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Members of the transforming growth factor b (TGF-b) family transduce signals through Smad proteins.
Smad signaling can be regulated by the Ras/Erk/mitogen-activated protein pathway in response to receptor
tyrosine kinase activation and the gamma interferon pathway and also by the functional interaction of Smad2
with Ca21-calmodulin. Here we report that Smad–TGF-b-dependent transcriptional responses are prevented
by expression of a constitutively activated Ca21-calmodulin-dependent protein kinase II (Cam kinase II). Smad2 is
a target substrate for Cam kinase II in vitro at serine-110, -240, and -260. Cam kinase II induces in vivo phos-
phorylation of Smad2 and Smad4 and, to a lesser extent, Smad3. A phosphopeptide antiserum raised against
Smad2 phosphoserine-240 reacted with Smad2 in vivo when coexpressed with Cam kinase II and by activation
of the platelet-derived growth factor receptor, the epidermal growth factor receptor, HER2 (c-erbB2), and the
TGF-b receptor. Furthermore, Cam kinase II blocked nuclear accumulation of a Smad2 and induced Smad2-
Smad4 hetero-oligomerization independently of TGF-b receptor activation, while preventing TGF-b-dependent
Smad2-Smad3 interactions. These findings provide a novel cross-talk mechanism by which Ca21-dependent
kinases activated downstream of multiple growth factor receptors antagonize cell responses to TGF-b.

The transforming growth factor b (TGF-b) superfamily
which includes TGF-b, activins, and bone morphogenic pro-
teins (BMPs) regulate cell growth, motility, apoptosis, differ-
entiation, and matrix production and can have a multifunc-
tional role in tumorigenesis (reviewed in reference 29).
Specific cell surface receptors for the TGF-b family possess
intrinsic serine-threonine kinase activity, and signaling is me-
diated by the type I and type II receptors, which are able to
form a ligand-inducible active heteromeric complex (42). Iden-
tification of the Smad family of transcription factors is begin-
ning to reveal the mechanisms of TGF-b-mediated signaling
from the cell surface to the nucleus. There are three types of
Smad comprising pathway-restricted, common-mediator, and
inhibitory Smads. Pathway-restricted Smad1 and Smad5 are
substrates for the BMP type I receptor, whereas Smad2 and
Smad3 are specific targets for TGF-b and activin receptors.
Phosphorylation of Smads by the activated type I receptor
kinase induces their release and subsequent association with a
common mediator Smad4 (reviewed in reference 29). This
oligomeric complex then translocates to the nucleus, and co-
operation with DNA-binding proteins such as FAST-1 and
FAST-2 directs specific transcriptional responses (12, 26, 46).

Phosphorylation of Smads is critical for regulating their ac-
tivity and all pathway restricted Smads have a C-terminal SSXS
motif in which the two end serines are phosphorylated by the
type I receptor (1, 41). Receptor-mediated phosphorylation of
the C-terminal serines in pathway-restricted Smads is required
for transcriptional activity and facilitates both the association

with Smad4 to form hetero-oligomers and the translocation
to the nucleus (reviewed in reference 29). The MH2 domain
of activated-pathway-restricted Smads comprises a transcrip-
tional activation domain and is also responsible for interac-
tions with Smad4 and FAST-1 (12). Smad2 is not able to bind
DNA directly, and a ternary bridge complex is formed at ap-
propriate response elements in which Smad2 interacts with
Smad4 and FAST-1 that bind separately to two specific DNA
sequence elements (26, 46). Other nuclear proteins that inter-
act with Smads and influence their transcriptional activity in-
clude the fos-jun complex, Sp1, the basic helix-loop-helix
leucine zipper protein TFE3, the coactivator p300/CBP, vita-
min D receptor, Evi-1, the Ski oncoprotein, and the corepres-
sor TGIF (for recent reviews, see references 30 and 36).

