentrations of PP2A. These data sug-
gest that phosphorylated Thr-187 in the TAK1 activation loop
may be the major target site of dephosphorylation by PP2A to
negatively regulate TAKI.

PP2A Associates with both TAKI and TAB1—Given our find-
ings indicating that PP2A dephosphorylates TAK1, we sought
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FIGURE 3. PP2A down-regulates phosphorylation of TAK1 and MKK3.
A, ectopic expression of wild type or mutants of PP2A. changes TAK1 activity.
MMC were transfected as indicated with expression vectors for V5-MKK3,
FLAG-TAK1, Myc-TAB1, and wild-type HA-PP2A_ (wt) or mutants of PP2A.
(H118N, Y307F, or L309Q). TAK1 activity was assessed by MKK3 phosphoryla-
tion. Expression of each transfected gene was confirmed by Western blot
analysis with anti-V5, anti-FLAG, anti-Myc, and anti-HA antibodies, respec-
tively. Expression levels of endogenous and exogenous PP2A. were evalu-
ated by Western blot with anti-PP2A. antibody (bottom panel). Densitometry
data are expressed as the percentage of p-MKK3 signals, quantified as the
ratio to total V5-MKK3, compared with control transfection cells with FLAG-
TAK1, Myc-TAB1, and V5-MKK3, but without HA-PP2A. (lane 2); the results
represent mean = S.E. of three independent experiments (¥, p < 0.05 versus
control transfection). B, OA treatment induces TAK1 phosphorylation at Thr-
187. MMC grown to subconfluence were treated with OA for 30 min with the
indicated concentrations. Cell lysates were subjected to Western blot analysis
with anti-phospho-Thr-187-TAK1 (p'®’-TAK1), anti-phospho-Ser-412-TAK1
(p*'?-TAKT), and anti-TAK1 (total TAK1), respectively. Densitometry data
are presented as -fold increase in p'®’-TAK1 or p*'?-TAK1 signals, quanti-
fied as the ratio to total TAK1, compared with control untreated cells; the
results represent mean = S.E. of three independent experiments (¥, p <
0.05 versus untreated cells). C, dephosphorylation of TAK1 by PP2A primar-
ily targets p-Thr-187 in the TAK1 activation loop. Phosphorylated HA-TAK1
was obtained by coexpression with FLAG-TABT in MMC followed by
immunoprecipitation with anti-HA antibodies. The immunoprecipitates
were incubated with 0.02, 0.1, and 0.2 units of purified PP2A for 20 min at
30 °C. Following the reaction, dephosphorylation of TAK1 was evaluated
by Western blotting with anti-phospho-Thr-187-TAK1 and anti-phospho-
Ser-412-TAK1 antibodies. A relative equivalent amount of HA-TAK1 in the
immunoprecipitated samples was verified by Western blotting with
anti-HA antibody. Expression of FLAG-TAB1 was confirmed by subjecting
cell lysates to Western blot analysis with anti-FLAG antibody.

