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Transforming growth factor � (TGF�) interacts with cell surface receptors to initiate a signaling cascade
critical in regulating growth, differentiation, and development of many cell types. TGF� signaling involves
activation of Smad proteins which directly regulate target gene expression. Here we show that Smad proteins
also regulate gene expression by using a previously unrecognized pathway involving direct interaction with
protein kinase A (PKA). PKA has numerous effects on growth, differentiation, and apoptosis, and activation of
PKA is generally initiated by increased cellular cyclic AMP (cAMP). However, we found that TGF� activates
PKA independent of increased cAMP, and our observations support the conclusion that there is formation of
a complex between Smad proteins and the regulatory subunit of PKA, with release of the catalytic subunit from
the PKA holoenzyme. We also found that the activation of PKA was required for TGF� activation of CREB,
induction of p21Cip1, and inhibition of cell growth. Taken together, these data indicate an important and
previously unrecognized interaction between the TGF� and PKA signaling pathways.

Transforming growth factor beta (TGF�) is one of a family
of proteins that regulate a diverse array of biological functions
including growth and differentiation, embryonic development,
angiogenesis, and wound healing. Disruption of the ligands or
components of this signaling pathway is associated with a num-
ber of human diseases, including cancer (2). The TGF� family
includes activins, inhibins, bone morphogenetic proteins, and
TGF�. Signaling begins when TGF� binds to cell surface
serine/threonine kinase receptors. TGF� binds to the type II
TGF� receptor (RII), which then interacts with and phosphor-
ylates the type I TGF� receptor (RI). Phosphorylation acti-
vates the intrinsic kinase activity of RI, making it possible for
the receptor to phosphorylate and, thus, activate Smad pro-
teins (Smads). To date, at least nine Smads have been cloned,
and among them, the highly related Smad2 and Smad3 are
specific effectors for TGF� signaling (24). Ligand binding to
the TGF� receptor complex results in C-terminal phosphory-
lation of Smad2 and Smad3. Once phosphorylated, Smad2 and
Smad3 dissociate from the receptor, bind to Smad4, and enter
the nucleus. In the nucleus, heteromeric complexes of Smads
function as effectors of Smad signaling by binding directly to
DNA and/or by interacting with other DNA-binding proteins
to target genes for transcriptional regulation.

Recently, interactions of TGF� pathway components with
effectors of other signaling pathways have been described. One
potentially important interaction was suggested by a report
that TGF� could activate cyclic AMP (cAMP)-dependent pro-
tein kinase (also known as protein kinase A, or PKA) through
an unknown mechanism (40). PKA is a cytosolic, tetrameric
holoenzyme that is composed of two regulatory subunits asso-
ciated with two catalytic subunits (11, 29, 36, 39). Elevation of

intracellular cAMP levels causes binding of cAMP to the reg-
ulatory subunits and leads to a dissociation of the tetrameric
complex, thus allowing the free catalytic subunit to be active as
a serine/threonine kinase in the cytoplasm and nucleus. The
dissociated, active catalytic subunits can then affect cell phys-
iology via phosphorylation of a wide variety of protein sub-
strates (16, 21, 27). PKA signaling has been shown to play an
important role in multiple physiological processes, including
growth and differentiation, extracellular matrix production,
and apoptosis (39). Since many of these cellular effects are
similar to those elicited by TGF�, we sought to understand the
mechanisms involved in this interaction between the TGF�
and PKA signaling pathways.

MATERIALS AND METHODS

Cell culture and transfections. Mv1Lu cells were grown in Dulbecco’s modi-
fied Eagle’s medium containing 10% fetal bovine serum, 100 U of penicillin per
ml, and 100 �g of streptomycin per ml. The cells were maintained in a humidified
incubator with 5% CO2 at 37°C. Transient transfections were performed with
Lipofectamine Plus reagent (Gibco BRL, Gaithersburg, Md.) according to the
manufacturer’s instructions.

Preparation of pancreatic acini and adenoviral infection. The preparation of
pancreatic acini was performed as previously described (43). Briefly, pancreatic
tissue was obtained from male Swiss Webster mice or Smad3�/� mice and
digested with collagenase (100 U/ml) and incubated at 37°C for 45 min with
shaking (120 cycles/min). Acini were then mechanically dispersed by trituration
of tissue through polypropylene pipettes of decreasing orifice size (3.0, 2.4, and
1.2 mm) and filtration through a 150-�m-pore-size mesh nylon cloth. Acini were
purified by centrifugation at 50 � g for 3 min through a solution containing 4%
bovine serum albumin (BSA) and were resuspended in enhanced media that
consisted of Dulbecco’s modified Eagle’s medium containing 0.5% fetal bovine
serum, 100 U of penicillin per ml, 100 �g of streptomycin per ml, 0.5 mM
isobutylmethylxanthine (IBMX), and 0.1 mg of soybean trypsin inhibitor per ml.
Cells were maintained in a humidified atmosphere of 5% CO2 in air at 37°C
during incubation times. The acinar cells were infected with adenovirus express-
ing either Smad3 or green fluorescent protein (106 PFU/mg of acinar protein) as
described previously (43).

