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We have previously shown that a WD-40 repeat protein, TRIP-1, associates with the type II transforming
growth factor b (TGF-b) receptor. In this report, we show that another WD-40 repeat protein, the Ba subunit
of protein phosphatase 2A, associates with the cytoplasmic domain of type I TGF-b receptors. This association
depends on the kinase activity of the type I receptor, is increased by coexpression of the type II receptor, which
is known to phosphorylate and activate the type I receptor, and allows the type I receptor to phosphorylate Ba.
Furthermore, Ba enhances the growth inhibition activity of TGF-b in a receptor-dependent manner. Because
Ba has been characterized as a regulator of phosphatase 2A activity, our observations suggest possible
functional interactions between the TGF-b receptor complex and the regulation of protein phosphatase 2A.

Mitogenic stimulation of cells by extracellular factors is of-
ten mediated by transmembrane tyrosine kinase receptors or
receptors that associate with cytoplasmic tyrosine kinases. The
signaling pathways generated by many of these receptors are
well characterized (23). In contrast to the tyrosine kinase re-
ceptors, the receptor signaling pathways for transforming
growth factor b (TGF-b) and the many TGF-b-related factors
have only recently been characterized (12, 24). TGF-b and
TGF-b-related factors are secreted proteins which mediate
their activities through transmembrane serine/threonine ki-
nase receptors. Ligand-induced activation of these receptors
and signaling leads to potent growth inhibition and gene ex-
pression responses. Two type I and two type II receptors form
the signaling TGF-b receptor complex at the cell surface, in
which the type II receptors (TbRII) are constitutively active
and autophosphorylated, and the type I receptors (TbRI) re-
quire phosphorylation by TbRII for activation (12, 24).

Several proteins have been shown to associate with TGF-b
receptors. Smad2 and Smad3, which act as effectors of TGF-b
signaling, can associate with the receptor complex and are
phosphorylated by TbRI. Once dissociated, they are translo-
cated as a complex with Smad4/DPC4 into the nucleus, where
they function as transcriptional activators (11, 24, 33). Another
receptor-associated protein is TRIP-1, which interacts with
and is phosphorylated by TbRII (8) and contains five WD-40
repeats (40). WD-40 repeats are minimally conserved se-
quences of approximately 40 amino acids that typically end in
tryptophan-aspartate (WD) and are thought to mediate pro-
tein-protein interactions (40). Since TRIP-1 is largely com-
posed of WD-40 repeats, it is possible that other WD-40 repeat
proteins may bind to serine/threonine kinase receptors. The

association of WD-40 repeat proteins may then allow them to
play a role in signaling by the serine/threonine kinase recep-
tors. WD-40 repeats have been identified in a variety of pro-
teins (40), including the Ba subunit of the serine/threonine
protein phosphatase 2A (PP2A).

PP2A is one of the major, albeit poorly understood, serine/
threonine phosphatases which regulates several processes, in-
cluding signaling (43) and cell cycle progression (9, 44). PP2A
exists as a dimeric core of a catalytic (C) and a structural (A)
subunit or as a trimeric complex with a regulatory subunit (B),
of which there are several forms. Ba and Bb contain five
WD-40 repeats (40), whereas B9/B56 (38) and B0 (46) are
structurally unrelated and lack WD-40 repeats (45, 46). Ba
regulates the catalytic activity of PP2A, and this activity has
been implicated in cell cycle control (21, 35). The differential
interactions of these regulatory B subunits with the AC core
enzyme suggest a complex pattern of regulation, which may
explain the various functions of PP2A in growth control.

Because Ba has been implicated in cell cycle control (9, 21,
35) and has WD-40 repeats like TRIP-1 does, we analyzed the
physical and functional interactions between Ba and TGF-b
receptors. In this report, we demonstrate that the Ba regula-
tory subunit of PP2A interacts with the cytoplasmic domains of
type I TGF-b receptors and is a direct target for their kinase
activity. The growth inhibitory activity of Ba is regulated by
TGF-b receptors and cooperates with the direct antiprolifera-
tive effect of the TGF-b receptors. Thus, the association of the
WD-40 repeat Ba subunit of PP2A with serine/threonine ki-
nase receptors results in a functional interaction of TGF-b
receptor signaling with Ba and may be important for our un-
derstanding of how PP2A activity is regulated.

MATERIALS AND METHODS

In vitro translation and association with GST fusion proteins. To generate
35S-labeled Ba or B9 in vitro, 2 mg of pRK7-Ba, i.e., the Ba cDNA subcloned in
pRK7 (18), or pRK5-B9, i.e., the B9 cDNA in pRK5 (18) or pRK5-TRIP-1 (7),
was used to transcribe the cDNAs from the SP6 promoter (Promega kit). The
transcripts were translated and 35S labeled by using the TNT rabbit reticulocyte
lysate kit (Promega) while being incubated at 30°C for 2 h. The translation
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mixture was then preadsorbed to glutathione S-transferase (GST) protein bound
to glutathione-Sepharose beads in binding buffer (50 mM Tris-HCl [pH 7.5], 120
mM NaCl, 2 mM EDTA, 0.1% Nonidet P-40 [NP-40]) for 1 h at 4°C. The
supernatant was then added to glutathione-Sepharose beads with 1 mg of purified
GST protein or with 1 mg of the cytoplasmic domains of Tsk7L/R1 (amino acids
146 to 509), TbRI/R4 (amino acids 152 to 503), or TbRII (amino acids 194 to
567) fused to GST (GST-R1, GST-R4, or GST-TbRII) and incubated for 1 h at
4°C. Following adsorption, the glutathione beads with their adsorbed proteins
were washed four times with binding buffer and specifically bound proteins were
eluted twice with 50 ml of 50 mM Tris (pH 8.0)–5 mM reduced glutathione (42).
Eluted proteins were diluted into loading buffer and separated by sodium dode-
cyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The 35S-labeled
bands were then detected by autoradiography.

Chemical cross-linking. PP2A subunits and complexes, i.e. Ba, ABaC, and
ABbC, were expressed in baculovirus-infected SF9 insect cells and purified as
described previously (25). The His6-tagged cytoplasmic domains of the TGF-b
receptors, i.e., TbRII (amino acids 194 to 567), TbRI/R4 (amino acids 152 to
503), and Tsk7L/R1 (amino acids 153 to 509), were also expressed in SF9 cells
and affinity purified with Co21-Sepharose beads and eluted from beads in 10 mM
sodium phosphate (pH 8.0)–150 mM NaCl–100 mM imidazole. One microgram
of Ba, ABaC, or ABbC was incubated with 1 mg of His6-tagged cytoplasmic
domain of a receptor, and the protein interactions were stabilized by chemical
cross-linking with 2 mM bismaleimidohexane (Pierce)–50 mM MOPS (morpho-
linepropanesulfonic acid; pH 7.0)–150 mM NaCl–1 mM EDTA for 90 min at
4°C. Protein samples were diluted into loading buffer and separated by SDS-
PAGE. Following transfer of samples to nitrocellulose, Western blotting was
performed by using anti-Ba antibody, and immunodetection was carried out by
enhanced chemiluminescence (ECL) and autoradiography.