to determine whether PP2A might be associated with TAK1 to
perform its inhibitory function even in the absence of stimuli.
To verity the stable association of TAK1 with PP2A in MMC,
cell lysates were subjected to immunoprecipitation with rabbit
antibody against TAK1. Nonstimulated rabbit IgG was used as
a control. Immunoprecipitates were then subjected to Western
blotting with anti-PP2A - antibody. We also assessed for TAK1
interaction with PP6, another OA-sensitive phosphatase, by
Western blotting with anti-PP6. antibody. Whole cell lysates
not subjected to immunoprecipitation were also applied as pos-
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FIGURE 4. PP2A associates with TAK1. A, endogenous PP2A. is stably associated with TAK1. Cell lysates
from MMC grown to subconfluence were immunoprecipitated with rabbit anti-TAK1 antibody. Nonim-
munized rabbit IgG was used for control. Inmunoprecipitates (/P) and cell lysates (CL) were subjected to
immunoblotting with anti-PP2A, anti-PP6., and anti-TAK1 antibodies. B, phosphorylation status of TAK1
is not essential for the association of TAK1 with PP2A.. Wild-type HA-TAK1 (wt) or kinase-deficient mutant
of HA-TAK1 (DN) was coexpressed with FLAG-TAB1 and HA-PP2A, as indicated, in MMC. Cell lysates were
subjected to immunoprecipitation with anti-PP2A. antibody, followed by immunoblotting (/B) with
anti-HA antibody. Expression of the transfected genes was confirmed by subjecting cell lysates (CL) to
Western blotting with corresponding anti-HA and anti-FLAG antibodies, as indicated. C, phosphatase
activity of PP2A. does not affect the association of PP2A with TAK1. Wild-type HA-PP2A_ (wt) or mutants
of PP2A. (H118N, Y307F, or L309Q) were coexpressed with FLAG-TAK1 and Myc-TAB1, as indicated, in
MMC. Cell lysates were subjected to immunoprecipitation with anti-FLAG antibody for TAK1, followed by
immunoblotting with either anti-FLAG or anti-HA antibodies. Expression of the transfected genes was
confirmed by subjecting cell lysates to Western blotting with corresponding anti-FLAG, anti-HA, and
anti-Myc antibodies. D, PP2A. interacts with the N-terminal region of TAK1. MMC were transfected with
expression constructs encoding either full-length FLAG-TAK1 (wt) or C-terminally truncated TAK1 (AC)
together with Myc-TAB1 and HA-PP2A, as indicated. Cell lysates were subjected to immunoprecipitation
with anti-FLAG antibody, followed by immunoblotting with anti-HA antibody. Expression of the trans-
fected genes was confirmed in cell lysates (CL) subjected to Western blotting with corresponding anti-
TAK1, anti-Myc, and anti-HA antibodies.

also examined if PP2A. activity
affects the association with TAKI.
Wild-type HA-PP2A . (wt in Fig. 4)
or its mutant variants (HA-PP2A_
(H118N), HA-PP2A. (Y307F), and
HA-PP2A. (L309Q)) were coex-
pressed with FLAG-TAK1 and
Myc-TABL. As compared with
wild-type PP2A, however, all three
mutants of PP2A. examined, in-
cluding the phosphatase-deficient
mutant H118N, did not show any
significant differences in the associ-
ation with TAK1 (Fig. 4C). Thus, the
phosphatase activity of PP2A . may
not affect the association with
TAKI1.

We next sought to determine
which region of TAK1 is responsible
for the association with PP2A.
Either full-length TAK1 (FLAG-
TAK1) or C-terminal-truncated
TAK1 (FLAG-TAK1AC) was co-
expressed with Myc-TAB1 and
HA-PP2A.. As shown in Fig. 4D,
HA-PP2A. was associated with
FLAG-TAKIAC as well as full-
length FLAG-TAK]I, indicating that
the N-terminal region of TAK1 is
responsible for its association with
PP2A.. Intriguingly, it is known
that the N-terminal half of TAK1
also bears a TAB1 binding domain
(63) and a catalytic domain as well as
phosphorylation sites. Therefore, it
is plausible that PP2A. competes
with TABI for the association with
TAKI1 to regulate TAK1 activation.
To test this possibility, FLAG-
TAK1 and Myc-TAB1 were coex-
pressed with or without HA-PP2A ..

itive controls for each protein. As shown in Fig. 44, endogenous
TAKI1 was stably associated with PP2A - under nonstimulated
conditions. However, TAK1-bound PP6. was not detectable in
MMC, suggesting that PP2A rather then PP6 might regulate
TAKT1 activation in MMC.