In vitro kinase assay for PKA activity. PKA kinase activity was measured by a
PKA kinase activity assay kit (Promega, Madison, Wis.). Mv1Lu cells or acinar
cells were treated with TGF�1 (R & D Systems, Minneapolis, Minn.), washed
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with phosphate-buffered saline (PBS), and harvested with cold extraction buffer
containing 25 mM Tris-HCl (pH 7.4), 0.5 mM EDTA, 0.5 mM EGTA, 10 mM
�-mercaptoethanol, 1 mg of leupeptin per ml, 1 mg of aprotinin per ml, and 0.5
mM phenylmethylsulfonyl fluoride (PMSF). Protein concentrations of the crude
lysates were quantitated, and equal amounts of protein were added to a reaction
mixture containing 40 mM Tris-HCl (pH 7.4), 20 mM MgCl2, 0.1 mg of BSA per
ml, 100 mM biotinylated PKA peptide substrate (Kemptide), 3,000 Ci [�32-P]
ATP (Amersham, Arlington Heights, Ill.) per mmol, and 0.5 mM ATP per
reaction. The reaction was allowed to proceed for 5 min at 30°C and then
terminated by the addition of 2.5 M guanidine hydrochloride. A total of 10 �l of
each sample was spotted onto streptavidin-coated disks, washed repeatedly,
dried in an oven, and placed in scintillation vials for radioactive counting.

Measurement of cAMP. Intracellular cAMP levels were measured with a
Biotrak cAMP enzyme immunoassay kit (Amersham). Mv1Lu cells were treated
with TGF� or forskolin in the absence and presence of IBMX (100 mM), and the
cells were collected and resuspended in PBS with 65% (vol/vol) ethanol. The cell
precipitates were centrifuged, the supernatants were drawn off, and the extracts
were dried in a vacuum oven. Extracts were resuspended in assay buffer, acety-
lated, and assayed for cAMP following the instructions supplied by the manu-
facturer.

Immunoblot analysis. Whole-cell lysates were prepared by incubating cells in
ice-cold lysis buffer (20 mM Tris [pH 7.8], 2 mM EDTA, 50 mM NaF, 1% Triton
X-100, 5 �g of leupeptin per ml, 5 �g of pepstatin per ml, and 0.5 mM PMSF).
Cells were sonicated for 8 s and then placed on ice for 15 min. The lysates were
then centrifuged at 14,000 � g for 15 min at 4°C and assayed for protein with the
Bio-Rad protein assay reagent. Equal amounts of protein were resolved by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to nitrocellulose membranes. Anti-p21Cip1 antibody and anti-�-actin
antibodies (Santa Cruz Biotechnology, Santa Cruz, Calif.) were used. Images
were visualized with an enhanced chemiluminescence (ECL) detection system
(Amersham). For immunoblot analysis of phospho- and total-CREB (cAMP-
response element binding protein), nuclear cellular extracts were prepared by the
method of Maire as previously described (23) and anti-phospho-CREB antibody
(Upstate Biotechnology, Inc., Lake Placid, N.Y.) and anti-total-CREB antibod-
ies (Santa Cruz Biotechnology) were used.

Coimmunoprecipitation experiments. Mv1Lu cells were treated with 100 pM
TGF� for indicated time periods. Cells were then lysed by sonicating for 5 s in 1
ml of detergent-free lysis buffer (PBS, 5 mM EDTA, 0.02% sodium azide),
10 mM iodoacetamide, 1 mM PMSF, and 2 �g of leupeptin per ml at 4°C. The
lysates were cleared by microcentrifuging for 15 min at 16,000 � g at 4°C.
Antibody-conjugated beads were prepared by combining 1 �g of polyclonal
antibodies with 30 �l of a 50% protein A-Sepharose bead slurry in 0.5 ml of
ice-cold PBS for 1 h at 4°C in a tube rotator and then were washed two times with
1 ml of lysis buffer. The antibodies used for immunoprecipitation were rabbit
polyclonal anti-PKA RI� and RII� and anti-PKA C� subunit antibodies (Santa
Cruz Biotechnology). Cell lysate (500 �g) was incubated with the prepared beads
and 10 �l of 10% BSA overnight at 4°C. The beads were washed four times with
washing buffer (50 mM Tris-HCl [pH 7.4], 300 mM NaCl, 5 mM EDTA, 0.02%
sodium azide, 0.1% Triton X-100) and one time with ice-cold PBS. Proteins were
revealed after SDS-PAGE and Western blotting with the following antibodies:
mouse anti-Flag antibody (Sigma, St. Louis, Mo.) and rabbit polyclonal antibod-
ies to Smad4, Smad3, PKA RI� and RII�, and PKA C� (Santa Cruz Biotech-
nology). Images were visualized by using the ECL detection system.

In vitro binding and GST pull-down assays. Glutathione S-transferase (GST)-
labeled constitutively active Smad3 (Smad3D) fusion protein and GST-Smad4
protein were produced in Escherichia coli and purified by using a bulk GST
purification module (Amersham). One microgram of purified GST, GST-Smad3,
or GST-Smad4 protein was immobilized on glutathione Sepharose beads and
added to 1 �g of purified recombinant PKA RII� protein in PBS supplemented
with 10% BSA as a nonspecific competitor. After incubation for 1 h at 4°C, the
samples were washed four times with PBS, resolved by SDS-PAGE, and blotted
with anti-PKA RII�. The same membrane was stripped and blotted with anti-
Smad4 and anti-Smad3 antibodies. Images were visualized by using the ECL
detection system.