In vitro phosphorylation. One hundred nanograms of His6-tagged cytoplasmic
domain of Tsk7L/R1 was incubated alone, with 200 ng of Ba, or with 200 ng of
ABaC in a kinase reaction mixture (27 mM HEPES [pH 7.4], 4 mM MnCl2, 40
mM nitrophenylphosphate, 10 mCi of [g-32P]ATP per nmol). Reaction mixtures
were incubated for 30 min at 30°C, proteins were separated by SDS-PAGE, and
32P-labeled bands were visualized by autoradiography.

In vivo association of Ba with the receptor cytoplasmic domains. COS-1 cells
were transfected by using Lipofectamine (Gibco-BRL) with expression plasmids
while the total amount of plasmid DNA was kept at 15 mg. To express Ba, we
used 10 mg of pCMV5-Ba, i.e., pCMV5 (2) containing the coding sequence for
Ba with a C-terminal FLAG tag, whereas the receptor cytoplasmic domains were
expressed from 5 mg of pRK5 encoding His6-tagged kinase-active or -inactive
cytoplasmic domains of Tsk7L/R1 (amino acids 153 to 509), TbRI/R4 (amino
acids 152 to 503), or TbRII (amino acids 194 to 567). To determine the effect of
full-length TbRII on the association of Ba with the cytoplasmic domain of R4,
0, 1, or 10 mg of pRK5-TbRII (RII) was cotransfected with TbRI/R4 and
pCMV5-Ba as described above, except that total DNA was kept at 25 mg. At 24 h
after transfection, the cells were washed and labeled with 100 mCi of [35S]Met-
Cys in Dulbecco modified Eagle medium (DMEM)–10% fetal bovine serum
(FBS) for 16 h. The cells were washed with phosphate-buffered saline (PBS) and
lysed with 10 mM Na phosphate (pH 8.0)–150 mM NaCl–0.1% NP-40, 1 mM
phenylmethylsulfonyl fluoride (PMSF)–1 mM benzamidine. Cleared lysates were
then incubated with Co21-Sepharose beads for 1 h at 4°C, and the beads were
washed with 10 mM Na phosphate (pH 8.0)–150 mM NaCl–25 mM imidazole
(Sigma). Specifically bound proteins, i.e. His6-tagged cytoplasmic domains with
associated proteins, were eluted with 10 mM Na phosphate (pH 8.0)–150 mM
NaCl–100 mM imidazole. The proteins were separated by SDS-PAGE and trans-
ferred to nitrocellulose, and receptor-associated Ba was identified by Western
blotting with anti-Ba antibody, ECL, and autoradiography.

Cell surface biotinylation and coimmunoprecipitation of receptors with Ba.
COS-1 cells in 10-cm-diameter plates were transfected by using Lipofectamine
with 16 mg of plasmid DNA. To express Ba, we used 8 mg of pCMV5-Ba, i.e.,
pCMV-5 containing the coding sequence of Ba with a C-terminal FLAG tag,
whereas full-length type I receptors were expressed from 8 mg of pRK5 encoding
C-terminally Myc-tagged Tsk7L/R1 or TbRI/R4. At 36 h after transfection, the
cells were washed with PBS and incubated with 1 mg of normal human serum-
LC-biotin at 4°C for 45 min. The cells were then washed and incubated for 10
min with 50 mM glycine in PBS–0.5 mM MgCl2 (pH 7.8). The cells were lysed
with 50 mM HEPES (pH 7.5)–1% NP-40, and cleared lysates were incubated
with anti-FLAG antibody and protein A-Sepharose beads. The beads were then
washed with a series of buffers, starting with 12.5 mM K phosphate (pH 7.4)–0.6
M NaCl, and then 10 mM Tris (pH 8.3)–0.1% SDS–0.05% NP-40–0.3 M NaCl,
followed by 12.5 mM K phosphate (pH 7.5)–0.6 M NaCl and 12.5 mM K
phosphate (pH 7.5)–0.3 M NaCl, and finally 20 mM Tris (pH 8.3). Ba and
coprecipitating proteins were eluted with gel sample buffer, analyzed by SDS-
PAGE, and transferred to nitrocellulose, and the biotinylated bands were iden-
tified by using horseradish peroxidase-conjugated streptavidin and ECL.

In vivo phosphorylation of N-terminally truncated Ba. COS-1 cells were
cotransfected by using Lipofectamine with pRK5-Myc-Ba#50-447, encoding Ba
lacking N-terminal amino acids 1 to 49, with or without pRK5-TbRII (TbRII)
and pRK5-R4 (R4). At 36 h after transfection, the cells were labeled with 1 mCi
of [32P]orthophosphate per ml for 12 h, incubated with 1 mM okadaic acid for
1 h, and then stimulated for 30 min with 400 pM TGF-b. The cells were washed
and lysed at 4°C in 27 mM HEPES (pH 7.4)–150 mM NaCl–0.5 mM EGTA–

0.1% Triton X-100–1 mM okadaic acid–40 mM nitrophenylphosphate–100 mM
orthovanadate–1 mM PMSF–1 mM benzamidine. 32P-labeled Ba#50-447 was
immunoprecipitated with anti-Myc 9E10 antibody and detected after SDS-
PAGE and autoradiography of 32P-labeled bands.

In vivo TGF-b receptor phosphorylation. L17 cells, a highly transfectable
Mv1Lu mutant cell line lacking functional TbRI/R4 (48), were cotransfected by
using Lipofectamine (Gibco-BRL) with 2 mg of the Ba expression plasmid
pRK7-Ba, or the parental pRK7 plasmid, and 1 mg of pRK5-TbRII-Flag
(TbRII) and pRK5-R4-Flag (R4). At 36 h after transfection, the cells were
washed and labeled with 1 mCi of [32P]orthophosphate in DMEM without
phosphate–10% FBS for 4 h. The cells were stimulated for 30 min with 400 pM
TGF-b and washed and lysed at 4°C in 27 mM HEPES (pH 7.4)–150 mM
NaCl–0.5 mM EGTA–0.1% Triton X-100–40 mM nitrophenylphosphate–100
mM orthovanadate–1 mM PMSF–1 mM benzamidine. Receptors were immuno-
precipitated with anti-FLAG M2 antibody, purified proteins were separated by
SDS-PAGE, and receptors were detected by autoradiography of 32P-labeled
bands.