To further determine whether either phosphorylation state
or kinase activity of TAKI is indispensable for the association
with PP2A, wild-type TAK1 (HA-TAK1) or kinase-deficient
mutant of TAK1 (HA-TAKIDN) was coexpressed with
HA-PP2A and FLAG-TABI, and then cell lysates were sub-
jected to immunoprecipitation with anti-PP2A . antibody fol-
lowed by Western blotting with anti-HA antibody. As shown in
Fig. 4B, PP2A . coimmunoprecipitated with not only nonphos-
phorylated TAK1 (in the absence of coexpressed TAB1) but
also kinase-deficient mutant of TAK1 (TAK1DN), indicating
that neither phosphorylation state nor kinase activity of TAK1
is essential for its basal association with PP2A .. Conversely, we
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Unexpectedly, the expression of HA-PP2A. did not interfere
with the interaction between FLAG-TAKI and Myc-TABI. In
addition, HA-PP2A. was found to be a component of the
TAKI1-TAB1-PP2A complex (Fig. 5A). However, it is possi-
ble that the formation of TAK1-TAB1-PP2A . complex was a
consequence of the association of PP2A - with only TAK1 in
the TAKI-TAB1 complex or with both TAK1 and TAB1
individually. To further analyze the association of PP2A.
with TAK1 and TAB1, Myc-TAB1 and HA-PP2A. were
coexpressed with or without FLAG-TAK]1. As shown in Fig.
5B, HA-PP2A coimmunoprecipitated with Myc-TAB1 in
the absence of coexpression of FLAG-TAKI, whereas coex-
pression of FLAG-TAK1 and Myc-TAB1 enhanced the asso-
ciation of HA-PP2A . with Myc-TAB1. Thus, these data indi-
cate that PP2A_ is able to associate with TAK1 and TAB1
independently, and TAK1-TAB1 complex may facilitate the
association with PP2A .

VOLUME 283-NUMBER 16+APRIL 18, 2008



Inhibition of TGF-B1-induced TAK1 Activation by PP2A

A) Flag-TAKI + +
Myc-TABI - + +
HA-PP2A. - . +
IP: a-Flag
Flag-TAKI -” IB: a-Flag
. IP: a-Flag
HA-PP2A, s | | [P: o-Flag
IB: a-HA
Flag- TAK | i A
HAPP2A
B) Flag-TAKI - - +
Myc-TABI it + +
HA-PP2A. - #
Flag-TAK] -
Myc-TABI IP: a-Myc
IB: a-Myc
PR — o
IB: a-HA
Flag-TAKI -
- CL
HAPPA |

FIGURE 5. PP2A. associates with TAB1 independent of TAK1. A, FLAG-
TAK1 was coexpressed with Myc-TAB1 and HA-PP2A. as indicated in MMC.
Cell lysates were subjected to immunoprecipitation (IP) with anti-FLAG anti-
body, followed by immunoblotting (/B) with anti-FLAG, anti-Myc, and anti-HA
antibodies, respectively. Expression of the transfected genes was confirmed
in cell lysates (CL) subjected to Western blotting with corresponding anti-
FLAG, anti-Myc, and anti-HA antibodies. B, Myc-TAB1 was coexpressed with
FLAG-TAK1 and HA-PP2A as indicated in MMC. Cell lysates were subjected to
immunoprecipitation with anti-Myc antibody followed by immunoblotting
with anti-FLAG, anti-Myc, and anti-HA antibodies, respectively. Expression of
the transfected genes was confirmed in cell lysates subjected to Western
blotting with corresponding anti-FLAG, anti-Myc, and anti-HA antibodies.

Association of PP2A with TAKI Is Enhanced by TGF-B1
Stimulation—We next posed the question of whether PP2A
also played a role in the regulation of TGF-B1-induced TAK1
activation in MMC. To address this, endogenous TAK1 protein
was immunoprecipitated from cell lysates of MMC after stim-
ulation with TGF-1 for various time periods. One-half of the
immunoprecipitate was subjected to an immune complex
kinase assay using bacterial expressed His-MKK6 as a substrate
of TAK1, and the other half was subjected to immunoblotting
with anti-PP2A. antibody to evaluate potential correlation
between TAK1 activation and PP2A . association with TAKI.
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FIGURE 6. Association of PP2A. with TAK1 parallels activation and inac-
tivation of endogenous TAK1 by TGF-B1 stimulation. MMC grown to sub-
confluence were rendered quiescent in medium supplemented with 0.5%
FBS for 16 h and then stimulated with TGF-B1 (2 ng/ml) for the indicated
times. Endogenous TAK1 in cell lysates was immunoprecipitated with anti-
TAK1 antibody. One-half of theimmunoprecipitate was subjected toimmune
complex kinase assay to assess endogenous TAK1 activity using His-MKK6 as
a substrate and phosphorylation of MKK6 by TAK1 was visualized by autora-
diography (A, top). The other half of the immunoprecipitate (/P) was subjected
to immunoblotting with anti-PP2A. antibody to evaluate the association of
endogenous TAK1 with PP2A. (B, top). Immunoblotting with anti-His and
anti-TAK1 antibodies served as loading controls (bottom). C, densitometry
data are presented as -fold increase in [*?PIMKK6 and coprecipitated PP2A,
quantified as the ratio to total MKK6 substrate or total immunoprecipitated
TAK1, compared with control untreated cells; the results represent mean =
S.E. of three independent experiments (<, 3P-labeled His-MKK6 versus His-
MKK6; B, PP2A versus TAK1 after immunoprecipitation).