PKA holoenzyme assay. A PKA RII�2C�2 holoenzyme was formed and puri-
fied by sucrose gradient centrifugation as described previously (10) by using 8 �g
of purified PKA C� protein and twofold excess of purified PKA RII� protein.
Briefly, the purified proteins were incubated for 10 min at 4°C and then were
loaded on the top of a 13-ml 5 to 20% sucrose (in 100 mM NaCl) gradient
centrifugation column. The centrifugation was performed at 100,000 � g for 22 h.
The fraction with peak cAMP-dependent kinase activity was considered as pu-
rified PKA holoenzyme. The kinase activity assay was performed as described
above. The activities of RII�2C�2 were measured in the presence of 100 nM

cAMP, a 1 �M concentration of purified Smad3D protein, a 1 �M concentration
of purified Smad4 protein, or a combination of the Smad3D and Smad4 proteins,
each at a concentration of 1 �M.

CREB EMSA. Nuclear extracts were prepared and used for electrophoretic
mobility shift assays (EMSAs) as previously described (34). Nuclear protein
(5 �g) was incubated with gel shift binding buffer [10 mM HEPES, 10% glycerol,
1 mM dithiothreitol, 1 mg of poly(dI-dC) per 10 ml, and 5 mg of BSA per 10 ml]
and a CREB oligonucleotide probe labeled with [�-32P]ATP by T4 polynucle-
otide kinase. The oligonucleotide probes were provided by a gel shift assay
system (E3300; Promega). The reaction was allowed to proceed for 30 min at
room temperature. For cold competition experiments, the extract was preincu-
bated for 30 min with 50-fold molar excess of unlabeled CREB oligonucleotide.
For the antibody supershift assay, 1 �g of anti-CREB antibody was incubated
with the nuclear extracts for 30 min at room temperature prior to the addition of
labeled probe. Reactions were analyzed on a 10- by 12-cm, 0.75-mm thick,
nondenaturing, 4% acrylamide gel. Gels were transferred to Whatman paper on
a gel dryer, exposed to a Bio-Rad GS-250 screen overnight, and then analyzed on
a Bio-Rad molecular imager.

Proliferation assay. Cell proliferation was measured by using a CellTiter 96
AQ nonradioactive cell proliferation assay (Promega). Briefly, cells were plated
in 96-well plates at a density of 2,000 cells/well in 100 �l of medium. Cells were
allowed to grow up to 5 days; then combined MTS [3-(4,5-dimethylthiazol-2yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]-phenozine
methosulfate solution (20 �l/well) was added. After incubation for 2 h at 37°C in
a humidified 5% CO2 atmosphere, the absorbance was measured at 490 nm by
using an enzyme-linked immunosorbent assay plate reader. Data presented rep-
resent the average of three wells in one experiment which was repeated twice.

RESULTS

TGF� activates PKA in Mv1Lu cells. To investigate the
ability of TGF� to activate PKA, Mv1Lu cells were treated
with TGF� for specific times, and in vitro kinase assays were
performed by utilizing a biotinylated substrate for PKA (Fig.
1A). It was observed that PKA activity increased more than
twofold within 15 min of the administration of TGF� and
remained elevated for 60 min. The ability of TGF� to activate
PKA was completely blocked by the addition of H89, a specific
PKA inhibitor. The ability of TGF� to activate PKA was also
blocked by the expression of the specific PKA inhibitory pep-
tide, PKI, a 16-amino-acid peptide that contains a PKA pseu-
dosubstrate sequence and specifically inhibits the catalytic sub-
units of PKA by binding to the substrate binding site (12, 41).
Pretreatment with H89 or transfection with PKI did not affect
the ability of TGF� to phosphorylate Smad2 or to activate the
TGF�-responsive reporter 3TP-Lux (data not shown); thus,
PKA inhibition does not inhibit the TGF� receptor kinase,
formation of the TGF� receptor-Smad complex, or activation
of Smads. The activation of PKA by TGF� was also concen-
tration dependent, with the greatest stimulation noted at the
maximal tested concentration of 100 pM TGF� (Fig. 1B).
TGF�’s ability to activate PKA was independent of new pro-
tein synthesis, as it was not inhibited by pretreatment with the
protein synthesis inhibitor cycloheximide (data not shown).

TGF� does not activate PKA via changes in cAMP or I�B
levels. Until now, only two mechanisms of PKA activation have
been described. The predominant mechanism of PKA activa-
tion is binding of cAMP to the regulatory subunits of PKA,
which promotes dissociation of the catalytic subunits (11).
There has also been one report of a cAMP-independent mech-
anism in which the catalytic subunit of PKA was maintained in
an inactive state through association with I�B and signals that
caused the degradation of I�B resulted in PKA activation (45).
We next sought to determine if TGF�’s ability to activate PKA
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was due to either of these two previously described mecha-
nisms.

To examine if TGF�’s ability to stimulate PKA was due to
increased levels of intracellular cAMP, Mv1Lu cells were
treated with 100 pM TGF� and cAMP levels were determined.
TGF� did not raise cAMP levels when it was added alone
(data not shown) or in the presence of the phosphodiesterase
inhibitor IBMX (Fig. 1C). In contrast, treatment with forsko-
lin, known to directly interact with adenylate cyclase, resulted
in significant increases in the levels of intracellular cAMP.
Therefore, the increase in PKA activity in TGF�-treated Mv1Lu
cells was not dependent on changes in cAMP levels, in accord
with what has been reported in a mesangial cell model (40). To
evaluate if TGF�-induced activation of PKA involved degra-
dation of I�B, we analyzed protein levels of I�B after TGF�
treatment. Treatment of Mv1Lu cells with 100 pM TGF� for
15, 30, and 60 min did not reduce I�B in whole-cell lysates
(data not shown). Therefore, it is unlikely that I�B degradation
is responsible for TGF�-induced stimulation of PKA.

