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Background: TGF� induces a Smad3-Smad4 complex and PKA-R interaction.
Results: We define interaction domains between Smad4 and PKA-R required for TGF�-mediated cell growth and EMT
regulation.
Conclusion: An interaction between Smad4 and PKA-R regulates TGF� signaling.
Significance: A novel cross-talk mechanism between TGF� and PKA signaling is identified that is critical for execution of
TGF�-mediated cellular responses.

Transforming growth factor � (TGF�) signaling normally
functions to regulate embryonic development and cellular
homeostasis. It is increasingly recognized thatTGF� signaling is
regulated by cross-talk with other signaling pathways. We pre-
viously reported that TGF� activates protein kinase A (PKA)
independent of cAMP through an interaction of an activated
Smad3-Smad4 complex and the regulatory subunit of the PKA
holoenzyme (PKA-R). Here we define the interaction domains
of Smad4 and PKA-R and the functional consequences of this
interaction. Using a series of Smad4 and PKA-R truncation
mutants, we identified amino acids 290–300 of the Smad4
linker region as critical for the specific interaction of Smad4 and
PKA-R. Co-immunoprecipitation assays showed that the B
cAMP binding domain of PKA-R was sufficient for interaction
withSmad4.TargetingofBdomain regions conserved amongall
PKA-R isoforms and exposed on the molecular surface demon-
strated that amino acids 281–285 and 320–329 were required
for complex formation with Smad4. Interactions of these spe-
cific regions of Smad4 and PKA-R were necessary for TGF�-
mediated increases in PKA activity, CREB (cAMP-response ele-
ment-binding protein) phosphorylation, induction of p21, and
growth inhibition. Moreover, this Smad4-PKA interaction was
required for TGF�-induced epithelial mesenchymal transition,
invasion of pancreatic tumor cells, and regulation of tumor
growth in vivo.

Transforming growth factor � (TGF�) is a member of a large
family of structurally related proteins that normally functions
to regulate embryonic development and cellular homeostasis,
including regulation of proliferation, differentiation, matrix
production, and apoptosis in a cell and context-specificmanner
(1–4). Alterations in the TGF� signaling pathwaymay result in

human diseases such as developmental disorders, vascular dis-
eases, and cancer. Although TGF� acts as a tumor suppressor
in the early stage of epithelial carcinogenesis, TGF� promotes
tumor progression in advanced stages by inducing tumor
growth, epithelial mesenchymal transition (EMT),2 invasion,
evasion of immune surveillance, and metastasis.
TGF� signaling is mediated by two types of transmembrane

serine/threonine kinase receptors (type I and II) that bind
ligand and transmit signals from the cell surface to the cell
interior by activating a signaling cascade that involves Smad
proteins, a family of highly conserved intracellular proteins.
Smads can be subdivided into three classes based on their func-
tional properties: receptor-regulated Smads (Smad1, -2, -3, -5,
-8), a common mediator Smad (Smad4), and the inhibitory
Smads (Smad6 and -7) (5–7). Although each Smad has a dis-
tinct function, all are composed of highly conservedN-terminal
(MH1) and C-terminal (MH2) domains with a variable proline-
rich linker region, with exception of the inhibitory Smads,
which lack a MH1 domain. The MH1 domain is involved in
DNA binding and maintaining the Smad in an inactive confor-
mation. The linker region that connects the MH1 and MH2
domains contains important peptide motifs with binding sites
for Smurf (Smad ubiquitination-related factor) ubiquitin
ligases, phosphorylation sites for several classes of protein
kinases, and specific to Smad4, a nuclear export signal. The
MH2 domain participates in the formation of homo- and
hetero-oligomers and mediates interactions with other pro-
teins during transcriptional regulation (8–11).
Among the R-Smads, Smad2 and Smad3 respond specifically

to TGF� and activin (12). Upon ligand binding, Smad2 and
Smad3 bind directly to the type I receptor and are phosphory-
lated by TGF� receptor complexes at the SSXS motif at the C
terminus of the proteins, which results in release from the
receptor. The phosphorylated Smads form heteromeric com-
plexes with Smad4 and translocate into the nucleus to regulate
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R-Smad-Smad4 complex can either bind with recruited co-ac-
tivatorCBP/p300 to target-specific promoters or engage in pro-
tein-protein interactions with other functional molecules to
induce or suppress gene transcription (15, 16).
It is increasingly recognized that the strength and duration of

the TGF� signal is regulated by cross-talk with other signaling
pathways. One potentially important interaction was suggested
in a report that TGF� could activate cAMP-dependent protein
kinase (also known as protein kinase A (PKA)) through an
unknown mechanism (17). PKA is a cytosolic, tetrameric
holoenzyme that is composed of two regulatory (R) subunits
associated with two catalytic (C) subunits (18, 19). Elevation of
intracellular cAMP level causes binding of cAMP to the regu-
latory 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 C subunits can then affect cell physiology via
phosphorylation of a wide variety of protein substrates. PKA
signaling has been shown to play a role in a wide range of phys-
iological processes, including growth, differentiation, extracel-
lular matrix production, and apoptosis (18, 20). Many of these
cellular effects are similar to those elicited by TGF�.

In support for the role of PKA in mediating TGF�-induced
responses, Sharma et al. (21) demonstrated that TGF�-induced
phosphorylation of the type I 1,4,5 triphosphate receptor in
mesangial cells is mediated by PKA. Inhibition of PKA has also
been previously found to attenuate TGF�-induced stimulation
of CREB phosphorylation and fibronectin gene expression (17,
22). Recently, cross-talk between the TGF� and PKA signaling
pathways has been found to be important in colon cancer cell
survival and metastasis through regulation of survivin and
XIAP signaling (23). We previously identified a novel mecha-
nism of PKA activation by TGF� via the formation of a trimeric
complex composed of activated Smad3, Smad4, and the regu-
latory subunit of PKA, with the resulting release of the catalytic
subunit from the PKA holoenzyme (24). Smad2 did not partic-
ipate in complex formation. This effect was not observed in
Smad3- or Smad4-deficient cells but did occur in the absence of
an increase in intracellular cAMP, themajor known activator of
PKA. We found that the activation of PKA was required for
TGF�-mediated activation of the transcription factor CREB,
induction of the cell cycle regulatory protein p21Cip1, and inhi-
bition of cell growth. These results indicate an important cross-
talk mechanism between the TGF�/Smad and PKA signaling
pathways. However, the molecular mechanism by which this
cross-talk occurs is not known.
In this study we define the interaction domains of the Smad4

protein and the regulatory subunit of PKA that form the trim-
eric complex with Smad3 responsible for TGF�-induced PKA
activation. We demonstrate that the interaction of these
defined regions of Smad4 and the regulatory subunit of PKA
was responsible for TGF�-mediated increases in PKA activity,
CREB phosphorylation, induction of the cell cycle regulatory
protein p21Cip1, growth inhibition, EMT, and pancreatic cancer
cell invasion. Furthermore, this interaction mediated tumor
growth in vivo. These findings have significant implications for
understanding how TGF� signaling may be regulated during
normal cellular function and in disease states.