Recently, input from other growth factor receptor systems
have also been shown to influence the Smad signaling network
and to have an impact upon responsiveness to members of the
TGF-b superfamily. Erk–mitogen-activated protein (MAP) ki-
nase activated in response to epidermal growth factor (EGF)
and hepatocyte growth factor can phosphorylate the linker
region of BMP pathway-specific Smad1 and inhibit both nu-
clear translocation and transcriptional activity (24). Onco-
genic ras can also repress Smad–TGF-b signaling in mammary
and lung epithelial cells due to Erk-MAP kinase-mediated
phosphorylation of the linker regions of Smad2 and Smad3
(25). Conversely, MEKK-1, a component of the stress-acti-
vated protein kinase pathway, selectively activates Smad2-me-
diated transcription in cultured endothelial cells (8). Smads
and JNK signaling pathways also cooperate to generate more
robust TGF-b-mediated transcriptional responses (18). Func-
tional interaction of Smad2 with Ca21-calmodulin can inhibit
activin–TGF-b signaling, although the precise mechanisms re-
sponsible are as yet unknown (48). In the present study, we
investigated whether Smad function could be controlled by
the activation of cytoplasmic intracellular Ca21-dependent
kinases, more specifically the ubiquitously expressed Ca21-
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calmodulin-dependent protein kinase II (Cam kinase II). We
demonstrate that Cam kinase II prevents Smad2 nuclear lo-
calization and transcriptional function and concomitantly in-
duces Smad2-Smad4 hetero-oligomerization independently of
TGF-b receptor activation while completely preventing TGF-
b-dependent Smad2-Smad3 hetero-oligomerization. We also
present evidence that specific phosphorylation of Smad2 at
novel regulatory sites occurs in response to activation of sev-
eral growth factor receptor signaling pathways. Taken to-
gether, our data suggest a novel mechanism for regulating the
activity of Smads through changes in cytoplasmic Ca21

linked to the activation of intracellular Ca21-dependent ki-
nases that can occur through growth factors and other extra-
cellular stimuli.

MATERIALS AND METHODS

Materials, cell lines, and transfections. Human embryonic kidney fibroblasts
(HEK-293 cells) and Cos-1 cells were obtained from the American Type Culture
Collection (Rockville, Md.), and were maintained in Dulbecco modified Eagle
medium containing 10% fetal calf serum. Recombinant TGF-b1 was obtained
from R&D, thapsigargin was from Calbiochem, KN-93 was from Sigma, mono-
clonal anti-flag M2 antibody was from Sigma, rat monoclonal anti-hemagglutinin
(HA) antibody was from Roche (used for Western blotting), mouse monoclonal
anti-HA antibody was from Clontech (used for immunoprecipitation), polyclonal
anti-green fluorescent protein (GFP) antibody was from Clontech, Smad2 anti-
body was from TCS Biologicals, and monoclonal anti-Cam kinase II-a antibody
was from Gibco Life Technologies. Rat Cam kinase II-a and Cam kinase II1–290
cDNAs were from Tony Means and subcloned into pCMV1 as described else-
where (19). The cDNAs for the human EGF receptor and chimeric receptors
comprising the extracellular domain of the human EGF receptor connected to
either the cytoplasmic domain of the mouse b-platelet-derived growth factor
(PDGF) receptor (EP-R) (39), or HER2 (c-erbB2) (HER-1/2) (27) were pro-
vided by Axel Ullrich. The 3TP-lux reporter plasmids was provided by Jeffrey
Wrana, the ARE-lux reporter was from Malcolm Whitman, and the cDNA for
GFP with S65T mutation from Hans-Hermann Gerdes. Full-length human
Smad2 (EST clone 1419-H7), human Smad3 (provided by Rik Derynck), and
human Smad4 (provided by Scott Kern) were subcloned into pCMV1 incorpo-
rating C- or N-terminal HA or GFP epitopes by PCR. The type I TGF-b
receptor, provided by Carl-Henrik Heldin, was subcloned into pCMV1, and the
constitutively active kinase mutant was prepared by mutation of threonine 204 to
aspartic acid. Site-directed mutagenesis was performed as described earlier (10),
and pGEX-2T (Pharmacia) constructs were prepared by PCR (19). Cells were
transfected using calcium phosphate precipitation (11) or Fugene (Roche).

RNA extraction and RT-PCR analysis. Total RNA was extracted using the
RNAzol B method (Tel-Test, Inc.). Equal amounts of total RNA (3 mg) from
each sample were first reverse-transcribed into cDNAs with SuperScript II
RNase H1 reverse transcriptase (RT; Gibco-BRL) and random primers. Equal
amounts (1 ml) of the RT reaction (20 ml) were in turn subjected to PCR
amplification for 30 cycles. To quantify PCR products comparatively and to
confirm the use of equal amounts of the RNAs, we coamplified a housekeeping
gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The amount of RT
reaction used for the amplification (1 ml) was selected as being nonsaturating for
the PCR product of GAPDH after 30 cycles of amplification. The sequences of
primers were all designed from the published sequence of the human genes as
follows: PAI-1 (sense), 59-GTATCTCAGGAAGTCCAGCC-39; PAI-1 (anti-
sense), 59-TCTAAGGTAGTTGAATCCGAGC-39; GAPDH (sense), 59-ACCA
CAGTCCATGCCATCAC-39; and GAPDH (antisense), 59-TCCACCACCCTG
TTGCTGTA-39.