TGF�’s ability to activate PKA is dependent on Smad4.
Since Smad4 is a critical component of TGF� signaling, we
evaluated whether TGF�-induced activation of PKA was de-
pendent on Smad4. Mv1Lu cells were transfected with a dom-
inant negative mutant of Smad4 (dnSmad4) that has been
shown to be unable to heterodimerize with other Smads (42,
44). Expression of dnSmad4 blocked TGF�’s ability to activate
PKA while dnSmad4 had no effect on the ability of forskolin to
activate PKA, demonstrating that PKA activation by TGF�
was Smad4 dependent (Fig. 2A). To further support the role of
Smad4 in TGF�-induced activation of PKA, we performed
studies in Smad4-deficient mouse embryonic fibroblasts (35).
TGF� did not activate PKA in Smad4-deficient cells, but trans-
fection of wild-type Smad4 was able to restore the ability of
TGF� to activate PKA (Fig. 2B). Since TGF� did not increase
cAMP levels and TGF�’s ability to activate PKA was depen-
dent on Smad4, we hypothesized that Smad4 directly activates
PKA.

To determine if there was an interaction between Smad4
and PKA, we performed immunoprecipitation assays and West-
ern blot analysis with Mv1Lu cell lysates. Cells untreated or
treated with TGF� were harvested and immunoprecipitated
with antibodies to regulatory and catalytic subunits of PKA and
blotted with an anti-Smad4 antibody. Multiple isoforms of the
regulatory and catalytic subunits of PKA exist. An antibody to
the C� isoform was used to evaluate binding to the catalytic
subunit because C� is ubiquitously expressed in mammalian
tissues (37). Smad4 did not bind to the catalytic subunit of
PKA in either the absence or presence of TGF� (Fig. 2C).
Four regulatory subunit isoforms have been identified and

FIG. 1. TGF� activates PKA without increasing intracellular cAMP
levels. (A and B) Mv1Lu cells were serum starved (24 h) and were then
treated with TGF� (100 pM) for the indicated time periods (A) or at
the indicated doses for 15 min (B). In vitro kinase assays for PKA
activity were performed with a biotinylated PKA peptide substrate
(Kemptide [LRRASLG]; Promega). A specific PKA inhibitor H89 (3
�M) was used to pretreat some cells for 30 min. PKA activity was also

measured in cells transfected with a pcDNA3.0 plasmid which ex-
presses the specific PKA molecular inhibitor PKI. Results are ex-
pressed as increases over the control from three separate experiments
(*, P 	 0.05 versus the control). (C) TGF� does not increase cAMP.
In the presence of the phosphodiesterase inhibitor IBMX (100 �M),
cAMP levels were measured in Mv1Lu cells after treatment with
TGF� (100 pM) or forskolin (10 �M) for 15 min by using a Biotrak
enzyme immunoassay assay kit (Amersham). Results are from three
separate experiments (*, P 	 0.05 versus the control).
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FIG. 2. TGF� activation of PKA is dependent on TGF�-induced interaction of a Smad3/Smad4 complex with the regulatory subunits of PKA.
(A) dnSmad4 blocks TGF�-induced PKA activation. Mv1Lu cells were transfected with the vector pCMV5dnSmad4 or empty vector for 16 h.
Either 100 pM TGF� or 10 �M forskolin was added for 15 min, and PKA assays were performed. Results are expressed as increases over the
control from three separate experiments (*, P 	 0.05 versus the control). (B) TGF� does not activate PKA in Smad4 null cells. EF7(Smad4�/�)
cells were transfected with the vector pCMV5Smad4 for 16 h. TGF� (100 pM) was added to nontransfected and transfected cells for 15 min, and
PKA assays were performed. Results are expressed as increases over the control from three separate experiments (*, P 	 0.05 versus the control).
(C) Smad4 interacts with PKA regulatory subunits but not catalytic subunits. Mv1Lu cells were treated with TGF� (100 pM) for the indicated
times. Cell lysate (500 �g) was used for immunoprecipitation (IP) with 1 �g of anti-PKA RI�, anti-PKA RII�, or anti-PKA C� subunit antibodies,
and then the immunoblot (IB) was detected with the indicated antibodies. One microgram of anti-His antibody from the same species and 25 �g
of cell lysate served as controls. (D) Smad3, but not Smad2, interacts with PKA regulatory subunits upon TGF� treatment. Mv1Lu cells were
transfected with the vector pCMV5Flag-Smad2 or pCMV5Flag-Smad3, and cells were treated with 100 pM TGF� for the indicated times. Coimmu-
noprecipitations were performed as described. (E) PKA regulatory subunits interact with endogenous Smad3. Mv1Lu cells were treated with 100 pM
TGF� for 15 min. Coimmunoprecipitations were performed with anti-PKA RII� antibody, and the blot was detected with an anti-Smad3 antibody.
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shown to possess different tissue distributions (5, 13, 30, 38);
therefore, we chose antibodies to two different regulatory iso-
forms, RI� and RII�, to identify an interaction with Smad4.
The regulatory subunits of PKA were observed to be present
in a complex with Smad4 in a TGF�-dependent manner
(Fig. 2C). This was observed with either RI� or RII� subunits
of PKA, with peak binding at 15 min, a time course identical to
that seen with TGF�-induced PKA activation. To assess
whether Smad4 and PKA regulatory subunits interact directly,
GST pull-down assays were performed in vitro by using iso-
lated, bacterially produced GST-tagged Smad4 and His-tagged
RII� proteins. GST pull-down assays did not reveal an inter-
action of these two proteins (data not shown), suggesting that
another protein(s) was required in the complex for Smad4 to
interact with the regulatory subunit of PKA.