EXPERIMENTAL PROCEDURES

Cell Culture—MvlLu cells, a well studied TGF� responsive
mink lung epithelial cell line, were a gift from L.Mathews (Uni-
versity ofMichigan). Panc1 and CFPAC1 pancreatic cancer cell
lines were purchased from American Type Culture Collection
(ATCC). BothMv1Lu and Panc1 cells were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM), CFPAC1 cells were
cultured in Iscove’s modified Dulbecco’s medium (ATCC), and
the UM2 primary pancreatic cancer cell line generated in our
laboratory using Institutional Review Board (IRB) guidelines
from an invasive pancreatic adenocarcinoma of a 76-year-old
female patient who underwent surgical resection at University
ofMichiganHospital was cultured in RPMI1640 supplemented
with 10% heat-inactivated fetal bovine serum, 2 mM L-gluta-
mine, 100 units/ml penicillin, 100 �g/ml streptomycin (Invit-
rogen) in 95% air and 5% carbon dioxide at 37 °C.
Mutant-expressing Plasmids—A series of Smad4 and PKA-

RII� deletion mutants were created using a TOPOTACloning
vector (Invitrogen) according to the manufacturer’s instruc-
tions. The plasmid constructs expressing full-length Smad4
(residues 1–552) and the Smad4 deletion mutants Smad4�142
(residues 143–552), Smad4�250 (residues 251–552),
Smad4�259 (residues 260–552), Smad4�267 (residues 268–
552), Smad4�281 (residues 282–552), Smad4�290 (residues
291–552), Smad4�300 (residues 301–552), and Smad4�320
(residues 321–552) were prepared by cloning into an N-termi-
nal 3� FLAG-tagged expression vector (Sigma). The direc-
tional TOPO cloning vector (Invitrogen) for PKA-RII� con-
tains a 14-amino acid V5 epitope and a polyhistidine (His6) tag
at the C-terminal region to aid in detection of the recombinant
proteins. Tomake interstitial deletionmutants of the B domain
and Smad4, we used a PCR-based, site-directedmutagenesis kit
(Stratagene, La Jolla, CA). Pairs of primers were designed to
reproduce the whole plasmid DNA, placing the regions to be
deleted on the 3� end of the PCR products. A Dpn1 restriction
enzyme was used to digest parental and hybrid plasmid DNAs,
and the remaining new plasmid DNAs were ligated at room
temperature for 1 h with T4 DNA ligase. The ligated DNA was
then transformed into XL1-Blue supercompetent cells (Strat-
agene, La Jolla, CA). Colonies were selected to grow in LB
medium, and plasmid DNAwas isolated. All mutants were ver-
ified by DNA sequencing.
Transient Transfection—Mv1Lu cells or CFPAC1 cells cul-

tured in 6-well plates or 100-mm culture dishes at 80% conflu-
ency were transiently transfected with 2 �g/well or 10 �g/dish
of plasmids using the lipofectamine2000 reagent (Invitrogen).
Forty-eight hours after transfection, cells were serum-
starved for 18 h and then left untreated or treated with TGF�
(R&D System, Minneapolis, MN) or forskolin at described
concentrations.
WesternBlotAnalysis—Cellswere lysed in cell lysis buffer (50

mM Tris-HCl, pH 8.0, containing 1% Triton X-100, 25 �g/ml
aprotinin and leupeptin, 1 mM PMSF, and 10% glycerol). The
cell lysates were then centrifuged at 10,000 � g for 10 min to
remove debris. Protein concentrations were measured using
the Bradford method (Bio-Rad). Proteins separated by SDS-
PAGE were transferred onto nitrocellulose membranes. After
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blocking with blocking buffer (Tris-buffered saline (TBS), pH
7.4, with 0.1% Tween 20 containing 5% skim milk powder) for
1 h at room temperature, themembraneswere incubated for 1 h
at room temperature with the following primary antibodies
in blocking buffer: anti-FLAG, 1:2000 dilution (Sigma);
anti-CREB, anti-phospho-CREB (Ser 133), anti-Smad3 (Cell
Signaling Technology, Beverly, MA), anti-Smad4, anti-His,
anti-PKA-RI�, anti-RI�, anti-RII�, anti-RII�, anti-MMP-2,
anti-MMP-9, anti-COL1A1, anti-COL1A2, anti-PAI, (Santa
Cruz Biotechnology) at dilutions of 1:1000; anti-V5 conjugated
with HRP (Invitrogen) at a 1:5000 dilution. After incubation
with secondary antibodies conjugated with HRP, the proteins
were visualized using an ECLdetection kit (Pierce) according to
the manufacturer’s instructions.
Co-immunoprecipitation Assays—Mv1Lu cells were tran-

siently transfected with FLAG-tagged Smad4, V5-tagged PKA-
RII�, or their various deletionmutants. After serum starvation,
the cells were treated with 100 pM TGF� for 15 min. Cells were
lysed in ice-cold lysis buffer (50 mM Tris, 150 mM NaCl, 0.5%
Igepal, pH 7.4) containing freshly added protease inhibitors
(Roche Applied Science). The lysates were centrifuged for 15
min at 10,000 � g to remove debris. PKA-RII or Smad4 was
immunoprecipitated by incubating with anti-PKA-RII� or
anti-Smad4 antibodies (Santa Cruz, CA) and proteinG-agarose
beads (Invitrogen) at 4 °C overnight. Immunoprecipitates were
washed 4 times with ice-cold lysis buffer and resolved by reduc-
ing SDS-PAGE. Co-immunoprecipitated Smad4 and its
mutants were detected with anti-FLAG antibody (Sigma). Co-
immunoprecipitated full-length and deletion mutants of PKA-
RII� were detected using an anti-V5 antibody.
Peptide Synthesis and Peptide Competition Experiments—