Luciferase assays. Cos-1 cells were transfected in six-well plates with 2 mg of
3TP-lux or ARE-lux and combinations of empty pCMV1 vector or pCMV1-Cam
kinase II1–290 as indicated in the figure legends. Cells were starved in medium
containing 0.5% fetal calf serum and 48 h after transfection were treated for
2 h with 1% dimethyl sulfoxide (DMSO) or 1 mM thapsigargin (100 mM stock
solution in DMSO). In some instances, cells were also pretreated with the
specific Cam kinase II inhibitor KN-93 at a concentration of 10 mM (10 mM
aqueous stock solution). Luciferase activity was measured after 15 h of treatment
with 5 ng of TGF-b using the dual-reporter system (Promega).

Phosphorylation assays. Phosphorylation in vivo, phosphorylation in vitro of
glutathione S-transferase (GST) proteins, and two-dimensional phosphoamino
acid analyses were performed as described previously (19). Transfected HEK-
293 cells were labeled overnight with 0.5 mCi of [32P]orthophosphate, and lysates
were immunoprecipitated with 10 mg of monoclonal anti-flag M2 or anti-HA
antibody, together with 20 mg of rabbit anti-mouse immunoglobulin G (IgG) to
facilitate the binding of the monoclonal antibodies to protein A-Sepharose.
Smad2-GST fusion proteins were prepared and phosphorylated with purified
Cam kinase II as described previously (19). GST proteins included the following
Smad2 sequences; Smad2-WT, residues 1 to 467; Smad2-110-WT, glycine-100 to
valine-117; Smad2-227-WT, asparagine-215 to glutamine-239; Smad2-240-WT,

glycine-230 to histidine-259; Smad2-260-WT, threonine-243 to tyrosine-268; and
Smad2-465-WT, valine-300 to serine-467. For two-dimensional phosphoamino
acid analysis, proteins were transferred to polyvinylidene difluoride (PVDF)
membrane, excised, hydrolyzed in 6 M HCl (110°C, 90 min), and separated in the
presence of 5 mg of unlabeled standard phosphoamino acids on a 20-by-20-cm
thin-layer cellulose plate using the HTLE-7000 system (CBS Scientific). The
plate was then dried, sprayed with ninhydrin to visualize phosphoamino acid
standards, and exposed to X-ray film.

Phosphopeptide antisera. Rabbits were immunized with a phosphoserine-
containing peptide (E-T-S-D-Q-Q-L-N-Q-S-M-D-T-C; corresponding to se-
quence containing serine-240 of human Smad2) coupled to keyhole limpet he-
mocyanin carrier protein. Antisera were adsorbed with GST-Smad2 to remove
any peptide-specific antibodies and then immunoaffinity purified on a Sepharose
column containing the original phosphopeptide immunogen prepared using
Sulpholink-Sepharose (Promega).

Immunofluorescence and nuclear localization assays. Cos-1 cells were trans-
fected on glass coverslips with 2 mg of pCMV1-Smad2-GFP together with 2 mg
of empty pCMV1 vector or pCMV1-Cam kinase II1–290 as indicated in the figure
legends. The cells were starved in 0.5% fetal calf serum and treated with TGF-b
as indicated. Cells were then fixed in 3% paraformaldehyde, permeabilized with
0.1% Triton X-100, fluorescence visualized with mounting medium containing
DAPI (49,69-diamidino-2-phenylindole), and examined by confocal microscopy.
Cotransfection with Cam kinase II1–290 was confirmed with anti-Cam kinase II
antibody and tetramethyl rhodamine isocyanate (TRITC) secondary antibody.

Immunoprecipitation and immunoblotting. HEK-293 cells were transiently
transfected with expression constructs for Smads alone or in combination with
the constitutively active type I TGF-b receptor and Cam kinase II. Cells were
lysed at 4°C with 1 ml of lysis buffer (50 mM HEPES [pH 7.5] containing 150 mM
NaCl, 5 mM EDTA, 10% glycerol, 1% Triton X-100, and 50 mM sodium
fluoride). Clarified lysates were then incubated with 10 mg of anti-HA or anti-
FLAG M2 monoclonal antibodies, together with 20 mg of polyclonal rabbit
anti-mouse IgG and 30 ml of prewashed protein A-Sepharose. After 2 h at 4°C,
immunoprecipitates were washed four times with 1 ml of wash buffer (lysis buffer
plus 0.1% Triton X-100). Samples were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and exposed to film (Kodak
X-Omat). For immunoblotting, proteins were transferred onto nitrocellulose and
probed with anti-HA, anti-FLAG, or anti-GFP antibodies that were visualized
using the ECL System (Amersham).