PP2A assay. The expression plasmid pRK7-Ba or pRK7 were cotransfected
with pHook2/neo (Invitrogen) into HaCaT cells, and pools of stably transfected
cells were selected by using 750 mg of G418 (Sigma) per ml. The cells were then
plated in six-well dishes and grown to 70% confluence in DMEM containing 10%
FBS. After incubation with or without 400 pM TGF-b for 10 min, the cells were
placed on ice, washed, and lysed. The lysates were diluted to the same protein
concentration, and equal aliquots were assayed for phosphatase activity for 10
min at 30°C in 20 mM MOPS (pH 7.0)–0.5-mg/ml BSA–0.5 mM dithiothreitol
(DTT)–1-mg/ml [32P]phosphorylase A (prepared by using the Gibco BRL phos-
phatase kit) in the presence or absence of 1 nM okadaic acid (Gibco-BRL).
Reactions were terminated by adding 15% trichloroacetic acid and 2.5 mg of
BSA per ml. Proteins were precipitated for 10 min at 4°C and pelleted by
centrifugation for 5 min. 32P released into the supernatant was measured by
liquid scintillation counting. PP2A activity was defined as the phosphorylase A
phosphatase activity inhibitable by 1 nM okadaic acid (10).

PAI-1- and cyclin A-luciferase assays in HaCaT cells. HaCaT cells (16) were
grown to 40% confluence in six-well dishes. An 0.8-mg amount of pRK7-Ba or
pRK7 was cotransfected with Lipofectamine with 0.4 mg of pRKbgal and either
0.4 mg of p3TP-lux, for PAI-1-luciferase assays (47), or 0.4 mg of pCal2, for cyclin
A-luciferase activity (14), and incubated at 37°C for 18 h. In parallel experiments,
0.8 mg of Ba or 0.4 mg of pRK5-Smad3 and 0.4 mg of pRK5-Smad4 were
transfected with 0.5 mg of pCal2 and 0.5 mg of pSVbgal and incubated at 37°C for
18 h. The medium was then replaced with DMEM–0.2% FBS with or without 100
pM TGF-b and incubated for 24 h. Cleared lysates were prepared and assayed
for luciferase (by using Promega’s assay kit and a Monolight 2010 luminometer
from Analytical Luminescence Laboratory) and b-galactosidase (Tropix kit)
activities. The luciferase activity was normalized against the b-galactosidase
activity as a measure of transfection efficiency.

PAI-1 protein production and DNA synthesis in transfected HaCaT cells,
overexpressing Ba. To measure PAI-1 protein production, pools of HaCaT cells,
transfected with pRK7 or pRK7-Ba, were grown to 50% confluence in six-well
dishes in DMEM–10% FBS. The cells were washed with PBS and incubated in
a mixture of DMEM without Met-Cys and 25 mCi of [35S]Met per ml, with or
without 100 pM TGF-b, for 2 h at 37°C. The cells were washed, and extracellular
matrix proteins were purified as described previously (22). 35S-labeled proteins,
including PAI-1, were separated by SDS-PAGE and detected by autoradiogra-
phy. To measure DNA synthesis, HaCaT cells transfected with pRK7 or
pRK7-Ba were plated in 24-well dishes and grown to 50% confluence. The cells
were washed with PBS and incubated with 0.2% FBS with or without 100 pM
TGF-b for 20 h at 37°C. A 4-mCi/ml concentration of [3H]thymidine was added
to the medium for 4 h, and the cells were washed and trypsinized. Trypsinized
cells were collected on Whatman GF/C filters in a filtration apparatus, washed
with PBS–10% trichloroacetic acid, and dried, and the radioactivity on the filters
was measured by scintillation counting.

Cyclin A-luciferase assays in SW480.7 cells. SW480.7 cells (17, 49) were grown
to 60% confluence in six-well dishes. An 0.8-mg amount of pCMV5-Ba or pRK7
was cotransfected by using Lipofectamine with 0.4 mg of pRK5-Smad3 and 0.4 mg
of pRK5-Smad4 or pRK5 (as control), and 0.4 mg of pCal2 for cyclin A-luciferase
activity (14). Transfected cells were incubated at 37°C for 18 h. Media were then
replaced with DMEM–0.2% FBS with or without 100 pM TGF-b and incubated
for 24 h. Cleared lysates were prepared and assayed for luciferase and b-galac-
tosidase activities. The luciferase activity was normalized against the b-galacto-
sidase activity as a measure of transfection efficiency.

Cyclin A-luciferase assay in Mv1Lu cells. Confluent Mv1Lu cells trypsinized
from a 100-mm-diameter plate were electroporated with 45 mg of plasmid DNA
in DMEM by using 0.4-cm-gap cuvettes (Bio-Rad) at 960 mF and 350 V. The
electroporated DNA contained 25 mg of pRK7-Ba or pRK7, 5 mg of pRK5-
TbRIDN (DN R4), which drives the expression of cytoplasmically truncated
TbRI/R4, 5 mg of pCal2, 5 mg of pRKbgal, and 5 mg of pBluescript. Electropo-
rated cells were allowed to recover for 4 h at 37°C in DMEM–10% FBS and then
washed with PBS and incubated in the presence or absence of 100 pM TGF-b in
DMEM–0.2% FBS. After 48 h, cleared lysates were prepared and assayed for
luciferase and b-galactosidase activities.

Finally, cyclin A-luciferase activity was also assayed in transfected DR26 and
R1B cells, mutant Mv1Lu cells that lack functional TbRII and TbRI, respectively
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(29, 30). Confluent cells were trypsinized from a 100-mm-diameter plate and
electroporated with 55 mg of plasmid DNA. The electroporated DNA contained
25 mg of pRK7-Ba or pRK7, 15 mg of pRK5-TbRI (RI) for R1B cells or 15 mg
of pRK5-TbRII (RII) for DR26 cells, and 5 mg of pCal2, 5 mg of pSVbgal, and
5 mg of pBluescript. Electroporated cells were allowed to recover and processed
as described for Mv1Lu cells.

RESULTS

In vitro association of the Ba subunit of PP2A with type I
TGF-b receptors. To evaluate the association of the WD-40
repeat protein Ba with serine/threonine kinase receptors, we
first assessed its ability to directly interact with their cytoplas-
mic domains in vitro. Three receptors were tested for their
ability to associate with Ba: the type II TGF-b receptor
(TbRII) (31) and two type I receptors, TbRI/R4 (15), which
mediates growth inhibition and gene induction by TGF-b in
various cell types (3, 15), and Tsk7L/R1 (13), which is involved
in TGF-b-mediated transdifferentiation of NMuMG cells (39)
and responds to bone morphogenetic proteins when coex-
pressed with the bone morphogenetic protein type II receptor
(32). 35S-labeled, in vitro-translated Ba interacted with the
cytoplasmic domains of the two type I receptors fused to
(GST), but not with GST alone, and only minimally with the
TbRII cytoplasmic domain (Fig. 1A). In contrast, TRIP-1,
which like Ba has five WD-40 repeats and associates with the
TbRII receptor (8), did not interact with the type I receptor
cytoplasmic domain (Fig. 1B), consistent with our previous
results (8). We therefore conclude that Ba specifically and
directly associates with the type I receptor cytoplasmic domain
in vitro.