Four small specific peptides, amino acids 281–285 (P1) and
320–329 (P2) of the PKA-RII�Bdomain, amino acids 290–300
(PS4) of Smad4, and onemutant peptide with scrambled amino
acid sequence of peptide P2 as control peptide (Pc) were syn-
thesized in the University of Michigan Protein Structure Core
Facility (Ann Arbor, MI). The peptides were rendered cell-per-
meant by fusing each to the cell membrane transduction
domain of the human immunodeficiency virus-type 1 (HIV-1)
Tat protein (Tyr-Gly-Arg-Lys-Lys-Arg-Arg-Gln-Arg-Arg-
Arg) to obtain Tat peptides (25) preceded by an N-terminal
fluorescein isothiocyanate. In experiments utilizing the pep-
tides, cell lysates were incubated and mixed either with P1, P2,
or the control peptide (Pc) at 4 °C. After 3 h, co-immunopre-
cipitation assays were conducted using an anti-Smad4 antibody
andproteinG-agarose beads. The co-immunoprecipitateswere
then subjected to SDS-PAGE. Immunoblotting was performed
using anHRP-conjugated anti-V5 antibody. For in vivo compe-
tition experiments, Mv1Lu cells were incubated either with P1,
P2, or a combination of P1 and P2 at different concentrations
for 30 min and then treated with 100 pM TGF� for 30 min. Cell
lysates were subjected to PKA activity assays according to the
manufacturer’s instructions (Promega, Madison, WI) and
Western blotting to assess CREB phosphorylation.
Preparation of GST-taggedWild-type B Domain andMutant

Proteins—The cDNAs for wild-type and mutant B domain of
PKA-RII� were subcloned into the glutathione S-transferase
(GST) expression plasmid, pGEX4T1 (GE Healthcare). These

plasmids were individually transformed into the Escherichia
coli strain BL21(DE3) (Invitrogen). Bacterial growth was initi-
ated at 37 °C until an A600 nm of 0.6–0.8 optical density was
reached, and protein expression was induced by the addition of
1.0mM isopropyl 1-thio-�-D-galactopyranoside for 4 h at 37 °C.
The cells were harvested by centrifugation at 5000 � g, 4 °C for
10 min, then resuspended in lysis buffer (50 mM Tris-HCl, pH
8.5, 300 mM NaCl, 5 mM EDTA) and lysed by adding 0.5% Tri-
ton X-100 after sonication. The soluble fraction was retained
after centrifugation at 10,000� g at 4 °C for 30min. GST fusion
proteins were isolated by glutathione-Sepharose affinity chro-
matography. Glutathione-Sepharose affinity columns were
pre-equilibrated with 20 column volumes of binding buffer (50
mM Tris-HCl, pH 8.0, 300 mM NaCl) at room temperature.
Soluble protein fractions were allowed to bind to the column
for 4 h at 4 °C. Columnswere then drained andwashedwith 3�
50 ml of binding buffer. To remove the tightly bound cAMP
from the recombinant wild-type B domain and mutant pro-
teins, GST proteins in dialysis bags were incubated with 8 M

urea in a dialysis buffer (5 mM MOPS, 0.5 mM EDTA, 100 mM

KCl, and 5 mM �-mercaptoethanol, pH 7.0) overnight at 4 °C,
then the dialysis process was continued using serial 6, 4, 2, 1,
and 0.5 M urea in the dialysis buffer for 1 h each with agitation
and finally equilibrated in the urea-free dialysis buffer.
GST Pulldown Assays—10 �g of GST-Smad4 proteins were

incubated with 10 �l of glutathione-Sepharose beads and 400
�l of wild-type PKA-RII� B domain-transfected Mv1lu cell
lysates without or with 100 �M peptide P1, P2, and Pc at 4 °C
overnight. The beads were washed 4 times with a washing
buffer (PBS, 0.05% Triton X-100, 2 mM EDTA) and analyzed by
Western blot analysis using anti-Smad4 and anti-V5
antibodies.
Cell Proliferation Assays—Cell proliferation was measured

by using a CellTiter 96 AQ nonradioactive cell proliferation
assay (Promega) as described (24).
cAMP Binding Assays—200 nM GST fusion proteins, either

wild-type PKA RII� B domain or the B domain mutants �281–
285, �320–329, and �380–383 conjugated to glutathione
beads, were mixed with 600 nM [3H]cAMP in cAMP binding
buffer (20 mM MOPS, pH 7.0, 150 mM KCl, 1 mM DTT) for 2 h
at room temperature. After washing with PBS-T solution three
times, the GST beads were mixed with scintillation fluid, and
binding of cAMP to the B domain or its mutants was deter-
mined by counting bound [3H]cAMP in a scintillation counter.
The percentage of cAMP bound to wild-type B domain and its
mutantswas obtained by dividing bound [3H]cAMPby the total
radioactive input of [3H]cAMP.
Real-time Quantitative Polymerase Chain Reaction—Purifi-

cation of total RNA and cDNA synthesis were performed using
the RNeasy Mini kit (Qiagen, Valencia, CA) and High Capacity
cDNA RT kit (Applied Biosystems, Foster City, CA), respec-
tively. Real-time PCR experiments were conducted using the
SYBER Green PCR system (Applied Biosystems) on a Rotor-
gene Q cycler (Qiagen). Cycling temperatures were as follows:
denaturing, 95 °C; annealing, 60 °C; extension, 72 °C. The fol-
lowing primers were used: snail, forward (5�-ACCACTATGC-
CGCGCTCTT-3�) and reverse (5�-GGTCGTAGGGCTGCT-
GGAA-3�); vimentin, forward (5�-TCTACGAGGAGGAGAT-
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GCGG-3�) and reverse (5�-GGTCAAGACGTGCCAGAGAC-
3�); E-cadherin, forward (5�GTCAGTTCAGACTCCAGCCC-
3�) and reverse (5�-AAATTCACTCTGCCCAGGACG-3�).
In Vitro ExtracellularMatrix Invasion Assays—Cell invasion

was assayed using an extracellular matrix invasion assay kit
(ECMatrix Cell Invasion Assay (catalogue #ECM550), Milli-
pore, Billerica, MA) according to the manufacturer’s protocol.
In brief, 3 � 105 cells incubated for 1 h in serum-free media
were resuspended in 300 �l of serum-free media and plated on
the top of an ECM-coated membrane insert. The insert was
then incubated for 72 h in serum-containing media with 15 �M

H89, 5 �M P1/P2, and 5 �M PS4 peptides either alone or com-
bination with 20 ng/ml TGF�1. Invading cells were quantified
using the manufacturer provided cell dye and digital imaging
software.
In Vivo Tumorigenicity Studies—Six-week-old male NOD/

SCID mice were housed under pathogen-free conditions. Ani-
mal experiments were approved by the University of Michigan
Animal Care and Use Committee and were performed in
accordance with established guidelines. Mice were anesthe-
tizedwith an intraperitoneal injection of xylazine (9mg/kg) and
ketamine (100 mg/kg). 1 � 106 CFPAC1 cells with stable
expression of vector alone or FLAG-tagged Smad4 or FLAG-
Smad4(�290–300) were suspended in phosphate-buffered
saline/Matrigel mixture (1:1 mixture, total volume of 100 �l)
and were injected into the subcutaneous tissue of the abdomen
using a 30-gauge needle. Four weeks after cancer cell injection,

mice were euthanized with carbon dioxide inhalation, and nec-
ropsies were performed to assess the extent of primary tumor
growth as described (25). Paraffin-embedded pancreatic tissue
sections (4 �m thick) were cut, and hematoxylin and eosin
staining of cut sections was performed.
Statistical Analysis—Data are represented as themean� S.E.

from at least three independent experiments. Significance of
differences between groups was evaluated by Student’s t test or
analysis of variance. p � 0.05 was considered significant.