RESULTS

Inhibition of TGF-b-dependent transcriptional activity by
Ca21 and Cam kinase II. Receptor tyrosine kinases (RTKs),
such as the EGF and PDGF receptor families, activate multi-
ple signaling pathways. RTKs can also raise cytoplasmic Ca21

levels following the recruitment of phospholipase Cg and sub-
sequent breakdown of phosphoinositides to inositol trisphos-
phate, causing release of Ca21 from intracellular stores (re-
viewed in reference 38). In this study, we have investigated
whether both Ca21 signaling and Cam kinase II activated in
response to RTK signaling could affect TGF-b-dependent
responses. Thapsigargin, a reagent that inhibits the Ca21-
ATPase pump to raise intracellular Ca21, completely abol-
ished TGF-b induction of the endogenous plasminogen-acti-
vator inhibitor 1 (PAI-1) gene in Cos-1 cells (Fig. 1A).
A similar response was found following transfection of Cos-1
cells with the 3TP-lux reporter, which contains TGF-b re-
sponse elements for both PAI-1 and collagen type 1 linked to
luciferase expression. TGF-b increased luciferase activity
three- to fourfold, and this effect was completely blocked by
pretreatment with thapsigargin (Fig. 1B). To confirm that this
inhibition was mediated through endogenous Cam kinase II,
we used a specific water-soluble inhibitor, KN-93. In the pres-
ence of KN-93, thapsigargin-mediated inhibition of transcrip-
tion is almost completely restored (Fig. 1B). Further confir-
mation for the involvement of Cam kinase II in the
thapsigargin-mediated inhibition was sought using a constitu-
tively active form of this enzyme. The functional kinase activity
of Cam kinase II is tightly regulated by a C-terminal autoin-
hibitory domain, and removal of this region in the Cam kinase
II1–290 construct generates a constitutively activated form of
enzyme that no longer requires Ca21-calmodulin for activation
(14). Cam kinase II1–290 blocked 3TP-lux reporter activation to
an extent similar to that of thapsigargin (Fig. 1B). Since the

8104 WICKS ET AL. MOL. CELL. BIOL.



3TP-lux promoter contains three AP-1 sites, we also examined
whether Cam kinase II1–290 could prevent activation of the
more specific Smad–FAST-1-restricted ARE-lux reporter.
ARE-lux contains DNA sequences derived from the Xenopus
Mix.2 gene that convey TGF-b–activin responsiveness through
complexes of Smads and FAST-1 (12). In transfected Cos-1
cells, TGF-b-induced luciferase activity through ARE-lux ap-
proximately fourfold, and this response was again completely
abolished by thapsigargin and to a greater extent by coexpres-
sion with Cam kinase II1–290 (Fig. 1C). It is unlikely that Cam
kinase II1–290 is mediating this effect by overall inhibition of
cellular transcriptional machinery, since other promoters, such
as the fos AP-1-like element can be stimulated by the same
constitutively active enzyme (3). The thapsigargin-mediated
inhibition could also again be reversed by the Cam kinase II

inhibitor KN-93 (Fig. 1C). In control experiments, treatment
of cells with KN-93 and/or thapsigargin had no effect on basal
3TP-lux and ARE-lux transcriptional activity in the absence of
TGF-b (Fig. 1B and C).

Phosphorylation of Smad proteins by Cam kinase II. Con-
sensus phosphorylation sites for Cam kinase II are RXXS/T,
and one of these at serine-465 overlaps with a site of phos-
phorylation by the type I TGF-b receptor kinase (Fig. 2A). We
have also recently identified an alternative Cam kinase II con-
sensus motif, SXD, that shows a preference for a hydrophobic
amino acid at the X position (20). Four SXD consensus sites
are found in Smad2 at serine-110, -227, -240, and -260, and
three of these fulfill the requirement for a hydrophobic residue
(Fig. 2A). These sites are clustered in or around the linker
region, and an additional site is found in the middle of the
MH1 domain at serine-110 (Fig. 2A). Bacterially expressed
GST fusion proteins spanning these consensus sites were pre-