Since Ba interacts with the heteromeric AC core enzyme of
PP2A, we next incubated purified ABaC complex with the
His6-tagged cytoplasmic domain of Tsk7L/R1 to determine
whether Ba in complex with AC could associate with type I
receptors either in the monomeric form or as part of an intact
complex. We then stabilized the interaction by chemical cross-
linking, a method used to detect interactions between the three
subunits of the PP2A complex (25). Ba interacted with the
cytoplasmic domain of Tsk7L/R1 under these conditions, thus
resulting in a 100-kDa cross-linked band with immunoreactiv-
ity for anti-Ba (Fig. 1D) and anti-Tsk7L/R1 (data not shown).
The use of purified ABaC in this experiment indicates that
when provided in a complex with PP2A, Ba is able to directly
associate with Tsk7L/R1. Under these conditions, the ABaC
complex was also formed but not resolved on the gel (data not
shown). Considering the large size and low efficiency of cross-
linking, it was difficult to assess whether a complex of ABaC
with Tsk7L/R1 was formed.

Besides Ba (21), the AC subunits of PP2A can also interact
with other B subunits (25). One of these, Bb, also contains
WD-40 repeats yet has a highly divergent N-terminal sequence
(34). In contrast, another B subunit, B9, lacks WD-40 repeats
and is unrelated (46). Like Ba, Bb was able to directly asso-
ciate with the cytoplasmic domain of Tsk7L/R1, as determined
by chemical cross-linking (Fig. 1E). In contrast, 35S-labeled B9
did not interact with the cytoplasmic domains of the receptors
(Fig. 1F) and B9 in purified AB9C complex also did not detect-
ably interact (data not shown), suggesting that WD-40 repeats
may be involved in the interaction with type I receptors.

Type I receptor kinase-dependent association and phos-
phorylation of Ba. Type I receptors, like type II receptors, are
serine/threonine kinases. Since the WD-40 repeat protein
TRIP-1 interacts with higher affinity with the kinase-active
than with the kinase-inactive type II receptor (8), we examined
whether association of Ba with the type I receptor also de-
pended on its kinase activity. As shown in Fig. 2A, Ba associ-

ated with the kinase-active cytoplasmic domain (lane 4) but not
with a kinase-inactive point mutant (lane 3) and was detected
as a 100-kDa, cross-linked anti-Ba immunoreactive band.

We next assessed whether Ba is a substrate for the kinase
activity of Tsk7L/R1. The His6-tagged cytoplasmic domain of
Tsk7L/R1, purified from baculovirus-infected cells, was incu-

FIG. 1. In vitro association of Ba with type I receptors. (A) Association of in
vitro-translated Ba with GST-receptor fusion proteins. In vitro-translated 35S-
labeled Ba was incubated with glutathione-Sepharose-coupled GST (lane 2) or
GST fused to the cytoplasmic domains of Tsk7L/R1 (lanes 3 and 5), TbRI/R4
(lane 4), or TbRII (lane 6). Bound proteins were eluted and separated by
SDS-PAGE. Lane 1 shows 1/50 of the input 35S-labeled Ba used in each of the
GST adsorption experiments. (B) Lack of interaction of TRIP-1 with the cyto-
plasmic domain of a type I receptor fused to GST (GST-R1) or with GST itself.
(C) Gel electrophoretic analysis of the purified GST fusion experiments used in
panel A and other experiments. Whereas the GST protein itself corresponded to
a single band on the gel, the fusion proteins ran as several bands, the largest of
which corresponded to the full-size proteins, and the smaller bands are presum-
ably degradation products. (D) Covalent cross-linking of Ba in the ABaC com-
plex with the cytoplasmic domain of Tsk7L/R1. Purified ABaC complex was
incubated without cross-linking (lane 1) or was chemically cross-linked in the
absence (lane 2) or presence (lane 3) of purified cytoplasmic domain of Tsk7L/
R1. Cross-linked proteins were separated by SDS-PAGE and immunoblotted
with anti-Ba antibody. The arrow points to the cross-linked complex of Ba with
Tsk7L/R1 which is detected as an anti-Ba immunoreactive band. The arrowhead
points to noncomplexed Ba. (E) Covalent cross-linking of Bb in the ABbC
complex with the cytoplasmic domain of Tsk7L/R1. Purified ABbC was chemi-
cally cross-linked in the absence (lane 1) or presence (lane 2) of the His6-tagged
cytoplasmic domain Tsk7L/R1. The arrow points to the cross-linked complex of
Bb with Tsk7L/R1 which is detected as the anti-Bb immunoreactive band, and
the arrowhead points to noncomplexed Bb. (F) In vitro-translated B9 does not
bind GST-receptor fusion proteins. In vitro-translated 35S-labeled Ba (lanes 1 to
3) and B9 (lanes 4 to 6) were tested for their association with GST (lanes 1 and
4) or GST fusion proteins with the cytoplasmic domains of Tsk7L/R1 (lanes 2
and 5) or TbRI/R4 (lanes 3 and 6) as described for panel A.
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bated with purified Ba in a kinase assay with [g-32P]ATP,
either alone or in the presence of purified ABaC complex, in
which all three protein components are present in an equimo-
lar ratio (25). As shown in Fig. 2B, the type I receptor (Tsk7L/
R1) phosphorylated both purified Ba (lane 2) and Ba, but not
A and C, in the ABaC complex (lane 3). The lack of phos-
phorylation of A and C in these assays illustrated the specificity
of Ba as a kinase substrate.