PKA activation by TGF� requires an activated Smad3/
Smad4 complex. Since the ability of Smad4 to interact with the
regulatory subunit of PKA was TGF� dependent, we investi-
gated whether Smad2 and/or Smad3 was part of the Smad4/
PKA regulatory subunit complex. Mv1Lu cells were transfect-
ed with Flag-Smad2 or Flag-Smad3, and coimmunoprecipita-
tion experiments were performed. We observed that Flag-
Smad3 bound to the Smad4/PKA regulatory subunit complex
in a TGF�-dependent manner (Fig. 2D). In contrast, Flag-
Smad2 was not found in this complex (Fig. 2D). The time
course of the observed Smad3/Smad4/PKA regulatory subunit

interaction paralleled that for PKA activation after TGF�
treatment. To examine the involvement of endogenous Smad3,
we utilized an anti-Smad3 antibody. The interaction of endog-
enous Smad3 in the complex was demonstrated by coimmuno-
precipitation with the Smad3 antibody (Fig. 2E).

The observation that the interaction of Smad3 with the reg-
ulatory subunit of PKA was TGF� dependent suggested that
Smad3 required activation for this interaction to occur. In
support of the requirement for activated Smad3 in TGF�-
induced PKA activation, a Smad3 mutant (Smad3A) in which
the three C-terminal serine phosphorylation sites are mutated
to alanine (which abolishes TGF�-induced phosphorylation
[17]) did not bind to the regulatory subunit of PKA (Fig. 3A).
This result supports the hypothesis that the complex can form
only in the presence of activated, phosphorylated Smad3. In
addition, in Smad3 null cells (46), TGF� did not activate PKA;
however, transfection of wild-type Smad3 restored the ability
of TGF� to activate PKA (Fig. 3B). Further support for the
hypothesis that an activated Smad3 is required for complex
formation was obtained by using a constitutively active Smad3
protein. We utilized an expression vector in which the three
C-terminal serines of Smad3 have been replaced by aspartic
acids (Smad3D) to mimic phosphorylation of the normal
serine residues by TGF�. This construct has been shown to
activate transcription of the TGF�-inducible 3TP-Lux reporter
in the absence of ligand (22). Transfection of Smad3D into
Mv1Lu cells was able to induce PKA activation (Fig. 3C).
Additionally, in GST pull-down assays, isolated GST-tagged
Smad3D and Smad4 proteins were able to form a complex with
His-tagged RII� protein in vitro in the absence of TGF� (Fig.
3D), suggesting that the three proteins form a trimeric complex
rather than two distinct complexes. Taken together, these data
support the hypothesis that the complex can only form in the
presence of activated, phosphorylated Smad3.

AKAPs facilitate an interaction between Smads and PKA. A
number of studies have demonstrated that PKA may be com-
partmentalized in different subcellular locations through inter-
action with A-kinase anchoring proteins (AKAPs) (8, 26).
Each AKAP has two classes of binding sites: an anchoring
domain which binds the regulatory subunit of the PKA holoen-
zyme and a targeting domain which directs the subcellular
location of the AKAP-PKA complex by interactions with struc-
tural proteins, membranes, or cellular organelles (6). Ht31 is a
thyroid-anchoring peptide (3, 4) which has been shown to
disrupt the interaction of AKAPs and the regulatory subunit of
PKA, thus preventing PKA anchoring. To determine if AKAP-
PKA interaction was necessary for TGF� to activate PKA,
cells were treated with either cell-permeant Ht31 or its control
peptide Ht31P. Ht31 blocked the ability of TGF� to activate
PKA, while the control peptide had little effect (Fig. 4A).
Additionally, treatment with Ht31, but not HT31P, markedly
inhibited the ability of Smad4 to interact with the regulatory
subunit of PKA (Fig. 4B). These data demonstrate that PKA
must be in the proper subcellular location to interact with
Smads. To determine if AKAPs are necessary for Smads to
bind to the regulatory subunit of PKA, we performed GST
pull-down assays which demonstrated that purified GST-
tagged Smad3D and Smad3 proteins were able to form a com-
plex with His-tagged RII� protein in vitro (see Fig. 3D). Ad-
ditionally, binding of purified Smad3D and Smad4 (mimicking