FIG. 1. Inhibition of TGF-b-dependent transcriptional responses by Cam
kinase II. (A) The expression of the PAI-1 gene was monitored in Cos-1 cells by
semiquantitative PCR as described in Materials and Methods. In some instances
cells were pretreated with 1 mM thapsigargin in DMSO and then stimulated with
5 ng of TGF-b per ml for 15 h. Expression of GAPDH was monitored as an
internal control. Cos-1 cells were transiently transfected with 2 mg of pCMV1-
Cam kinase II1–290 or empty pCMV1, together with 2 mg of 3TP-lux reporter
plasmid (B), or 2 mg of ARE-lux reporter plasmid (C). In some instances cells
were pretreated with 1 mM thapsigargin in DMSO and then stimulated with 5 ng
of TGF-b per ml for 15 h (black bars) as indicated. Some cells were also
pretreated for 1 h with the specific Cam kinase II inhibitor, KN-93, at a concen-
tration of 10 mM. Control cells, in the absence of TGF-b, were also treated with
either KN-93 or KN-93 and thapsigargin.

FIG. 2. In vitro mapping of Cam kinase II phosphorylation sites in Smad2.
(A) Schematic representation of Smad2 highlighting the linker region and the
highly conserved MH1 and MH2 domains. The location and sequence of putative
RXXS and SXD consensus Cam kinase II sites are indicated. (B) Smad2-GST
fusion proteins were prepared and phosphorylated in vitro with Cam kinase II as
described in Materials and Methods. Samples were separated by SDS–12.5%
PAGE, and gels were either stained with Coomassie blue (C/B) or dried and
exposed to X-ray film (32P). The migration of autophosphorylated Cam kinase
II (p) and full-length Smad2-GST (}) are indicated. (C) Separation of phos-
phoamino acids in GST-S2-WT (residues 1 to 467) phosphorylated with Cam
kinase II. GST-S2-WT was separated by SDS–12.5% PAGE, blotted onto PVDF
membrane, and acid hydrolyzed, and phosphoamino acids were separated by
thin-layer chromatography (TLC). The migration of the following phosphoamino
acids is indicated: phosphoserine (p-ser), phosphothreonine (p-thr), and phos-
photyrosine (p-tyr).
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pared and used as in vitro substrates for purified Cam kinase
II. Full-length Smad2 is efficiently phosphorylated by Cam
kinase II, and this was prevented by the mutation of serine-110,
-240, and -260 to alanine in the Smad2-CK3SA construct (Fig.
2B). Shorter fusion proteins representing individual sites re-
vealed that serine-110, -240, and -260 are sites for Cam kinase
II, whereas serine-465 within the RXXS consensus and serine-
227 are not phosphorylated (Fig. 2B). The phosphorylation of
serines-110, -240, and -260 was confirmed by individual muta-
tion of these sites to alanine in the shorter GST fusion pro-
teins, which were no longer targeted by Cam kinase II in vitro
(Fig. 2B). Phosphorylation of Smad2 by Cam kinase II in vitro
occurs only on serine residues, as determined by two-dimen-
sional phosphoamino acid analysis (Fig. 2C).

We then examined whether Cam kinase II1–290 could phos-
phorylate any of the pathway-restricted Smads in vivo by co-
expressing epitope-tagged Smad constructs in HEK-293 cells
metabolically labeled with [32P]orthophosphate. Immunopre-
cipitated HA-Smad2 shows a basal degree of phosphorylation
that increases approximately fivefold in the presence of Cam
kinase II1–290 (Fig. 3A). Phosphorylation of HA-Smad3 in-
creases about twofold, and FLAG-Smad4, which is nonphos-
phorylated in the basal state, is also an in vivo substrate for
Cam kinase II, although this is relatively weak compared to
Smad2, and the significance of this requires further study (Fig.

3A). Mutation of serine-110, -240, and -260 to alanine in
Smad2-CK3SA abolishes most of the in vivo phosphorylation
by Cam kinase II1–290 (Fig. 3A). Smad2 also appears to be the
preferred substrate, and two-dimensional phosphoamino acid
analysis indicates that basal phosphorylation occurs predomi-
nantly on serine with some phosphorylation of threonine and
that Cam kinase II1–290 significantly increases both phospho-
serine and to a lesser extent phosphothreonine (Fig. 3B).
Quantitation indicates that Cam kinase II1–290 increases phos-
phoserine by about 10-fold and phosphothreonine by approx-
imately 3-fold and that, overall, there is 10-fold more phos-
phoserine (Fig. 3C). These data contrast with the presence of
only phosphoserine in vitro (Fig. 2C) and suggest that Cam
kinase II might also activate other kinases in vivo that can
target Smad2 at specific threonines. These data might also
explain why Smad2 phosphorylation is not completely pre-
vented by the mutation of serine-110, -240, and -260 to alanine
in the Smad2-CK3SA mutant and that this could be due to
residual threonine phosphorylation (Fig. 3A).