RESULTS

Identification of the Smad4 Region That Interacts with
PKA-R—We previously reported that TGF� activates PKA
through a direct interaction between an activated Smad3-
Smad4 complex and the PKA regulatory subunit (PKA-R).
Using in vitro binding assays, we previously found that consti-
tutively active Smad3 (Smad3D) could not bind to PKA-RII�,
yet Smad3D could form a complex with Smad4 that was then
able to bind PKA-RII� (24). Therefore, we reasoned Smad4was
likely the component of the activated Smad3-Smad4 complex
responsible for PKA-R binding and sought to determine which
region of Smad4 was responsible for this interaction. To test
this hypothesis, a series of N-terminal FLAG-tagged Smad4
truncation mutants were created and transfected into Mv1Lu
cells, a mink epithelial cell line commonly used for studies of
TGF� signaling (Fig. 1A). Co-immunoprecipitation experi-
ments showed that Smad4 was able to interact with PKA-RII�

FIGURE 1. Amino acids 290 –300 of Smad4 interact with the regulatory subunit of PKA. A, shown is a schematic of Smad4 and truncation and interstitial
deletion mutants used for interaction assays with PKA-R. B–F, shown is the determination of PKA-R binding site of Smad4. Mv1Lu cells were transfected with
N-terminal FLAG-tagged wild-type Smad4 or Smad4 mutant-expressing plasmids and then treated with 100 pM TGF� for 30 min. Cell lysates were subjected to
coimmunoprecipitation (IP) assays. The regulatory subunit of PKA was immunoprecipitated by an anti-PKA-RII� antibody followed by immunoblotting (IB) of
FLAG-Smad4 using an anti-FLAG antibody. 10% of cell lysates were loaded and immunoblotted for input control. The results are the representative of three
independent experiments.
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in a TGF� dependent manner (Fig. 1B). Like wild-type Smad4,
Smad4�142 (deletion of MH1 domain) was capable of binding
PKA-Rwhen cells were treatedwithTGF� (Fig. 1C). Analysis of
additional deletion mutants showed that whereas further dele-
tion of amino acids 1–250 did not affect binding, deletion of
amino acids 1–320 prevented Smad4 binding to PKA-R, sug-
gesting that the linker C-terminal 70 amino acids of Smad4
contained the binding site for PKA-R (Fig. 1D). Consecutive
serial deletions of Smad4 within this portion of the linker
region indicated that amino acids 290–300 were involved in
the interaction between Smad4 and PKA-R (Fig. 1E). To fur-
ther refine the significance of this region of Smad4 in binding
to PKA-R, we created the Smad4 interstitial deletion mutant
Smad4(�290–300) and found that unlike wild-type Smad4,
Smad4(�290–300) was not able to bind to PKA-R after
TGF� stimulation (Fig. 1F), highlighting the importance of
amino acids 290–300 of Smad4 for this interaction.
The Smad4(�290–300) DeletionMutant Is Unable to Rescue

TGF�-induced PKA Activation and CREB Phosphorylation in
Smad4-deficient Cells—To further demonstrate that amino
acids 290–300 of Smad4 represent a functional PKA-R binding
site, wild-type Smad4 and its deletionmutants were transiently
transfected into CFPAC1 cells, a pancreatic cancer cell line that
lacks endogenous Smad4. Forty-eight hours post transfection,
cells were treated with 100 pMTGF� for 30min. Control vector
transfected cells did not demonstrate enhanced PKA activity
(Fig. 2A). However, cells expressing Smad4 and several of its
mutants, including Smad4�290 but not Smad4�300 and
Smad4(�290–300), were able to rescue TGF�-induced PKA
activation. Similar resultswere obtainedwhen examining phos-
phorylation of the transcription factor CREB (Fig. 2, B andC), a

known downstream target of PKA signaling (27). Unlike
Smad4, Smad4(�290–300), due to lack of PKA-R binding site,
was not able to rescue TGF�-induced CREB phosphorylation
(Fig. 2C). We also observed that TGF� induced a comparable
increase in Smad3 phosphorylation both in Smad4- and
Smad4(�290–300)-transfected CFPAC1 cells (Fig. 2C), dem-
onstrating that these cells did respond to TGF� as previously
described (28). To test whether Smad4�300 and Smad4(�290–
300) retain their ability to interact with Smad3 in a TGF�-de-
pendent manner, FLAG-tagged full-length Smad4 and Smad4
mutants were transfected into Mv1Lu cells, and the ability of
the FLAG-tagged Smad4 proteins to bind to Smad3 in response
to 100 pM TGF� was assessed. The Smad4�300 and
Smad4(�290–300) mutants displayed similar levels of binding
to Smad3 as was observed with full-length Smad4, suggesting
that the inability of Smad4�300 and Smad4(�290–300) to acti-
vate PKA and phosphorylate CREB in Smad4-deficient
CFPAC1 cells was not due to the inability to bind to Smad3
(supplemental Fig. 1). Thus, we identified a domain of Smad4
that is required for PKA interaction but not for interactionwith
Smad3. This also demonstrates that the Smad4 deletion
mutants are not grossly misfolded proteins.
Amino Acids 281–285 and 320–329 of the PKA RII� B

Domain Are Necessary for the Interaction between the PKA-
RII� B Domain and Smad4—All PKA regulatory subunit iso-
forms have a well conserved and defined domain structure that
consists of a dimerization domain, a linker region, and cAMP
binding domains A and B (18). Each domain has its own func-
tion and also communicates with the other domains as the reg-
ulatory subunit undergoes conformational changes that are
induced by cAMP binding. To identify which region(s) of the