Interaction of Ba with type I receptors in vivo. To determine
whether Ba associates with the type I receptor in vivo, we
coexpressed Ba with the type I receptors and assessed their
interaction by using coimmunoprecipitation and Western blot
analyses. To distinguish between Ba, the type I receptors, and
the antibody heavy chain, which all migrate with the same
mobility in SDS-PAGE, we coexpressed Ba with the cytoplas-
mic domains of the receptors preceded with an N-terminal

methionine and a His6 sequence. Purification of the receptor
cytoplasmic domains by adsorption to Co21-Sepharose thus
allowed copurification of receptor-associated Ba. Subsequent
Western blot analyses using anti-Ba antiserum showed that Ba
associated with the cytoplasmic domains of the TbRI and
Tsk7L type I receptors (Fig. 3A, lanes 3 and 5) but did not
interact with the kinase-inactive mutants of these receptors
(Fig. 3A, lanes 2 and 4) nor with the type II receptor cytoplas-
mic domain (Fig. 3A, lanes 6 and 7). The A and C proteins
were not detectable by using Western blot analyses or assays
for phosphatase activity (data not shown), suggesting that re-
ceptor-bound Ba may not interact with the AC core enzyme or
that low levels of associated AC may not be detectable. The
low endogenous receptor levels and limitations in quality of the

FIG. 2. Interaction of Ba with the type I receptor cytoplasmic domain de-
pends on its kinase activity and allows phosphorylation of Ba by the receptor
kinase. (A) Ba interacts with kinase-active [ki(1)], not with kinase-inactive
[ki(2)], Tsk7L/R1. Ba in the absence of the cytoplasmic domain of the receptor
without (lane 1) or after (lane 2) chemical cross-linking is shown. Ba incubated
with the kinase-inactive (lane 3) or kinase-active (lane 4) cytoplasmic domain of
the receptor and stabilized by chemical cross-linking is also shown. The arrow
points to the cross-linked complex of Ba with Tsk7L/R1 which is detected as the
anti-Ba immunoreactive band, and the arrowhead points to noncomplexed Ba.
Lanes 5 and 6 show that equal amounts of the kinase-negative or -positive
cytoplasmic domains of Tsk7L/R1, purified as His6-tagged proteins, were used in
lanes 3 and 4. (B) Tsk7L/R1 phosphorylates Ba. The purified cytoplasmic do-
main of Tsk7L/R1 was incubated alone (lane 1), with Ba (lane 2), or with ABaC
(lane 3) in a kinase reaction in the presence of [g-32P]ATP. Proteins were
separated by SDS-PAGE, and 32P-phosphorylated substrates were visualized by
autoradiography. Besides Ba, a degradation product of Ba [Ba (degraded)] was
also phosphorylated. The phosphorylated band above the Ba band is a protein
that copurified with the receptor cytoplasmic domain. The gray arrowheads
denote the positions of the A (upper) and C (lower) subunits, which were not
phosphorylated. Lanes 4 to 6 show Western blots of purified and electrophoreti-
cally separated ABaC (26), which was used in lane 3, with antibodies specific for
A, Ba, or C, respectively. FIG. 3. In vivo association of Ba with type I receptors. (A) In vivo association

of Ba with type I receptors. Ba was expressed alone (lane 1) or coexpressed with
His6-tagged kinase-inactive (lanes 2, 4, and 6) or kinase-active (lanes 3, 5, and 7)
cytoplasmic domains of the type I receptor Tsk7L/R1 (lanes 2 and 3) or TbRI/R4
(lanes 4 and 5) or the type II receptor TbRII (lanes 6 and 7) in transfected
COS-1 cells. His6-tagged cytoplasmic domains and associated proteins were
purified on Co21-Sepharose beads and, following elution, separated by SDS-
PAGE, and Ba was detected by immunoblotting with anti-Ba antibody. (B)
TbRII coexpression enhances the association of Ba with TbRI. Ba was ex-
pressed alone (lane 1) or was coexpressed with the His6-tagged cytoplasmic
domain of TbRI/R4 (lanes 2 to 4) in transfected COS-1 cells, in the absence
(lane 2) or presence (lanes 3 and 4) of TbRII (1 [lane 3] or 10 [lane 4] mg of
transfected plasmid DNA). As in panel A, the proteins associated with TbRI
purified on Co21-Sepharose beads were separated by SDS-PAGE and associated
Ba was detected by immunoblotting. (C) Interaction of Ba with full-size type I
receptor at the cell surface. The full-size type I receptor Tsk7L/R1 (lanes 2 and
3) or TbRI/R4 (lanes 5 and 6) was expressed in COS-1 cells in the presence
(lanes 3 and 6) or absence (lanes 2 and 5) of Ba in transfected cells. The
corresponding cytoplasmically truncated Tsk7L/R1 (lane 1) or TbRI/R4 (lane 4)
was also coexpressed with Ba. Cell surface proteins were labeled by surface
biotinylation of intact cells, and immunoprecipitations were carried out by using
anti-Ba antibody, followed by visualization of coprecipitated, biotinylated pro-
teins. The full-size glycosylated and unglycosylated type I receptor and an often-
observed degradation product (degraded?) are indicated.
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antibodies made detection of the association of endogenous
Ba and type I receptors technically not feasible.

Although the type I receptors have an inherent kinase ac-
tivity, their phosphorylation and kinase activity are greatly en-
hanced following ligand-induced phosphorylation by the type
II receptor kinase (48). Additionally, coexpression of the type
II TGF-b receptor cytoplasmic domain resulted in direct phos-
phorylation of the interacting type I receptor (7, 14). We there-
fore coexpressed the type II receptor with TbRI/R4 to see if it
influenced the level of Ba associated with the type I receptor.
As shown in Fig. 3B, increasing TbRII expression strongly
enhanced the level of Ba associated with TbRI/R4, suggesting
that Ba associates with the activated receptor. Auto- and
transphosphorylation of the type I receptor, therefore, is likely
to increase the affinity of the receptor for Ba.

Finally, we also evaluated whether Ba could interact with
full-length type I receptors at the cell surface. Thus, we ex-
pressed Ba and type I receptor TbRI/R4 or Tsk7L/R1 and
labeled the cell surface proteins by biotinylation. As shown in
Fig. 3C, immunoprecipitation of Ba resulted in coprecipitation
of cell surface type I receptors. As expected, cytoplasmically
truncated type I receptors did not associate with Ba. This
illustrates that Ba can associate with the cytoplasmic domains
of full-length type I receptors at the cell surface.

In vivo phosphorylation of N-terminally truncated Ba.
Whereas the phosphorylation of Ba was readily demonstrated
in vitro, it was much harder to define conditions that convinc-
ingly showed receptor-dependent phosphorylation of Ba in
vivo. In the absence of okadaic acid, phosphorylation of Ba
was not detected with or without overexpression of TGF-b
receptors. In contrast, in the presence of 1 mM okadaic acid,
Ba was already highly phosphorylated in the absence of exog-
enous TGF-b and this high level was only minimally enhanced
by TGF-b (data not shown). The lack of convincing evidence
for Ba phosphorylation by TGF-b receptors under our condi-
tions may be due to the endogenous autocrine activation of the
TGF-b receptors, and the very transient nature of the phos-
phorylation may be due to rapid dephosphorylation of Ba by
the core PP2A enzyme. We therefore analyzed the ability of
the receptors to phosphorylate a mutant of Ba which lacks its
N-terminal 49 amino acids. This small truncation abolished the
interaction of Ba with the A and C subunits of PP2A (46a). As
shown in Fig. 4, this Ba mutant is phosphorylated only when
coexpressed with TGF-b receptors. This observation demon-
strates the ability of TGF-b receptors to phosphorylate Ba in
vivo. Our inability to convincingly demonstrate full-size Ba
phosphorylation by the receptor may be due to its rapid asso-
ciation with and dephosphorylation by the PP2A core enzyme.