Multiple growth factor receptors induce downstream phos-
phorylation of Smad2 at serine-240. To monitor the phosphor-
ylation status of the Cam kinase II sites in vivo, we next at-
tempted to generate phosphopeptide-specific antisera against
all three sites using Smad2 synthetic peptide immunogens. Ini-
tial screening of the resulting antisera indicated that both phos-
phoserine-110- and phosphoserine-260-containing peptide
antisera reacted with both phosphorylated and nonphosphory-
lated Smad2 (data not shown). However, immunoaffinity-pu-
rified antisera raised against the phosphoserine-240-containing
peptide reacted exclusively with Smad2 when coexpressed with
constitutive Cam kinase II1–290 (Fig. 4A). Mutation of serine-
240 to alanine in Smad2-240SA completely abolished immu-
noreactivity against the anti-PS240 antiserum (Fig. 4A). We
then used this antiserum to examine whether other growth
factor receptors could signal downstream to induce phosphor-
ylation of the negative regulatory site at serine-240 in Smad2.
In this instance, 293-HEK cells were cotransfected with HA-
Smad2, together with the full-length EGF receptor, or chime-
ric receptors comprising the extracellular domain of the EGF
receptor connected to the respective PDGF receptor (EP-R)
or HER2/HER-1/2 intracellular domains. These chimeras have
a functional EGF ligand binding domain and mediate cytoplas-
mic responses that reflect the nature of the intracellular do-
main (27, 39). Both PDGF receptor and HER2 coexpression
induced a significant level of phosphorylation at serine-240
(Fig. 4A). The EGF receptor induced weaker phosphorylation
at serine-240 and, interestingly, a significant degree of phos-
phorylation was seen in the presence of the constitutively
active type I TGF-b receptor (Fig. 4A). Phosphorylation at
serine-240 in Smad2 by the kinase domains of HER2, TGF-b
receptor, and PDGF receptor was prevented by the selective
Cam kinase II inhibitor KN-93, indicating that this event was
mediated through endogenous Cam kinase II in HEK-293 cells
(Fig. 4A). We then treated HepG2 cells with the growth factors
TGF-b, EGF, and PDGF to examine whether cells expressing
physiological levels of receptors for these ligands could induce
phosphorylation of serine-240 on endogenously expressed
Smad2. All three ligands induced a significant degree phos-
phorylation of serine-240 in Smad2, although in this system we
found that the response with EGF was more pronounced,
which may reflect differences in cell type characteristics or
differential receptor expression levels (Fig. 4B). Importantly,
this growth factor-mediated phosphorylation could be inhib-
ited by KN-93, indicating that the response was likely to be
mediated through downstream activation of endogenous Cam
kinase II (Fig. 4B).

FIG. 3. Smads are substrates for Cam kinase II in vivo. HEK-293 cells were
transfected with HA-Smad2, HA-Smad2-CK3SA, HA-Smad3, or FLAG-Smad4
in the presence or absence of Cam kinase II1–290 and metabolically labeled with
[32P]-orthophosphate. Cell lysates were immunoprecipitated either with anti-flag
M2 antibody or anti-HA antibody. (A) Immunoprecipitates were separated by
SDS–10% PAGE and stained with Coomassie blue (C/B) to detect total Smad
protein, or phosphoproteins were visualized by autoradiography (32P). (B) HA-
Smad2 immunoprecipitates were blotted onto PVDF, HA-Smad2 proteins acid
were hydrolyzed, and phosphoamino acids were separated by TLC. The migra-
tion of the following phosphoamino acids is indicated: phosphoserine (p-ser),
phosphothreonine (p-thr), and phosphotyrosine (p-tyr). (C) Radioactive phos-
phoamino acids were scraped from the TLC plate and quantitated by Cerenkov
counting.
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Nuclear translocation of Smad2 is prevented by Cam kinase
II. We then examined whether Cam kinase II might affect the
subcellular localization of Smad2 analogous to Erk-MAP ki-
nase preventing Smad1 and Smad2 nuclear translocation (24,
25). GFP-Smad2 was expressed in Cos-1 cells, and approxi-
mately 60% of transfected cells showed nuclear localized
Smad2 following TGF-b stimulation relative to 13% in un-
stimulated controls (Fig. 5A). Overexpression of Cam kinase
II1–290 prevented GFP-Smad2 from localizing to the nucleus
(Fig. 5A). A similar, or slightly enhanced, degree of TGF-b-
induced nuclear translocation was seen with Smad2-CK3SA in
which Cam kinase II sites at serine-110, -240, and -260 are
mutated to alanine; however, this was not prevented by over-
expression of Cam kinase II1–290 (Fig. 5B).