FIGURE 2. The effect of TGF-�-induced PKA activation and CREB phosphorylation in CFPAC1 cells transfected with Smad4 and its deletion mutants.
Smad4-deficient CFPAC1 cells were transiently transfected with Smad4 and its deletion mutants. Transfected cells were treated with TGF-� (100 pM) for 30 min,
and cell lysates were prepared for PKA activity assays (A) and Western blotting to measure CREB phosphorylation (B and C). The results are from three separate
experiments. **, p � 0.01 versus vector control.
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PKA regulatory subunit interacts with Smad4, a series of
PKA-R truncation mutants was generated using PCR-based
mutagenesis (Fig. 3A). Mutants of PKA-RII� were constructed
lacking the 1) dimerization and linker domains and 2) dimeriza-
tion, linker, and A domains (thus containing only the B
domain).Western blot analysis ofMvlLu cell lysates transfected
with full-length PKA-R or its deletion mutants demonstrated
comparable levels of expression (Fig. 3B). In co-immunopre-
cipitation experiments we found that the full-length PKA reg-
ulatory subunit, the A�B domains, and the B domain alone all
interacted with Smad4 in a TGF�-dependent manner (Fig. 3B),
demonstrating that the B domain alone was sufficient for the
interaction between the PKA regulatory subunit and Smad4.
Because the B domain alone was sufficient for the molecular

interaction between PKA-RII� and Smad4, we next focused on
identifying the region(s) of the B domain responsible for this
interaction. We determined that in addition to RII�, the
remaining three isoforms of PKA regulatory subunit (RI�, RI�,
and RII�) also interactedwith Smad4 in response to TGF� (Fig.
4A), suggesting that the site of interaction(s) in the B domain
was within the conserved regions of all four PKA regulatory
subunit isoforms. The cAMP binding site (amino acids 330–
350) within the B domain was excluded from consideration
because it does not lie on the surface of the molecule (29). We
then defined highly conserved regions among the human
PKA-R isoforms based on sequence analysis (30) that had a high
surface probability based on the crystal structure of human
RII� (29) utilizing the three-dimensional computer modeling
program Cn3D4.1 (NCBI, Bethesda, MD).
Three candidate Smad4 binding regions located on the sur-

face of the B domain of the RII� molecule were conserved

among all four PKA-R isoforms: amino acids 281–285, 320–
329, and 380–383 (Fig. 4B, highlighted in yellow). To determine
whether these regions were involved in the interaction with
Smad4, three interstitial deletion mutants, B(�281–285),
B(�320–329), and B(�380–383), were generated using PCR-
based site-directed mutagenesis. Western blot analysis of
lysates from TGF�-treated cells confirmed that the B domain
and its deletion mutants were expressed at comparable levels
(Fig. 4C). Co-immunoprecipitation experiments in TGF�-
treated cells revealed that deletion of either amino acids 281–
285 or amino acids 320–329 prevented complex formation
between Smad4 and the B domain, whereas deletion of amino
acids 380–383 had no effect on this interaction (Fig. 4C). To
further verify the importance of these specific sites within the B
domain in Smad4 interaction, we utilized two specific peptides,
amino acids 281–285 (YKDGERI, P1) and amino acids 320–
329 (QEVEIARC, P2), and a control peptide with scrambled
amino acid sequence of peptide P2 (Pc). Co-immunoprecipita-
tion experiments were conducted as described above, except
that the small peptides (100 �M) were added to the cell lysates
1 h before the addition of an anti-Smad4 antibody and agarose
protein G beads. We found that peptides P1 and P2 competed
with the wild-type B domain of PKA-R for interaction with
Smad4 in TGF�-treated cells, resulting in a significant decrease
in binding (Fig. 4D), whereas the control peptide had no effect.
Similar results were obtained when using an anti-His antibody
to immunoprecipitate B domain and its mutants and anti-
Smad4 to identify co-precipitated Smad4 (data not shown). In a
GST pulldown assay using purified GST-Smad4 protein and B
domain-transfected Mv1Lu cell lysates, peptides P1 and P2
were able to significantly block the interaction between Smad4
and B domain (Fig. 4E). These experiments demonstrate that
amino acids 281–285 and 320–329 within the B domain of the
regulatory subunit of PKA are necessary for complex formation
with Smad4.
Amino Acids 281–285 and 320–329 of PKA-R Block TGF�-

induced PKA Activation and CREB Phosphorylation—To
determine whether amino acids 281–285 and 320–329 of
PKA-R are critical sites of the B domain not only for Smad4
interaction but also downstream signaling events, Mv1Lu cells
were exposed to the blocking peptides P1, P2, or the control
peptide Pc for 1 h and then treated with 100 pM TGF� for 30
min. Cell lysates were prepared and subjected to PKA activity
assays andWestern blotting tomeasure changes inCREBphos-
phorylation. All of the peptides demonstrated equivalent
uptake by these cells (supplemental Fig. 2). TGF�-induced PKA
activation (Fig. 5A) and CREB phosphorylation (Fig. 5B) were
completely blocked in both cells treated with PS4, comprised of
amino acids 290–300 of Smad4, and the combination of P1 and
P2 peptides but not blocked in cells treated with the control
peptide Pc. P1 or P2 peptides alone showed a partial blocking
effect on TGF�-induced PKA activation. P1 and P2 peptides
had no effect on forskolin-induced PKA activation and CREB
phosphorylation (Fig. 5, A and B), indicating that they are spe-
cific for TGF�/Smad-induced PKA signaling. These results
together with our above binding experiments suggest that the
amino acids 281–285 and 320–329 of PKA-R are necessary for
Smad4 binding and PKA signaling and suggest that amino acids

FIGURE 3. The B domain of the regulatory subunit of PKA-RII� interacts
with Smad4. Shown is a schematic of the regulatory subunit of PKA and its
truncation mutants (A). Mv1Lu cells were transiently transfected with PKA-
RII� full-length or deletion mutant-expression plasmids in the presence or
absence of 100 pM TGF-� for 30 min. Co-immunoprecipitation (IP) assays were
performed using anti-Smad4 and V5 antibodies (B). The data shown are rep-
resentative of three independent experiments with similar results. IB,
immunoblot.
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281–285 and 320–329 may form a Smad4 binding pocket to
exert cross-talk between these two pathways.
cAMP Binding Ability Was Not Affected by the Deletion

Mutations of the PKA Regulatory Subunit B Domain—Al-
though the deletions made in the PKA regulatory subunit B
domain did not overlap with the cAMP binding site, it is possi-
ble that the interstitial deletions may have altered the confor-
mation of the B domain, affecting its ability to bind Smads or
cAMP. To examine this possibility, cAMP binding assays were
conducted to compare the ability of thewild-type B domain and
its interstitial deletion mutants to bind cAMP. We found that
the wild-type B domain and its deletion mutants B(�281–285),
B(�320–329), and B(�380–383) bound cAMP comparably,
with a binding percentage at 3.3% for control, 14.25% for wild-
type B domain, 16.45% for B(�281–285), 12.5% for B(�320–
329), and 16% for B(�380–383) (supplemental Fig. 3A). Com-
petition with 10-fold excess nonradioactive cAMP decreased
[3H]cAMP binding to control levels, demonstrating that cAMP
binding was specific (supplemental Fig. 3B). These results show
that B domain mutants retained their ability to bind cAMP at
levels comparable to the wild-type B domain, suggesting that
the structural integrity of the B domain mutants was main-

tained. These findings support our data identifying amino acids
281–285 and 320–329 as critical sites within the B domain for
the interaction of PKA-R with Smad4.
TGF�-induced p21 Expression and Growth Inhibition