Ba expression does not affect receptor phosphorylation.
Since the Ba subunit can associate with the type I receptors
and also can regulate PP2A activity through its association with
the AC core enzyme (25), it is possible that Ba recruits the
phosphatase to the activated receptor complex, which could
then alter the phosphorylation state of the receptors. To test
this, we coexpressed TbRI/R4 and TbRII with or without Ba
and analyzed the in vivo 32P phosphorylation levels of the
receptors after TGF-b stimulation. The level of phosphoryla-
tion of TbRI/R4 or TbRII, however, was not detectably altered
with increased Ba expression (Fig. 5). In addition, no time-
dependent alteration in the level of receptor phosphorylation
was observed following TGF-b stimulation (data not shown).
Therefore, association of Ba with the receptors does not result
in detectable overall changes in receptor phosphorylation, al-
though differential phosphorylation of individual amino acids
cannot be excluded.

Increased expression of Ba regulates TGF-b responsive-
ness. The lack of detectable effect of Ba on receptor phos-
phorylation does not preclude that Ba might regulate down-
stream TGF-b signaling. We therefore tested the effect of Ba
on two TGF-b responses in HaCaT cells, a cell line which is
highly sensitive to the antiproliferative effect of TGF-b (16). In
one set of assays, TGF-b-induced gene expression was assessed
by measuring luciferase expression from the PAI-1 promoter
(27) or the 3TP promoter (47) or by measuring PAI-1 protein
expression (22) in stably transfected cells. TGF-b greatly in-
duced transcription from the 3TP promoter (Fig. 6A) or the
PAI-1 promoter (data not shown). Increased Ba expression
resulted in a small but reproducible decrease in the TGF-b
response without affecting the basal level of expression from
the PAI-1 promoter (Fig. 6A). This decrease was also apparent
in Mv1Lu epithelial cells (data not shown). Expression of the
PAI-1 protein in HaCaT cells, stably transfected with a Ba
expression plasmid, was, however, not decreased when com-
pared to that of control transfected cells (Fig. 6A, inset). The
discrepancy between these results may be due to measuring
PAI-1 transcription versus protein levels.

FIG. 4. N-terminally truncated Ba is phosphorylated upon coexpression of
TbRI and TbRII. Myc-epitope-tagged Ba, lacking amino acids 1 to 49, was
coexpressed in the presence (1) or absence (2) of TbRI/R4 and TbRII (TbRI/
II) in transfected COS cells. The in vivo phosphorylation of this deletion mutant
of Ba was assessed by in vivo 32P labeling followed by immunoprecipitation with
anti-Myc antibody 9E10 and detection by SDS-PAGE and autoradiography (up-
per lanes). The lower lanes illustrate equal expression levels of the Myc-tagged
Ba mutant as assessed by anti-Myc Western blotting of anti-Myc immunopre-
cipitated protein. Left lanes, without TbRI/TbRII expression; right lanes, with
TbRI/TbRII expression.

FIG. 5. Increased Ba expression does not alter the overall phosphorylation
state of TGF-b receptors. FLAG-tagged type II receptors (TbRII) and type I
receptor TbRI/R4 (R4) were coexpressed with Ba in transfected L17 cells. The
in vivo phosphorylation of the receptors was assessed by in vivo 32P labeling
followed by immunoprecipitation with FLAG antibody and detection by SDS-
PAGE and autoradiography. Lane 1, without increased Ba expression; lane 2,
with increased Ba expression.
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We also measured the effect of Ba on TGF-b-induced
growth inhibition in HaCaT cells (16) and Mv1Lu cells (29) by
using a reporter assay in which decreased luciferase expression
from the cyclin A promoter correlates with growth inhibition

(14). Thus, treatment with TGF-b resulted in decreased lucif-
erase expression in control cells, as previously shown (14).
Increased Ba expression strongly decreased transcription from
the cyclin A promoter, in both the presence and absence of
added TGF-b (Fig. 6B). This enhancement of the cyclin A
response due to Ba was similarly observed in Mv1Lu cells
(data not shown). The effect of Ba on TGF-b-induced growth
inhibition was also confirmed in stably transfected HaCaT
cells. In these cells, the DNA synthesis, measured by using [3H]
thymidine incorporation, was decreased two- to threefold when
compared to that of control transfected cells in both the pres-
ence and absence of TGF-b (Fig. 6B, inset).

Smads have been shown to be effectors of signaling by
TGF-b receptors, and Smad3 and Smad4/DPC4 together are
able to induce growth inhibition (28, 49). We therefore as-
sessed the effect of Ba overexpression on transcription from
the cyclin A promoter in comparison to that of Smad3 and -4
to determine their relative effects. As shown in Fig. 7A, in-
creased expression of Ba resulted in an antiproliferative effect
that is comparable to the effect of Smad3 and -4, as assessed by
using the cyclin A-luciferase assay. In these experiments, West-
ern blotting using an anti-Myc antibody against the C-terminal
tags revealed an estimated 5- to 10-fold-higher Smad expres-
sion than Ba expression (data not shown). This antiprolifera-
tive effect of Ba was also apparent in Smad4-deficient SW480.7
cells (Fig. 7B). Since Smad4 is required for the activity of
Smad2 or -3, these data thus indicate that Ba can exert its
antiproliferative effect independent of Smad signaling. Fur-
thermore, the antiproliferative effects induced by Ba and by
coexpressed Smad3 and -4 are additive (Fig. 7B), which is con-
sistent with their independent ways of signaling. Finally, the
antiproliferative effect of overexpressed Ba in SW480.7 cells is
similar in the presence or absence of TGF-b and resembles the
ligand-independent responses to overexpressed Smad3 and -4
in these cells (49) (Fig. 7B). This ligand independence stands in
contrast to the TGF-b dependence of the responses to over-
expressed Ba and Smad3 and -4 in HaCaT cells (Fig. 6B) (49).