Cam kinase II induces Smad2-Smad4 interactions indepen-
dently of TGF-b receptor activation while preventing TGF-b-
dependent Smad2-Smad3 interactions. Receptor-mediated

phosphorylation of the C-terminal serines in pathway-re-
stricted Smads by the TGF-b receptor kinase is required for
transcriptional activity and facilitates both homo-oligomeriza-
tion and the hetero-oligomerization of Smad2 with Smad3 and
Smad4 (23). We therefore examined whether Cam kinase II
could disrupt these interactions by coexpressing combinations
of HA-, FLAG-, or GFP-tagged Smads in HEK-293 cells, to-
gether with the constitutively active type I TGF-b receptor or
Cam kinase II1–290. The formation of HA-Smad2 and GFP-
Smad2 homo-oligomers was identified by immunoprecipitation
with anti-HA, and the induction of this interaction in the pres-
ence of the constitutively active type I TGF-b receptor was not
affected by Cam kinase II1–290 (Fig. 6A). The HA-Smad2–
FLAG-Smad4 hetero-oligomer was identified by anti-FLAG
immunoprecipitation and is induced in the presence of the
constitutively active type I TGF-b receptor (Fig. 6B). However,
surprisingly, we found that Cam kinase II1–290 alone also sig-
nificantly induces Smad2-Smad4 hetero-oligomerization (Fig.
6B). Similar results were obtained when Smad4 was coex-
pressed with Smad2-CK3SA, indicating that this effect was not
due to phosphorylation at serine-110, -240, and -260 in Smad2
(data not shown). We then probed the anti-FLAG immuno-
precipitates with a phosphopeptide-specific anti-PS2 antibody
raised against the C-terminal TGF-b receptor phosphorylation
sites in Smad2 (35). Anti-PS2 reacts only with Smad4-associ-
ated Smad2 when coexpressed with the constitutively active
type I TGF-b receptor and does not react with Smad4-associ-
ated Smad2 when expressed with Cam kinase II1–290 alone
(Fig. 6B). These data confirm that this induction of Smad2-

FIG. 4. Phosphorylation of serine-240 occurs downstream of multiple growth
factor receptors. (A) HA-tagged Smad2 was expressed in HEK-293 cells in the
presence or absence of Cam kinase II1–290 and immunoprecipitated with anti-
HA, and samples were probed by Western blotting against anti-HA or anti-
PS240 antibodies. Equivalent expression levels were monitored in whole lysates
by anti-HA Western blotting. Expression of Cam kinase II1–290 was confirmed by
using specific antisera (data not shown). HA-tagged Smad2 was also expressed in
HEK-293 cells in the presence or absence of the constitutively active type I
TGF-b receptor (TGFbRI*), the human EGF receptor (EGFR), or chimeric
receptors comprising the extracellular domain of the EGF receptor connected to
the respective PDGF (EP-R) or HER2 (HER-1/2) intracellular domains. The
EGF receptor and chimeric receptors were activated with 100 ng of EGF per ml
for 30 min immediately prior to lysis. Samples were immunoprecipitated with
anti-HA, and samples were probed by Western blotting against anti-HA or
anti-PS240 antibodies. Equivalent expression levels were monitored by anti-HA
blotting, and the expression of receptors was confirmed with specific antisera
(not shown). In some instances, cells were pretreated for 1 h with the specific
Cam kinase II inhibitor, KN-93, at a concentration of 10 mM. (B) HepG2 cells
were stimulated for 30 min with the indicated growth factors. In some instances,
cells were pretreated for 1 h with the specific Cam kinase II inhibitor, KN-93, at
a concentration of 10 mM. Cells were lysed, and samples were probed by Western
blotting against Smad2 or PS-240.