FIG. 2—Continued.
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FIG. 3. An activated Smad3/Smad4 complex interacts with the PKA regulatory subunits to activate PKA. (A) Smad3A does not bind to the
PKA regulatory subunit in TGF�-treated cells. Mv1Lu cells were transfected with the vector pCMV5Flag-Smad3 or pCMV5Flag-Smad3A, and
cells were treated with 100 pM TGF� for 15 min. Coimmunoprecipitations (IP) were performed as described. IB, immunoblot. (B) TGF� does
not activate PKA in Smad3 null mouse pancreatic acinar cells. Pancreatic acinar cells were isolated from wild-type and Smad3 null mice and treated
with TGF� (100 pM) for 15 min. In some experiments, acinar cells from Smad3 null mice were infected with an adenovirus expressing wild-type
Smad3. PKA assays were performed. Results are expressed as increases over the control from three separate experiments (*, P 	 0.05 versus the
control). (C) Constitutively active Smad3 (Smad3D) can activate PKA. Mv1Lu cells were either treated with TGF� (100 pM) for 15 min or
transfected with the vector pCMV5Flag-Smad3 or pCMV5Flag-Smad3D for 16 h, and PKA assays were performed. Results are expressed as
increases over the control from three separate experiments (*, P 	 0.05 versus the control). (D) A Smad3/Smad4 protein complex can bind with
RII� in vitro. One microgram of purified RII� protein was incubated with 1 �g of purified GST, GSTSmad3D, Smad3D, or GSTSmad4 protein.
GST pull-down assays were performed. Immunoblotting was performed by using anti-RII�, anti-Smad3, and anti-Smad4 antibodies.
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an activated Smad heterodimer) to the regulatory subunit of
PKA directly caused dissociation of the PKA holoenzyme and
resultant PKA activity in vitro (Fig. 4C). These data suggest
that while AKAPs are necessary to anchor PKA in the proper
subcellular location to interact with Smads, Smads and the
regulatory subunit are necessary and sufficient to form a com-
plex which is functional in activating the PKA holoenzyme.

TGF�’s ability to activate CREB is dependent on Smads
and PKA. To explore the functional significance of PKA acti-
vation by TGF�, we first tested the ability of TGF� to activate
the transcription factor CREB. CREB is a stimulus-induced
transcription factor originally identified as a target of the
cAMP signaling pathway and is one of the best characterized
nuclear substrates of PKA. CREB is critical for a variety of
cellular responses, including proliferation, differentiation, and
adaptive responses (1). Although CREB phosphorylation and
activation were initially characterized as mediating the re-
sponse to cAMP, CREB phosphorylation and activation have
subsequently been found to be stimulated by diverse extracel-
lular signals and protein kinases in all cells (32). Signaling
pathways that activate CREB lead to phosphorylation of
Ser133 which is required for CREB-induced gene transcrip-
tion. We found that TGF� induced a dose- and time-depen-
dent increase in CREB DNA binding in Mv1Lu cells, as dem-
onstrated by EMSAs (Fig. 5A to C). Immunoblot analysis with
anti-phospho-CREB antibody revealed that TGF� stimulated
phosphorylation of CREB (Fig. 5D). Immunoblotting of the
same membrane with an antibody that measures total CREB
revealed that TGF� did not lead to increased levels of total
CREB. Furthermore, TGF� activated expression of a lucif-
erase reporter construct driven by the CREB-responsive hu-
man chorionic gonadotropin promoter (25) in Mv1Lu cells
(Fig. 5E). TGF�-induced CREB activation was independent of
new protein synthesis, as it was unaffected by pretreatment for
30 min with the protein synthesis inhibitor cycloheximide (10
�g/ml) (data not shown). Pretreatment of Mv1Lu cells with
H89 completely blocked TGF�-induced CREB reporter activ-
ity, as did transfection with the dominant negative Smad4 con-
struct, demonstrating that TGF�’s ability to activate a CREB-
responsive reporter was dependent on both PKA and Smad4
(Fig. 5E). The role of Smad4 in TGF�-induced CREB activa-

FIG. 4. TGF�-mediated activation of PKA requires AKAP. (A)
An AKAP inhibitor blocks PKA activation by TGF�. Mv1Lu cells were
pretreated with the AKAP inhibitor Ht31 or its control peptide Ht31P,
each at a concentration of 25 �M for 30 min, and then 100 pM TGF�
was added for 15 min. PKA assays were performed. Results are ex-
pressed as increases over the control from three separate experiments
(*, P 	 0.05 versus the control). (B) An AKAP inhibitor blocks the
formation of a Smad/PKA regulatory subunit complex. Mv1Lu cells
were pretreated with the AKAP inhibitor Ht31 or its control peptide
Ht31P at a concentration of 25 �M for 30 min, and then 100 pM TGF�
was added for 15 min. Coimmunoprecipitations (IP) were performed
as described. IB, immunoblot. (C) A Smad3/Smad4 complex can dis-
sociate PKA holoenzyme in vitro. RIIa2Ca2 PKA holoenzymes were
formed and purified as described (10). The activity of RIIa2Ca2 was
measured in the presence of 100 nM cAMP, Smad3D protein (1 �M),
Smad4 protein (1 �M), or both Smad3D and Smad4 proteins (1 �M
concentration of each protein). Results are expressed as increases over
the control from three separate experiments (*, P 	 0.01 versus the
control).
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FIG. 5. TGF�’s ability to activate CREB is dependent on Smads and PKA. (A to C) TGF� induces CREB DNA binding. Mv1Lu cells were
serum starved (24 h) and were treated with TGF� at the indicated doses for 1 h (A) or with TGF� (100 pM) for the indicated time periods
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tion was further strengthened by using Smad4-deficient mouse
embryonic fibroblasts. TGF� did not phosphorylate CREB in
Smad4-deficient cells, but transfection of wild-type Smad4 re-
stored the ability of TGF� to phosphorylate CREB (Fig. 5F).
In addition, the Smad3A mutant was able to block the ability of
TGF� to activate CREB (Fig. 5G), demonstrating that an
activated Smad3 is also required for TGF� to activate CREB.