Require Smad4 and PKA-R Interaction—To determine
whether the interaction between Smad4 and PKA-R might
affect cellular responses of TGF� beyond PKA activation and
CREBphosphorylation,Mv1Lu cellswere treatedwith blocking
peptides P1 and P2, peptide PS4, or control peptide Pc, each for
1 h, and then cells were treatedwith 100 pMTGF�. Induction of
the cell cycle regulatory protein p21 and growth inhibitionwere
assessed. Both combination of P1 and P2 peptides and the PS4-
(290–300) peptide were able to block the ability of TGF� to
induce p21 expression (Fig. 6A) and growth inhibition (Fig. 6B),
whereas the control peptide had no effect, suggesting that the
interaction of amino acids 290–300 of Smad4 and the “Smad4
binding pocket” created by amino acids 281–285 and 320–329
of the B domain of PKA-R are required for TGF� to elicit these
cellular responses. The importance of the 290–300 amino acid
region of Smad4 in regulating p21 expression and growth inhi-
bition by TGF� in cells was also examined in the Smad-4 defi-
cient CFPAC1 cells. In CFPAC1 cells, transfection with wild-

FIGURE 4. Defining sites of Smad4 interaction with the B domain of PKA-R subunit. Mv1Lu cells were treated in the presence or absence of 100 pM TGF-�
for 15 min, then co-immunoprecipitation (IP) experiments were performed using anti-RI�, anti-RI�, and anti-RII� antibodies and an anti-Smad4 antibody (A).
Results are representative of three separate experiments. Protein structure of the PKA-R subunit demonstrating three regions within the B domain that are
highly conserved among PKA regulatory isoforms and located on the surface of the molecules (B) are: amino acids 281–285 (YKDGERI), 320 –320(QEVEIARC),
and 380 –383 (ISHY) (shown in yellow). cAMP binding sites are depicted in blue. PKA-RII B domain mutants with interstitial deletions of amino acids 281–285 and
320 –329 are unable to bind to Smad4 (C). Peptides P1 or P2 but not control peptide (Pc) blocked the ability of the PKA-RII� B domain to interact with Smad4
in both by co-immunoprecipitation and GST pulldown assays (D and E). Mv1Lu cells transfected with PKA-RII� B domain and its interstitial deletion mutants
were treated with 100 pM TGF-� for 15 min, and co-immunoprecipitation assays were done with anti-Smad4 and anti-V5 antibodies. In peptide blocking
experiments, lysates were preincubated with 10 �M P1, P2, or Pc for 30 min and then subjected to co-immunoprecipitation and GST pulldown assays.
Co-precipitated B domain and its deletion mutants were detected with an anti-V5 antibody by Western blotting. Lysates (10% of immunoprecipitates) were
also immunoblotted (IB) for input control. Data is representative of three independent experiments.
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type Smad4 allowed TGF� to restore p21 induction (Fig. 6C)
and growth inhibition (Fig. 6D), whereas transfection with the
Smad4(�290–300) mutant did not. Thus, binding of the 290–
300 amino acid region of Smad4 to PKA-R is required for
TGF�-induced p21 induction and growth inhibition. To fur-
ther investigate the functional relevance of the 290–300 amino
acid region of Smad4 in TGF� mediated responses, we exam-
ined five proteins COL1A1, COL1A2, MMP-2, MMP-9, and
plasminogen activator inhibitor-1 (PAI-1), previously
described as being up-regulated in response to TGF� in a
Smad4-dependent manner (31–33). We found that TGF�
treatment (100 pM, 4 h) in CFPAC1 cells stably expressing
Smad4 showed increased expression of all 5 genes (Fig. 6, E and
F), whereas CFPAC1 cells without Smad4 showed no increases
in response to TGF�, highlighting the Smad4 dependence of
these responses. TGF�-mediated increases in COL1A1,
COL1A2, and PAI-1 protein expression observed in CFPAC1
cells expressing Smad4 were not observed in Smad4(�290–
300)-expressing CFPAC1 cells, demonstrating that this region
of Smad4 was required for these changes. In contrast, TGF�
treatment increased MMP-2 (pro and active forms) and
MMP-9 protein expression in both the CFPAC1 cells express-
ing Smad4 and the Smad4(�290–300) mutant, demonstrating
that for these two proteins the 290–300 region of Smad4 is not
required for the TGF�-mediated increased in protein expres-
sion (Fig. 6, E and F).

TGF�-induced EMT and Invasion of Pancreatic Tumor Cells
Were Blocked by Inhibition of PKA—In addition to the known
effects of TGF� on cell growth regulation, in advanced cancers
TGF� elicits tumor-promoting effects through its ability to
induce EMT, which enhances cellular invasiveness and metas-
tasis. To assay whether inhibition of PKA could suppress
TGF�-induced EMT and invasion in pancreatic tumor cells,
Panc1 cells were treated with TGF� (20 ng/ml) alone or in the
presence of the PKA inhibitor H89 (15 �M) or the Smad4-PKA
interaction blocking peptides (5�M each) for 72 h. Cells treated
withTGF�underwent amorphologic change froma round into
a spindle-like phenotype, characteristic of EMT. Interestingly,
TGF�-induced EMT was strongly blocked by H89, blocking
peptides P1/P2 and PS4, respectively (Fig. 7A). We next exam-
ined the changes of the well described epithelial markers Zo-1
and E-cadherin and the mesenchymal markers vimentin and
snail byWestern blotting and real-time quantitative PCR. Both
Zo-1 and E-cadherin were significantly down-regulated, and
the EMT-associated proteins vimentin and snail were up-reg-
ulated after treatment of Panc1 cells with TGF� (Fig. 7, B and
C). TGF�-induced down-regulation of Zo-1 and E-cadherin
and up-regulation of vimentin and snail was significantly
blocked both by H89 and the blocking peptides P1P2 and PS4
(Fig. 7,B andC). Similar results were obtained with the primary
pancreatic tumor UM2 cell line (supplemental Fig. 4). To test
whether the Smad4-PKA-R interactionwas required forTGF�-
mediated cellular invasion, cell invasion assays were performed
and revealed that TGF� promoted Pancl tumor cell invasion,
which was strongly inhibited by H89 and the blocking peptides
P1/P2 or PS4 (Fig. 7D). Similar results were obtained fromUM2
cells (supplemental Fig. 4C). Together these results demon-
strate that a Smad4-PKA regulatory subunit interaction is
needed for several key TGF�-mediated cellular responses,
including cell invasion and induction of an EMT phenotype.
Smad4-dependent TumorGrowth Inhibition Is Dependent on