Effect of Ba on the growth inhibition response depends on
functional TGF-b receptors. The growth inhibition effect of
Ba and its enhancement of the antiproliferative effect to ex-
ogenous TGF-b in HaCaT cells (Fig. 6B) may be due to an
effect of Ba, which is independent of TGF-b receptor signal-
ing, or may depend on autocrine receptor activation by endog-
enous TGF-b produced by these cells (26). To distinguish
between these possibilities, we analyzed the ability of Ba to
inhibit the cyclin A response in mutant Mv1Lu cells, which lack
functional receptors and therefore do not respond to TGF-b,
i.e., R1B cells lacking type I receptors and DR26 cells lacking
functional type II receptors (29). As shown in Fig. 8A, Ba did
not cause growth inhibition in receptor-deficient R1B or DR26
cells, indicating that the growth inhibition response to Ba
requires functional TGF-b receptors. This conclusion was con-
firmed by showing that reintroduction of functional type I
receptors into R1B cells or type II receptors in DR26 cells
restored the growth inhibition response of Ba (Fig. 8A). The
sensitivity of the Ba-induced growth inhibition to functional
receptors in the absence of exogenous TGF-b is consistent with
the ability of cells to respond to endogenous TGF-b produc-
tion and the consequent basal activation of the TGF-b recep-
tors (37). The dependence of the growth inhibition response of
Ba on TGF-b receptors was also illustrated by the effect of
dominant-negative interference with TbRI function. As shown
in Fig. 8B, overexpression of a cytoplasmically truncated TbRI,
which inhibits receptor function (4, 14), inhibits the antiprolif-
erative effect of Ba. Therefore, the enhancement of the growth

FIG. 6. Effect of Ba on TGF-b responsiveness. (A) Effect of Ba on luciferase
expression from the 3TP promoter. The Ba expression plasmid pRK7-Ba or the
control plasmid pRK7 was cotransfected with p3TP-lux in HaCaT cells. Lucif-
erase expression was measured in the absence or presence of TGF-b. The inset
shows that PAI-1 protein levels are not altered by Ba in stably transfected cell
lines. 35S-labeled PAI-1 protein secreted from HaCaT cells, stably transfected
with pRK7 (control) or pRK7-Ba in the absence (2) or presence (1) of 100 pM
TGF-b, was used. (B) Ba enhances the inhibition of luciferase activity by TGF-b
from the cyclin A promoter. HaCaT cells were cotransfected with the pCal2
luciferase reporter plasmid and the control plasmid pRK7 or the Ba expression
plasmid pRK7-Ba. Luciferase expression from the cyclin A promoter, a measure
of cell proliferation, was measured in the absence or presence of TGF-b. the
inset shows that Ba increases the inhibition of DNA synthesis by TGF-b in stably
transfected cells. DNA synthesis, measured by [3H]thymidine incorporation in
HaCaT cells, stably transfected with pRK7 (control) or pRK7-Ba in the absence
(2) or presence (1) of 100 pM TGF-b, is shown. Data are presented relative to
those of untreated, control transfected cells. Standard deviations were based on
triplicate measurements.
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inhibition response by Ba requires functional TGF-b recep-
tors.

DISCUSSION
In this study, we have shown that the WD-40 repeat-con-

taining Ba subunit of PP2A can directly associate with the
cytoplasmic domains of type I TGF-b receptors. As a result of
this interaction, Ba is phosphorylated by the type I receptor
kinase. This physical interaction may provide a basis for the
TGF-b receptor-dependent growth inhibition effect of Ba,

which complements the direct antiproliferative effect of
TGF-b, and may allow the type I receptor to regulate PP2A
activity in a Ba-dependent manner. These data, together with
the interaction of TRIP-1 with TGF-b type II receptors, sug-
gest that some WD-40 repeat proteins interact with serine/
threonine kinase receptors.

Interaction of the Ba subunit of PP2A with TGF-b recep-
tors. The interaction of Ba, the WD-40 repeat subunit of
PP2A, with the cytoplasmic domains of type I receptors was
shown both in vitro and in vivo. Thus, purified Ba, with or
without the AC core enzyme, associated directly with the cy-
toplasmic domains of type I receptors in vitro, and this asso-
ciation was confirmed in vivo. Furthermore, Ba also associated
with type I receptors at the cell surface, as assessed by coim-
munoprecipitation analyses of cell surface biotinylated recep-
tors. Remarkably, Ba has a much lower affinity for the type II
TGF-b receptor, even though the cytoplasmic domains of
TbRII and the type I receptors have extensive sequence sim-
ilarities. The association of Ba with the type I receptors par-
allels the association of TRIP-1, which, like Ba, has five
WD-40 repeats, with TbRII (8). WD-40 repeats may be in-
volved in the interaction with the cytoplasmic domain of the
receptor, as suggested by the interaction of both Ba and Bb
with the type I receptor cytoplasmic domain, whereas B9, which
lacks WD-40 repeats, does not associate. Thus, TRIP-1 inter-
acts with the type II receptor and not with the type I receptor,
whereas Ba has a much higher affinity for the cytoplasmic
domains of type I receptors than for the type II receptor.

Ba bound specifically to the kinase-active and not to the
kinase-inactive form of Tsk7L/R1 and TbRI/R4, again resem-
bling the much higher affinity of TRIP-1 for kinase-active
TbRII than for its kinase-inactive mutant (8). In vivo, the
kinase activity and phosphorylation state of the type I receptor
cytoplasmic domain are considerably enhanced by ligand-in-
duced transphosphorylation by the type II receptor. The in-
creased association of Ba with the type I receptor cytoplasmic
domains, when the type II receptor is coexpressed, strongly
suggests that Ba associates with the activated receptor com-
plex. Auto- and transphosphorylation of the type I receptor,
therefore, is likely to increase the affinity of the receptor for
Ba.

The interaction of these WD-40 repeat proteins is somewhat
reminiscent of the interaction of SH2 domain-containing pro-
teins with tyrosine kinase receptors. SH2 domains are con-
tained within several effector or adaptor proteins that mediate
signaling following ligand-induced activation of these recep-
tors. Their higher affinity for the phosphorylated tyrosines on
autophosphorylated receptors allows recruitment of these sig-
naling mediators to activated receptors and subsequent signal-
ing events (23). TGF-b receptors, however, are serine/threo-
nine kinase receptors with signaling mechanisms that are
distinct from tyrosine kinase receptors. The interactions of
TRIP-1 with the type II receptor and Ba with type I receptors,
and their increased association with the autophosphorylated
receptors, when compared with the kinase-inactive versions,
suggest that WD-40 repeats in some proteins may mediate
protein associations with activated serine/threonine kinase re-
ceptors.

The TGF-b receptors can phosphorylate Ba. The interac-
tion of the Ba subunit of PP2A with the type I receptor raises
the possibility of functional interactions between receptor ac-
tivation and the activity of PP2A. One aspect of this regulation
is the phosphorylation of Ba by the type I receptor. Although
phosphorylation of Ba was readily demonstrated in vitro, reg-
ulated phosphorylation of full-size Ba was not observed in
vivo, possibly due to rapid dephosphorylation by PP2A. How-

FIG. 7. Ba enhances the inhibition of cyclin A-luciferase activity indepen-
dently from Smads. Ba increases the inhibition of cyclin A-luciferase activity
comparably to Smad3 and -4. HaCaT (A) or Smad4-deficient SW480.7 (B) cells
were cotransfected with pCal2 and pRK7 (control), pRK7-Ba, or pRK5 expres-
sion plasmids for Smad3 and -4. Luciferase expression from the cyclin A pro-
moter was measured in the absence (2) or presence (1) of TGF-b. Ba inhibition
of cyclin A-luciferase activity occurs in the absence of Smad4 and is therefore
Smad independent (B), whereas Ba and Smad3-Smad4 additively inhibit cyclin
A-luciferase activity in these cells.
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ever, the use of a Ba mutant, which cannot associate with the
AC core phosphatase, allowed us to visualize in vivo phosphor-
ylation of Ba by type I receptors. Although the C subunit has
previously been shown to be phosphorylated on tyrosine (6,
19), this is the first demonstration of phosphorylation of Ba.