TGF� mediates p21Cip1 induction and growth inhibition by
PKA. We examined the role of PKA in TGF�’s ability to
regulate expression of the cyclin-dependent kinase (CDK) in-
hibitor p21Cip1. In many cell types, TGF� has been shown to
inhibit cell growth by increasing the expression of this molecule
which inhibits the enzymatic activities of cyclin D-CDK4/6 and
cyclin E-CDK2 complexes, leading to cell cycle arrest at the
late phase of G1 (20). Inhibition of PKA activity either by
transfection of Mv1Lu cells with an expression vector for PKI
peptide or by treatment with the PKA inhibitor H89 blocked
TGF�’s ability to induced p21Cip1 expression (Fig. 6A). The
need for PKA to be in the proper subcellular location for
TGF� to induce p21Cip1 expression was shown by the ability of
Ht31, but not Ht31P, to block induction of p21 by TGF� (Fig.
6B). Next, we examined the role of PKA in TGF�’s ability to
inhibit growth of the Mv1Lu cells. Transfection of Mv1Lu cells
with a PKI expression vector or treatment with H89 blocked
TGF�-mediated growth inhibition (Fig. 6C). The addition of
H89 or transfection with PKI alone had no effect on cell
growth compared to growth of the controls (data not shown).
Together, these results indicate that TGF�-mediated PKA ac-
tivation by a Smad3/Smad4 complex is critical for a number of
TGF�-dependent physiological responses.

DISCUSSION

TGF� activates PKA by a novel, Smad-dependent, cAMP-
independent pathway. The results presented in this paper de-
scribe a novel mechanism by which TGF� activates PKA in a
Smad-dependent and cAMP-independent manner. We dem-
onstrated for the first time the ability of Smads to have a direct
protein-protein interaction with the regulatory subunit of PKA,
leading to PKA activation. We showed that during TGF�
treatment, Smad4 is present in a functional complex containing
both the regulatory subunit of PKA and activated Smad3. We
provided evidence that both Smad4 and an activated form of
Smad3 are required for complex formation and PKA activation
by use of Smad null cells and Smad dominant negative con-
structs. We also demonstrated that the interaction of Smad3,
Smad4, and the regulatory subunit of PKA occurs in vitro in

the absence of other cellular proteins and that purified Smads
activate the PKA holoenzyme in vitro, verifying the functional
significance of the Smad complex. Thus, TGF� interaction
with its receptor leads to the activation of both Smad and PKA
signaling pathways. The interaction of these two pathways has
profound implications for the regulation of cell growth, differ-
entiation, and function.

We found that Smad2, unlike Smad3, did not participate in
this complex with the regulatory subunit of PKA in TGF�-
treated Mv1Lu cells. This difference in the ability of Smad2
and Smad3 to bind to the regulatory subunit of PKA likely re-
flects the unique molecular characteristics of Smad2 and Smad3.
For example, it has previously been reported that Smad2 and
Smad3 have opposing effects on the transcriptional regulation
of the mouse Goosecoid gene through the binding of FAST-2
(19). In addition, Smad2, when compared to Smad3, has a
unique insert of exon 3 in the N-terminal domain, which pre-
vents association with importin-� (18).

Although our data indicate that the complex formation with
Smad3, Smad4, and the regulatory subunit of PKA is sufficient
for the observed activation of PKA, there may be other pro-
teins in the physiological complex. One potential participant
would be AKAPs. There is considerable literature on the role
of AKAPs and their interaction with the regulatory subunit of
PKA (8, 26). To examine the possibility that Smad3/Smad4
may bind to an AKAP, thereby bringing PKA into proximity
with the Smad complex, we utilized the bioactive peptide Ht31
that is capable of disrupting PKA location within cells. We
demonstrated that Ht31 blocked the ability of Smads to inter-
act with the regulatory subunit of PKA and activate PKA. This
suggests that AKAPs are important in placing the regulatory
subunit of PKA in the correct subcellular location to interact
with Smads. However, the in vitro studies demonstrated that
Smad3, Smad4, and the regulatory subunit of PKA can form a
complex in the absence of other proteins, including AKAPs.
Furthermore, a purified, activated Smad3/Smad4 complex can
activate the PKA holoenzyme. Thus, while AKAPs are neces-
sary to properly localize PKA in the cell to interact with Smads,
Smads do not need to physically interact with AKAPs to form
a complex with and directly activate PKA.