As demonstrated in Fig. 64, TGF-B1-induced endogenous
TAK1 activation occurred in a biphasic manner. The initial
activation was detectable within 2 min, the earliest time period
examined, and peaked at 5 min after TGF-1 stimulation. The
primary activation declined rapidly thereafter to basal levels by
10 min after stimulation. A second wave of TAKI activation
was detected at 30 min after TGF-1 treatment, which declined
back to basal levels by 60 min after the treatment (Fig. 6A).
Interestingly, the association of PP2A. with TAK1 (Fig. 6B)
showed a close correlation with the time course of TAK1 acti-
vation by TGF-B1 (Fig. 6C).

PP2A Negatively Regulates TGF-B1-induced TAKI Acti-
vation—Given our findings indicating that the association of
PP2A . with TAK1 showed a close correlation with the time
course of TAK1 activation by TGF-B1, we sought to examine
whether PP2A negatively regulates TGF-B1-induced TAK1
activation. To address this issue, PP2A activity was attenuated
by OA treatment, and the activation of endogenous TAK1 by
TGEF-B1 stimulation was determined by phosphorylation of
TAK1 and MKK3. MMC grown to subconfluence were pre-
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FIGURE 7. Down-regulation of PP2A activity enhances TGF-B1-induced TAK1 and MKK3 phosphoryla-
tion. A, low dose OA increases TGF-B1-induced phosphorylation of Thr-187 in TAK1 and MKK3. MMC grown to
subconfluence were rendered quiescent in medium supplemented with 0.5% FBS for 16 h and pretreated with
0.1 um OA for 30 min, followed by treatment with TGF-B1 (2 ng/ml) for 5 min. Endogenous TAK1 and MKK3
phosphorylation were determined by Western blot analysis with anti-phospho-Thr-187-TAK1 (p'®’-TAK1),
anti-phospho-Ser-412-TAK1 (p*'2-TAK1), and anti-phospho-MKK3/6 antibodies. Reblotting with anti-TAK1
(total TAK1) and anti-MKK3 antibodies was performed for loading controls. Quantitative analysis of levels of
phospho-Thr-187-TAK1 and p-MKK3 was determined by densitometry, and data are presented as the mean *=
S.E. band density quantified as the ratio to total TAK1 and MKK3 and normalized to nontreated conditions
(*, p <0.05 versus nontreated conditions; T, p < 0.05 versus OA pretreatment only). B, knockdown of PP2A with
siRNA enhances TGF-B1-induced phosphorylation of Thr-187 in TAK1 activation loop and MKK3. MMC trans-
fected with siRNA targeted against PP2A., PP6, or control nontargeting siRNA (Control) were incubated in
medium containing 15% FBS for 24 h and then rendered quiescentin medium supplemented with 0.5% FBS for
16 h prior to treatment with TGF-B1 (2 ng/ml) for 5 min. Endogenous TAK1 and MKK3 phosphorylation were
determined by Western blot analysis with anti-phospho-Thr-187-TAK1 (p’”-TAK1) and anti-p-MKK3/6 antibod-
ies. Reblotting with anti-TAK1, anti-MKK3, and anti-a-tubulin antibodies served as loading controls. Reduction
of PP2A. and PP6 protein expression was examined by Western blotting with anti-PP2A. and anti-PP6.
antibodies. Densitometry data are presented as -fold increase in phospho-Thr-187-TAK1 or p-MKK3, quantified
as the ratio to total TAK1 or MKK3, compared with control siRNA transfected cells without TGF-1 treatment;
the results represent mean = S.E. of three independent experiments (¥, p < 0.05 versus control siRNA-trans-
fected cells without TGF-B1 treatment; **, p < 0.05 versus PP2A. siRNA-transfected cells with TGF-B1 treat-
ment; 1, p < 0.05 versus PP2A siRNA-transfected cells without TGF-B1 treatment).