Amino Acids 290–300 of Smad4—To investigate the effect of
TGF�/Smad and PKA cross-talk on pancreatic tumor cell
growth in vivo, a xenograft tumorigenicity assaywas carried out
in NOD/SCID mice. CFPAC1 cells expressing vector control,
Smad4, and Smad4(�290–390) were injected subcutaneously
(1� 106 cells, n� 5 animals per group), and the tumor volumes
were measured weekly for a total of 4 weeks. Expression of
Smad4 in CFPAC1 cells significantly inhibited tumor growth
compared with control cells (Fig. 7E). In contrast, tumor
growth inhibition of CFPAC1 cells stably expressing
Smad4(�290–300) was significantly reduced compared with
CFPAC1 cells expressing Smad4. Histological analysis of the
tumors in each group showed no visible differences in the
appearance of the tumors (data not shown). Overall, these data
demonstrate that the portion of Smad4 that binds PKA-R is
important in mediating the inhibitory effects of Smad4 on
tumor growth in vivo (Fig. 7E).

DISCUSSION

The dominant model of signaling induced by TGF� family
members is a linear signaling pathway from receptor activation
to Smad activation, resulting in ligand-induced transcriptional
regulation (34). It is becoming increasingly clear that other sig-

FIGURE 5. TGF-�-induced PKA activation and CREB phosphorylation
were inhibited by specific blocking peptides in Mv1Lu cells. Mv1Lu cells
were incubated with control Pc or P1 and P2 given alone or in combination for
30 min followed by treatment with 100 pM TGF� or forskolin at indicated
concentrations for 30 min. Cell lysates were prepared for PKA activity mea-
surement using a nonradioactive PepTag Assay kit (Promega) (A). CREB phos-
phorylation in the lysates was measured by Western blotting using anti-p-
CREB antibodies (B). Results shown are representative of three independent
experiments.
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naling pathways also define cellular responses to TGF� signal-
ing and that TGF� familymembers activate not only Smads but
other signaling pathways. We have previously reported that
TGF� activates PKA in a cAMP-independentmanner by direct
binding of an activated Smad3-Smad4 complex to the regula-
tory subunit of the PKA holoenzyme, forming a trimeric com-
plex and resulting in activation of PKA (24). Because TGF�
signaling is critically important in a wide range of physiological
and pathological processes, we investigated the molecular
interactions between Smad4 and the regulatory subunit of PKA
to determine the mechanism by which the Smad4-PKA-R
interaction regulated TGF� signaling. We defined the specific
regions of Smad4 and PKA-R necessary for this interaction and
demonstrated that this interaction was functionally significant
in PKA activity and CREB activation as well as TGF�-mediated
p21 induction, growth regulation, invasion, and induction of an
EMT phenotype.

Using a series of N-terminal FLAG-tagged Smad4 deletion
mutants, we first determined that the linker C-terminal 70
amino acids of Smad4 contained an interaction domain for the
regulatory subunit of PKA. Further consecutive deletions
showed that amino acids 290–300 of the linker region were
essential for binding of Smad4 to PKA-RII�. It is well known
that theMH2 domain of Smads is responsible for their interac-
tion with other proteins, including transcription factors, co-ac-
tivators, and co-repressors (35, 36). For example, a recent study
demonstrated that Smad3 and protein kinase B (PKB/Akt)
interacted with each other in human hepatoma Hep3B cells,
with this interaction induced by insulin and inhibited by TGF�
(37). Complex formation between Smad3 and protein kinase B
occurred specifically between the MH2 domain of Smad3 and
the C-terminal domain of protein kinase B. The transcriptional
co-repressor Ski/Sno has been shown to interact with Smad3-
Smad4 and negatively regulate TGF� signaling (38). Ski/Sno

FIGURE 6. TGF�-induced p21 expression and growth inhibition were blocked by specific peptides in Mv1Lu cells or by Smad4(�290 –300) transfection
in CFPAC1 cells. Mv1Lu cells were incubated with P1, P2, PS4, or control peptide Pc (5 �M each) given alone or in combination for 30 min followed by treatment
with 100 pM TGF� for 4 or 72 h. After a 4-h TGF� treatment, p21 was detected by Western blotting (A). Cell proliferation was assessed after 72 h of TGF�
treatment (B). To further validate the importance of amino acids 290 –300 of Smad4 in TGF-�-induced Smad4 target gene expression and cell growth
regulation, CFPAC1 cells were either stably expressed with wild-type Smad4 or the Smad4(�290 –300) mutant. Protein expression was measured by immu-
noblotting after 4 h of TGF� treatment (C and E), and cell proliferation assays was performed after 3 days of TGF� treatment (D), (*, p � 0.05 versus control).
Relative protein expression from immunoblot was determined by densitometry from three independent experiments (F).
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binds only to the C terminus of Smad4. The Ski binding surface
on Smad4 significantly overlaps with the surface required for
binding the phosphorylated tail of theR-Smads, thus disrupting
the active heteromeric complex formed between the co-Smads
and the R-Smads (39).
The function of the linker region of Smad4 is less well

defined. de Caestecker et al. (40) reported that a 47-amino acid
region from amino acids 274 to 321 within the proline-rich
middle linker domain of Smad4 served as the Smad4 activation
domain (SAD), which was essential for TGF� signaling activi-
ties. They later reported that the functional activity of the
Smad4 SAD domain is p300-dependent due to a physical inter-
action between the SAD domain and the N terminus of p300
(41). In the present study we have defined an additional func-
tional role for the SAD domain. We have shown that the SAD
region of Smad4 contains a novel binding site for the PKA reg-
ulatory subunit, which is the molecular basis of cross-talk
between the TGF�/Smad and PKA signal pathways, and that
amino acid residues 290–300 of Smad4 are indispensable not
only for binding of Smad4 to PKA but also for PKA signal path-
way activation by TGF�. This 11-amino acid sequence of
Smad4 is a proline- and histidine-rich region that contains the
amino acids (N) HHPPMPPHPGH (C). This region is unique
for Smad4 among the Smads and does not share homologywith

Smad2 or Smad3. Of note, proline-rich motifs are well docu-
mented to be critical in protein-protein interactions (42).
The regulatory subunits of PKA are modular proteins that

regulate PKA holoenzyme activation in a ligand-dependent,
location-specific manner. The PKA-R subunits are composed
of several distinct, well defined domains. Each domain has its
own function and also communicates with other regions of the
molecule as the holoenzyme undergoes conformational
changes induced by cAMP binding (29). At the N terminus of
the PKA-R subunit is a dimerization domain that functions to
maintain the R-subunits as a stable dimer and provides a dock-
ing site for a variety of A kinase anchoring proteins (AKAPs),
thereby localizing PKA to specific subcellular locations (43–
47). After a variable, intervening linker domain at the C termi-
nus of the PKA-R subunits are two tandem cAMP binding
domains (A and B). The cAMP binding domains, presumably
resulting from gene duplication, have extensive sequence sim-
ilarity and bind cAMP cooperatively (47, 48). Although each
domain has a functional cAMP binding site, the domains serve
different functions. In the holoenzyme, cAMP binds first to
domain B, inducing a conformational change and thus allowing
access of cAMP to domain A. Subsequent binding of cAMP to
domain A causes dissociation of the PKA catalytic subunit and
activation of the holoenzyme (49).