The role of PKA in TGF�-mediated cellular responses. The
observed interaction between TGF� and PKA signaling path-
ways has many implications for the regulation of cell function.
For example, in the present study, we demonstrated that PKA
activation by Smads is critical in mediating the TGF�-induced
responses of CREB activation, p21Cip1 induction, and growth
regulation. TGF�-regulated activation of PKA leads to in-

(B). Nuclear extracts were prepared, and 5 �g of nuclear protein was used to perform EMSAs. Unlabeled cold probe was used as a control. Nuclear
extracts were also preincubated with anti-CREB antibody for the supershift assay (C). Results are representative of three different experiments.
(D) The phosphorylation of CREB by TGF� was detected by using an antibody directed against pSer133-CREB. Ten micrograms of nuclear
protein was used to perform Western blotting. TGF� had no effect on total levels of CREB protein. (E) Mv1Lu cells were cotransfected with the
CRE-luciferase and LacZ reporter genes for 8 h. The cells were also transfected with a dnSmad4 expression vector or pretreated with 3 �M H89.
TGF� (100 pM) was added for 8 h. Luciferase activity was measured and normalized to LacZ activity. The results are expressed as increases over
the control and are from three separate experiments (*, P 	 0.05 versus the control). (F) TGF� does not activate CREB in Smad4 null cells.
EF7(Smad4�/�) cells were serum starved for 24 h and 100 pM TGF� was added for 60 min. In some experiments, EF7 cells were transfected with
wild-type Smad4 [EF7(Smad4�/�)]. Western blotting with anti-phospho-CREB antibody was performed. Results are representative of three
separate experiments. (G) Dominant negative Smad3 (Smad3A) blocks the CREB activation by TGF�. Mv1Lu cells were transfected with vector
pCMV5Flag-Smad3A for 16 h. TGF� (100 pM) was added for 60 min. Ten micrograms of nuclear protein was used to perform Western blotting
with anti-phospho-CREB antibody.
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creased DNA binding and phosphorylation of CREB. We
demonstrated that the TGF�-regulated transcriptional activa-
tion of CREB occurs by the ability of Smads to activate PKA.
Active, phosphorylated CREB affects transcription of CRE
(cAMP response element)-dependent genes via interaction
with the coactivator CREB-binding protein CBP, which
bridges the CRE/CREB complex to components of the basal
transcriptional apparatus (7, 14). Previous studies have dem-
onstrated that Smads can also regulate CREB activity by in-
teracting with the coactivator CBP (9, 15, 28, 33). Thus, the
ability of Smads to regulate the CREB signaling pathway ap-
pears to occur at several levels and may help cells more finely
control the expression of genes regulated by TGF�.

The involvement of PKA in TGF�-mediated cell cycle and
growth regulation has not been previously demonstrated. Be-
cause TGF� signaling is often disrupted in cancer, these as-
pects of TGF� regulation are of particular interest. A role for
PKA in mediating some TGF�-induced responses has been
suggested in two studies. Sharma and colleagues recently dem-
onstrated that TGF�-induced phosphorylation of the type I
inositol 1,4,5-trisphosphate receptor in mesangial cells is me-
diated by PKA (31). Also, inhibition of PKA has been found to
attenuate TGF�-induced stimulation of CREB phosphoryla-
tion and fibronectin gene expression (40), supporting the hy-
pothesis that activation of PKA by TGF� participates in
TGF�-mediated cell regulation.

Model and conclusions. The data in the present study sup-
port a model for the mechanism by which Smads function to
regulate cellular gene expression through both direct and in-
direct mechanisms. In this model (Fig. 7), TGF� treatment
initiates a kinase cascade that results in the phosphorylation of
Smad3, followed by its heteromerization with Smad4. This
complex can directly influence gene transcription. Smad3/
Smad4 complexes can also bind the regulatory subunit of PKA,
releasing the catalytic subunit and resulting in the activation of
downstream target genes. In this model, TGF� signaling acti-
vates PKA without an increase of intracellular cAMP and with
no effect on I�B. This study demonstrates that in addition to
the traditional role of Smads as transcription factors, Smads
also possess a DNA binding-independent role by mediating
activation of PKA signaling.

In summary, Smad3 and Smad4, two essential Smad proteins
involved in mediating TGF� transcriptional responses, were
shown to interact with the regulatory subunits of PKA. This

FIG. 6. TGF�-induced p21Cip1 expression and growth inhibition is
mediated through PKA activation (A) TGF�-induced p21Cip1 expres-
sion can be blocked by H89 and PKI. Mv1Lu cells were either trans-
fected with a PKI expression vector or pretreated with 3 �M H89 for
30 min. TGF� (100 pM) was added for 16 h. Western blotting was

performed with anti-p21Cip1 antibody. The membrane was stripped
and reblotted with anti-�-actin antibody as a loading control. The
lower panel represents relative density from three experiments (*, P 	
0.05 versus the control). (B) TGF�-induced p21Cip1 expression can
also be blocked by an AKAP inhibitor. Mv1Lu cells were pretreated
with 25 �M of either Ht31 or Ht31P for 30 min, and then 100 pM
TGF� was added for 16 h. Western blotting was performed with
anti-p21Cip1 antibody. (C) TGF�-mediated growth inhibition was de-
termined by MTS assay. Mv1Lu cells were grown in 96-well plates at a
concentration of 3,000 cells/well in the absence or presence of TGF�
(100 pM) for up to 5 days. Cells were also treated with 3 �M H89 or
transfected with a plasmid expressing PKI. A total of 20 �l of MTS-
phenozine methosulfate solution (Promega) was added daily, and ab-
sorbance was measured by a universal microplate spectrophotometer.
Results are expressed as a percentage of the control from three sep-
arate experiments.
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interaction was specific, ligand dependent, and occurred via
formation of an activated Smad3/Smad4 complex. We have
also demonstrated that PKA activation by TGF� was impor-
tant in mediating several physiological responses elicited by
TGF�, including CREB activation, p21Cip1 induction, and
growth inhibition. This report reveals new insight on how
Smad-PKA interactions may be an important locus of signal
integration in the cell.
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