Control PP2A. PP6,

down of PP2A . or PP6_ by siRNA.
As shown in Fig. 7B, TGF-B1-in-
duced phosphorylation of TAK1 at
Thr-187 and MKK3 was signifi-
cantly enhanced by knockdown of
PP2Ac but not by knockdown of
PP6.. Moreover, overexpression
of wild-type PP2A . severely ham-
pered TGF-B1-induced endogenous
MKK3 phosphorylation, whereas the
ectopic expression of phosphatase-
deficient mutant of PP2A. addi-
tively increased TGEF-B1-induced
endogenous MKK3 phosphoryla-
tion (Fig. 8). Collectively, our find-
ings suggest that TGF-B1 stimula-
tion activates TAK1, at least in
part, through phosphorylation at
Thr-187 in the activation loop that
is negatively regulated by PP2A.
Moreover, our results also suggest
that monitoring MKK3 phosphoryl-
ation may be a more sensitive way to
evaluate TGF-B1-induced endoge-
nous TAK1 activation, since it is
more readily detectable than immu-
noblotting with anti-phospho-Thr-
187-TAK1 antibody in MMC.

DISCUSSION

TAKI1 was initially identified as a
kinase activated by members of the
TGE-B and BMP family, and recent
studies have demonstrated the role
of TAK1 in TGF-B1-induced activa-
tion of MAPKs and extracellular
matrix synthesis. We have previ-
ously demonstrated that the
TAK1-MKK3-p38 MAPK signal-
ing cascade is an indispensable
mediator of TGF-B1-induced type
I collagen expression in MMC (22,
37). However, specific mecha-
nisms regulating TAK1 activation
in response to TGF-B1 stimula-

treated with or without 0.1 um OA for 30 min and then stimu-
lated with TGF-B1, as indicated in Fig. 7A. Stimulation with
TGF-B1 alone for 5 min or 0.1 um OA for 30 min without
TGEF-B1 stimulation significantly induced phosphorylation of
MKK3. The TGF-B1 induction of TAK1 phosphorylation at
Thr-187 was to a lesser degree, but when combined with pre-
treatment with OA it significantly enhanced phosphorylation
of TAKI at Thr-187 as well as MKK3. In contrast, phosphoryl-
ation of Ser-412 did not respond to TGF-B1 stimulation even in
the presence of OA pretreatment.

To further support the notion that PP2A and not PP6 is
responsible for the negative regulation of TGF-B1-induced
TAKI1 activation, we determined the effects of targeted knock-
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tion have not yet been fully elucidated. Our findings in MMC
reveal that TAKI is activated and deactivated very rapidly.
This rapid activation and inactivation of TAK1 by TGF-$1
stimulation have been also observed in cardiac myocytes
(39). TNF-« and IL-1 also induce rapid activation and inac-
tivation of TAK1 (29, 45). Therefore, endogenous TAK1
activation and inactivation appear to be tightly regulated and
may be controlled through rapid phosphorylation and
dephosphorylation.

TAKI requires phosphorylation at serine and threonine res-
idues in the activation loop for its activation; thus, dephospho-
rylation by a Ser/Thr protein phosphatase would result in
inactivation of TAKI. Instances of protein phosphatases func-