The ability of TGF-b receptors to regulate Ba function is
suggested by the observation that the inhibitory effect of Ba on
cyclin A expression depends on functional receptors. This in-
hibition is not apparent in cells that lack functional type II or
type I receptors and can be reestablished by introducing func-
tional type I or type II receptors. Furthermore, dominant-
negative interference with endogenous receptor function in-
hibits the antiproliferative effect of Ba.

The ability of Ba to interact with type I receptors and its
association with the AC core enzyme of PP2A also raise the
possibility that TGF-b receptor activation may regulate PP2A
activity. Although we did not observe a regulation of the phos-
phatase activity of PP2A by TGF-b in untransfected HaCaT
cells, increased Ba expression in transfected cells decreased
the PP2A activity, and this inhibition was reversed by TGF-b
(data not shown). This could be explained by increased asso-

ciation of Ba with the activated type I receptor and, therefore,
decreased interaction with the AC core enzyme and is consis-
tent with the inhibitory effect of Ba on PP2A activity in vitro
(25). The physiological relevance of these observations is as yet
unclear, especially since the use of phosphorylase A in PP2A
assays is not physiologically relevant. Taken together, our data
raise the possibility that Ba may couple TGF-b receptor acti-
vation with the as yet poorly understood, but complex, function
of PP2A.

The Ba subunit of PP2A regulates the TGF-b response. Our
results suggest that TGF-b responsiveness can be regulated by
Ba. Increased expression of Ba conferred a growth inhibition
effect, which enhanced the antiproliferative response to
TGF-b. No effect of Ba on expression of TGF-b or the TGF-b
receptors was observed (data not shown), whereas the effect on
autocrine TGF-b activation cannot be assessed. While the
growth inhibition effect of Ba in the absence of added TGF-b
may have suggested a response independent of TGF-b signal-
ing, we found instead that this activity requires signaling by the
receptors. This conclusion is based on our results with cells
that lack functional receptors and with cells in which we over-
expressed a dominant-negative mutant of the type I receptor
(Fig. 8). Thus, the decreased cell proliferation induced by Ba
in the absence of added TGF-b is due to a sensitivity of the
cells to endogenously produced TGF-b and the consequent
basal activation of the TGF-b receptors (37). Finally, the de-
pendence of the growth inhibition effect of Ba on functional
TGF-b receptors also supports the notion that TGF-b recep-
tors have the ability to regulate the activity of Ba.

FIG. 8. Dependence of the growth inhibition effect of Ba on functional
TGF-b receptors. (A) The growth inhibition effect of Ba is TGF-b receptor
dependent. R1B cells, an Mv1Lu derivative lacking functional TbRI, or DR26
cells, an Mv1Lu derivative lacking functional TbRII, were cotransfected with the
pCal2 cyclin A-luciferase plasmid and pRK7 expression plasmids for Ba,
TbRI/R4 (in R1B cells), or TbRII (in DR26 cells). Luciferase expression from
the cyclin A promoter was measured in the absence (2) or presence (1) of
TGF-b. (B) Dominant-negative inhibition of TbR1/R4 activity blocks growth
inhibition by Ba. Mv1Lu cells were cotransfected with the pCal2 cyclin A-
luciferase plasmid and pRK7 expression plasmids for Ba or a cytoplasmically
truncated form of TbRI (DN R4) or both. Luciferase expression from the cyclin
A promoter was measured in the absence or presence of TGF-b. Luciferase
values, normalized for transfection efficiency, are presented relative to those of
untreated, control transfected cells. Standard deviations were based on triplicate
measurements.

6602 GRISWOLD-PRENNER ET AL. MOL. CELL. BIOL.



Although the regulation of the TGF-b response by Ba may
conceptually be due to a Ba-mediated recruitment of the phos-
phatase to the activated receptor complex, which could then
alter the phosphorylation of the receptors, we did not detect a
change in phosphorylation of TbRI/R4 or TbRII with in-
creased Ba expression. Changes in the pattern of phosphory-
lated amino acids, however, cannot be excluded. A possible
dissociation of receptor-associated Ba from the PP2A core
enzyme or the fact that the receptors may not serve as PP2A
substrates may explain the unchanged phosphorylation level of
the receptors.

The effect of Ba on the growth inhibition response of TGF-b
complements the role of Smads as effectors of TGF-b receptor
signaling. Smads function as transcriptional activators that in-
duce the expression of various genes (11, 33). Since the tran-
scription of several genes is induced by Smads (28, 49), Smads
may induce growth inhibition by inducing transcription of the
cdk inhibitors p15 and p21 (20, 41) in response to TGF-b.
Overexpression of Ba induces growth inhibition to a level
comparable to that of overexpression of Smads and, like the
Smads (49), the effect of Ba on growth inhibition depends on
receptor activity. Furthermore, the antiproliferative effect of
Ba does not depend on Smad4, suggesting that TGF-b recep-
tor activation may induce two parallel pathways that lead to the
antiproliferative response, one propagated by Smad proteins
and the other one propagated through Ba. Although the mech-
anism of the receptor-dependent growth inhibition by Ba is not
known, one possibility is that it acts through the ability of PP2A
to regulate MAP kinase activity, especially since PP2A is a
major enzyme involved in dephosphorylating MAP kinase (1).
Therefore, altered PP2A activity following TGF-b receptor
activation might contribute to growth inhibition by deactivat-
ing this growth stimulatory pathway and, thus, complement the
direct induction of growth inhibition by Smads. Moreover, a
possible regulation of PP2A activity by TGF-b may also di-
rectly affect the cell cycle, which would be consistent with the
observed role of PP2A in cell cycle control (9, 36).

In summary, we have demonstrated a physical interaction
between the WD-40 repeat Ba subunit of PP2A and TGF-b
type I receptors. This interaction results in phosphorylation
and regulation of Ba. Conversely, Ba cooperates with the
growth inhibition signaling by TGF-b in a receptor-dependent
manner.
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Wang, and J. Massagué. 1992. TGF-b signals through a heteromeric protein
kinase receptor complex. Cell 71:1003–1014.

48. Wrana, J. L., L. Attisano, R. Wieser, F. Ventura, and J. Massagué. 1994.
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