FIGURE 7. TGF�-induced EMT, invasion, and tumor growth are dependent on the 290 –300-amino acid region of Smad4. Panc1 cells were treated with
TGF� (20 ng/ml) in the presence of PKA inhibitor H89 (15 �M), synthesized peptides P1/P2 (each 5 �M), or PS4 (5 �M) for 3 days (A). RNA and total protein were
isolated and subjected to real-time quantitative PCR and Western blotting to measure Zo-1, E-cadherin, vimentin, and snail expression (B and C). Cell invasion
assays was performed, and invading cells were counted as cells per field under an inverted Nikon microscope (D). Comparison of tumor growth at 4 weeks
between CFPAC1 cells expressing vector only, Smad4, and the Smad4(�290 –300) mutant ( n � 5 animals per group; *, p � 0.01 versus control (E).
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In this study we found that the B domain of PKA-R alone was
sufficient for interaction between PKA-R and Smad4 after
TGF� stimulation. The ability of an isolated B domain to func-
tion independently of other domain structures in the R subunit
is supported by work by Shabb et al. (50) where they found that
the B domain of the PKA-RI� subunit was able to function
independently as a high affinity cAMP- binding protein. In fur-
ther experiments using B domain interstitial deletion mutants,
we identified that amino acids 281–285 and 320–329 of the B
domain of PKA-R were critical for the TGF�-induced interac-
tion between the PKA regulatory subunit and Smad4 and for
TGF�-induced PKA activation and CREB phosphorylation.
Interaction of Smad4 with these regions of the B domain of
PKA-Rwere also essential for TGF�-mediated induction of p21
and growth inhibition. Both of these regions, located in physical
proximity on the surface of the molecule, were required to
interact with Smad4, suggesting that they may form a “pocket”
for Smad4 binding. The ability of a bound Smad complex to
induce a conformational change in the PKAholoenzyme is sup-
ported by our previous work demonstrating that an activated
Smad3-Smad4 complex is able to directly cause dissociation of
the PKA holoenzyme and resultant PKA activity in vitro (24).
Local invasion can be considered an initial and essential step

in the malignant process and often leads to the development of
distantmetastasis. TGF� is a potent inducer of cellular invasion
and EMT (51, 52). EMT is a process whereby cells lose cell-cell
interactions and other epithelial properties while acquiring a
more migratory and mesenchymal phenotype. EMT occurs at
several stages of early development, and its exploitation during
cancer progression is thought to contribute to tumor invasion
and metastasis (53, 54). A hallmark of EMT is the functional
loss of E-cadherinwhichmediates cell-cell interaction. The loss
of E-cadherin expression has been shown to coincide with the
transition fromwell differentiated tumor tissue to invasive car-
cinoma in a transgenic mouse model of pancreatic �-cell carci-
nogenesis, giving further support for a role of E-cadherin as a
suppressor of invasion in pancreatic tumorigenesis (55). Smad4
has been shown to be essential for down-regulation of E-cad-
herin induced by TGF� in the pancreatic cancer cell line Panc1
(56). Snail is one of a family of transcription factors shown to
repress transcription of the E-cadherin gene (57). PKAhas been
shown to phosphorylate Snail at serine 11, with mutation of
serine 11 abrogating the EMT-inducing activity of Snail, indi-
cating that intact serine 11 is required for Snail to drive the
EMT program (58). Previously, we have shown that the TGF�
ability to inhibit cell growth and induce p21 expression was
dependent on a Smad complex-PKA interaction, and here we
show that it requires a specific interaction of the 290–300
amino acid region of Smad4 and the B domain of the regulatory
subunit of PKA. Furthermore, we show that this specific inter-
action is also required for the TGF� ability to promote invasion
of pancreatic cancer cells, induce an EMT phenotype, and reg-
ulate Smad4-mediated growth inhibition in vivo, highlighting
the important role of this molecular interaction in pancreatic
cancer tumorigenesis.
Interestingly, we found that the expression of the proteins

COL1A1, COL1A2, PAI-1, and MMP-2 and MMP-9, all
reported to be induced by TGF� and Smad4-dependent (31–

33), had differential requirements for amino acids 290–300 of
Smad4. Although COL1A1, COL1A2, and PAI-1 were depen-
dent on the Smad4-PKA-R interaction, MMP-2 and MMP-9
did not require this interaction of Smad4 and PKA-R for TGF�
to increase their expression. These results are consistent with a
previous study that showed that TGF� induced COL1A1 and
PAI-1 expression and that overexpression of a Smad4 mutant,
Smad4�M, a mutant of Smad4 lacking amino acids 275–322,
inhibited TGF�-induced COL1A1 and PAI-1 mRNA expres-
sion (59). The specific domain(s) of Smad4 responsible for reg-
ulation of MMP-2 and MMP-9 expression have not been pre-
viously defined, but our data would suggest that regulation of
this subset of genes is not dependent on an interaction between
Smad4 and PKA-R, at least in this cell line studied.
In summary, we have defined the specific interaction

domains of Smad4 and the R subunit of the PKA holoenzyme
that form a functional complex in vivo in response to TGF�.
Our results suggest that when cells are treated with TGF�, an
activated Smad3/Smad complex translocates into the nucleus,
and the 290–300-amino acid sequence in the SAD domain of
Smad4 binds to a pocket on the surface of the PKA-R subunit,
distinct from the cAMP binding site, and that binding of an
activated Smad3-Smad4 complex to this pocket results in PKA
activation, p21, COL1A, COL1A2, PAI-1 protein expression,
and TGF�-mediated growth regulation, pancreatic tumor cell
EMT, and invasion. In addition, this interaction was required
for Smad4-dependent growth inhibition in a pancreatic cancer
cell line in vivo. This study provides new insight into themolec-
ular basis of Smad-PKA-R subunit complex formation and dis-
closes a novel mechanism of cross-talk signaling that regulates
PKA and TGF�-induced cellular responses.
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