o
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FIGURE 8. Ectopic expression of wild-type and phosphatase-deficient
mutant of PP2A. affects TGF-B1-induced MKK3 phosphorylation. A,
MMC were transiently transfected with expression vector encoding wild-type
HA-PP2A. (wt) or phosphatase-deficient mutant of HA-PP2A. (H118N), as
indicated. As controls, MMC were transfected with empty vector pcDNA3.1
(lanes 1 and 2 of each panel). Following transfection, cells were incubated in
medium containing 15% FBS for 18 h and then rendered quiescent in
medium supplemented with 0.5% FBS for 16 h, prior to treatment with
TGF-B1 (2 ng/ml) for 5 min. Endogenous TAK1 activation was assessed by
alteration in MKK3 phosphorylation determined by Western blot analysis
with anti-p-MKK3/6 antibody. Immunoblotting with anti-MKK3 and anti-HA
antibodies were performed for loading controls. B, densitometry data are
presented as -fold increase in p-MKK3, quantified as the ratio to total MKK3,
compared with empty vector pcDNA3.1 controls without TGF-31 treatment;
empty vector pcDNA3.1 controls without TGF-B1 treatment (¥, p < 0.05 versus
empty vector controls without TGF-B1 treatment; **, p < 0.05 versus empty
vector controls with TGF-B1 treatment; T, p < 0.05 versus wild-type
HA-PP2Ac-transfected cells without TGF-B1 treatment; t1, p < 0.05 versus
mutant HA-PP2Ac (H118N)-transfected cells without TGF-B31 treatment).

tioning as negative regulators of TAKI activation have been
recently reported. PP6, a type 2A phosphatase family member,
and two isoforms of PP2C (PP2CB-1 and PP2Ce) have been
shown to dephosphorylate and inactivate TAK1 in 293 and
COS7 cells (43—45). PP6 down-regulates TAK1 activation in
response to IL-1 stimulation in 293 IL-1RI cells. In the case of
PP2CB-1, inhibition of TAK1 activity occurs under nonstimu-
lated conditions and does not respond to ligand stimulation,
whereas PP2Ce is transiently dissociated from TAK1 by IL-1
stimulation, whereby TAK1 can be autophosphorylated and
presumably activated.

Here, we demonstrate the first evidence that PP2A, another
member of type 2A phosphatase family, also functions as a neg-
ative regulator of TAK1 activation in response to TGF-1 stim-
ulation. PP2A has the ability to associate with TAK1 and TAB1
individually and down-regulates autophosphorylation of
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TAK1. Interestingly, the mode of interaction of PP2A and
PP2Ce with TAK1 in response to ligand stimulation is in the
opposite direction. IL-1 stimulation results in transient disso-
ciation of PP2Ce from TAKT1 for its activation. Conversely, the
association of PP2A with TAKI1 is increased in response to
TGEF-B1 stimulation. Moreover, IL-1-induced TAK1 activation
is negatively regulated by PP6 and not by PP2A in 293 IL-1RI
cells (45). However, our findings demonstrate that TAKI stably
interacts with PP2A but not with PP6. in MMC, although
PP6 is expressed. Therefore, control of TAK1 activation may
be conducted in a cell type-specific or context-dependent man-
ner. Thus, different protein phosphatases regulate TAK1 activ-
ity, and the opposite direction of the interaction of the phos-
phatases with TAK1 leads to inactivation or activation of
TAKI1.

Our findings show that the basal interaction of PP2A . with
TAK1 is not dependent on either the phosphatase activity of
PP2A.. or phosphorylation state of TAKI1. Interestingly, the
presence of TAB1 enhanced the interaction of PP2A - with both
wild-type and kinase-deficient TAK1, suggesting that the inter-
action not only occurs independently of TAK1 kinase activity
(Fig. 4B) but also that PP2A_ is able to interact with TAB1
independently, as shown in Fig. 5B, and/or the TAK1/TAB1
complex may facilitate the association with PP2A .

The enhanced association of PP2A - with TAK1 by TGF-1
stimulation in parallel with TAK1 activation suggests that
TGEF-B1-induced activation of TAK1 is controlled by binding of
PP2A.. There are several plausible mechanisms by which
TGEF-B1 stimulation enhances the interaction of PP2A . with
TAKI. First, TGF-B1 stimulation may enhance the formation
of TAK1-TAB1 complex to activate TAK1 by autophosphoryl-
ation, which in turn enhances the interaction of PP2A . with
TAK1 as shown in Figs. 4B and 5B. Second, TGF-£1 stimula-
tion may induce dissociation of other phosphatases, such as
PP2Ce, from TAK]1, and that allows PP2A to associate with the
phosphatase-free TAK1. Finally, TGF-B1 stimulation may spe-
cifically induce the association of PP2A with TAKI. This is
supported by previous reports that TGF-B1 stimulation
induces the interaction of PP2A with certain proteins, such as
p70S6 kinase and pRB (47, 64), although the precise mechanism
remains to be defined. In addition, we observed that the ectopic
expression of mutants of PP2A. (PP2A. (Y307F) and PP2A
(L309QQ)) reduced the autophosphorylation of TAK1 more pro-
foundly than wild-type PP2A . This may be because these two
mutants do not associate with the regulatory subunit Ba of
PP2A (PP2Ag,) (52). The H118N mutant of PP2A_ harbors
mutation in a region that is much farther upstream that would
not affect interaction with PP2A . Upon TGF-S1 stimulation,
PP2A, , associates with activated type I TGF- 3 receptor, which
in turn, would decrease the availability of PP2A;  to interact
with the PP2A , - core enzyme (46). Moreover, PP2A, , exhibits
an inhibitory effect on PP2A activity in vitro (51). Therefore,
given that the Y307F and L309Q mutants of PP2A cannot
associate with PP2A; , the resultant decreased interaction of
PP2A;, with the PP2A, core enzyme would enhance the
phosphatase activity of PP2A toward TAKI.

Phosphorylation of Thr-187 in the activation loop of TAK1
has been shown to be crucial for its activation not only by auto-
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phosphorylation but also by IL-1 and TNF-a stimulation. In
addition, the Ser-412 residue is also phosphorylated in response
to protein kinase A activation (30). However, our in vitro
dephosphorylation assay and OA treatment results suggest that
Thr-187 rather than Ser-412 may be the major target of PP2A in
MMC. As others have reported, direct detection of phospho-
rylated endogenous TAK1 at Thr-187 by immunoblotting after
ligand stimulation, such as TNF-« and IL-1, is difficult in the
absence of a potent phosphatase inhibitor, such as OA (45).
Detection of TGF-B1-induced endogenous TAK1 phosphoryl-
ation at Thr-187 by Western blotting with anti-phospho-Thr-
187-TAK1 antibody was not efficient (Fig. 7, A and B). How-
ever, either OA treatment or knockdown of PP2A. with
specific siRNA definitely enhanced TGF-B1-induced endoge-
nous TAKI phosphorylation at the Thr-187 residue, which in
turn induced phosphorylation of MKK3, an immediate down-
stream effector of TAK1. These data indicate that the limited
ability to detect TGF-Bl-induced TAKI1 phosphorylation
might be due to tight regulation of TAK1 by PP2A.

TAK1 plays an essential function in TGF-B1 signaling
through its ability to regulate at least two major signaling path-
ways, the MAPK and the Smad signaling pathways. Both the
JNK and the p38 MAPK cascades are targets of TAK1 activation
by TGF-B1. TAK1 can also regulate TGF-B-induced activation
of Smad signaling by inducing Smad?7 expression (41) and also
interfering with transactivation of R-Smads by direct interac-
tion with Mad homolog domain 2 of Smad proteins (42). Thus,
activation of TAK1 may exert an inhibitory effect on the Smad
signaling pathway. However, the inhibitory effect of TAK1 on
Smad function is still controversial, since more recent studies
have demonstrated that TAK1 induces the degradation of
SnoN (Ski-related novel gene N), which in turn increases Smad-
dependent transcriptional activation of TGF-B-responsible
genes (65). In addition to the role of TAKI in the regulation of
Smad function, there is cross-talk between the Smad and down-
stream targets of TAKI, such as p38 MAPK and ATF2, in reg-
ulation of certain TGF-B1 target gene expression (20, 66, 67).
Collectively, TAK1 plays a vital role in TGF-1 signal transduc-
tion; therefore, tight regulation of endogenous TAK1 activation
is imperative for fine tuning the multiple TGF-B1 actions in
physiological state. Once TAK1 is rapidly activated, efficient
down-regulation of TAK1 activity is important to prevent
excessive TGF-B1 responses, since dysregulation and persis-
tent TGF-B1 actions are thought to lead to pathological states.
In the present study, we provide several lines of evidence indi-
cating that PP2A plays a crucial role as a negative regulator in
TGEF-B1-induced TAK1 activation. Moreover, PP2A also par-
ticipates in suppressing TAK1 basal activity under nonstimu-
lated conditions.
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