FIG. 5. Cam kinase II regulates the subcellular localization of Smad2-GFP.
Smad2-GFP fusion proteins were expressed in Cos-1 cells, grown in 0.5% fetal
calf containing medium, and stimulated 48 h posttransfection with TGF-b for
15 h. The percentage of Smad2 localized to the nucleus was determined by
counting 100 immunofluorescence-positive cells and is denoted in the top left
corner of each image. Cos-1 cells were also transfected with Smad2-GFP, to-
gether with Cam kinase II1–290, and the percentage of nuclear-positive cells was
assessed as described above only in cells expressing both the Smad and Cam
kinase. Cotransfection was confirmed with primary Cam kinase II mouse mono-
clonal antibody (anti-Cam kinase II) and secondary TRITC-conjugated goat
anti-mouse antibody. (A) Wild-type Smad2. (B) Smad2-CK3SA.
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Smad4 hetero-oligomerization by Cam kinase II1–290 is not due
to activation of endogenous TGF-b receptors or to increased
endogenous expression of TGF-b ligands.

We then examined whether Smad2 and Smad3 hetero-oli-
gomerization was affected by coexpressing HA-Smad2 and
GFP-Smad3 in HEK-293 cells and monitoring interactions in
anti-HA immunoprecipitates. The constitutively active type I
TGF-b receptor induced the formation of Smad2-Smad3 het-
ero-oligomers; however, Cam kinase II1–290 completely pre-
vented TGF-b-induced Smad2-Smad3 hetero-oligomerization

(Fig. 7A). We then performed the same experiment with
Smad3 and Smad2-CK3SA and found that the loss of interac-
tion in the presence of Cam kinase II1–290 was restored (Fig.
7B). This indicates that the Smad2-Smad3 interaction can be
directly regulated by Cam kinase II-dependent phosphoryla-
tion at serine-110, -240, and -260 in Smad2.

DISCUSSION

Smads play an essential role in transmitting activin, BMP,
and TGF-b signals from the cell surface to the nucleus. More
recently, it is becoming apparent that Smads are also exten-
sively regulated by direct input from a variety of receptor
signaling pathways (reviewed in reference 30). In the present
study, we have shown that Smad function can be directly con-
trolled by cytoplasmic Ca21-dependent kinases, specifically the
ubiquitously expressed Ca21-calmodulin-dependent Cam ki-

FIG. 6. Cam kinase II induces Smad2-Smad4 interactions independently of
TGF-b receptor activation. (A) HEK-293 cells were transfected with N-termi-
nally tagged HA-Smad2 and GFP-Smad2 in the presence or absence of the
constitutively active type I TGF-b receptor (TGFbR*), constitutively active Cam
kinase II (Cam kinase II1–290), or both (TGFbR* plus Cam kinase II1–290). Cell
lysates were immunoprecipitated with anti-HA, and samples were probed by
immunoblotting against anti-HA or anti-GFP antibodies. Expression of the
TGF-b receptor and Cam kinase II was confirmed using specific antisera (data
not shown). (B) HEK-293 cells were transfected with N-terminally tagged HA-
Smad2 and C-terminally tagged FLAG-Smad4 in the presence or absence of the
constitutively active type I TGF-b receptor (TGFbR*), constitutively active Cam
kinase II (Cam kinase II1–290), or both (TGFbR* plus Cam kinase II1–290). Cell
lysates were immunoprecipitated with anti-FLAG, and samples were probed by
immunoblotting against anti-HA, anti-FLAG, or anti-PS2 antibodies. Expression
of the TGF-b receptor and Cam kinase II was confirmed by using specific
antisera (data not shown).

FIG. 7. TGF-b-dependent Smad2-Smad3 interactions are prevented by Cam
kinase II. HEK-293 cells were transfected with N-terminally tagged HA-Smad2
(A) or HA-Smad2-CK3SA (B), together with GFP-Smad3, in the presence or
absence of the constitutively active type I TGF-b receptor (TGFbR*), constitu-
tively active Cam kinase II (Cam kinase II1–290), or both (TGFbR* plus Cam
kinase II1–290). Cell lysates were immunoprecipitated with anti-HA, and samples
were probed by immunoblotting against anti-HA or anti-GFP antibodies. Ex-
pression of the TGF-b receptor and Cam kinase II was confirmed using specific
antisera (data not shown).
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nase II. These observations are also consistent with the recent
report that Ca21-calmodulin can regulate Smad function (48).

The exact mechanism by which phosphorylation at serine-
110, -240, and -260 in Smad2 inhibits Smad–TGF-b-dependent
gene transcription is likely to be complex. Important features
of this process are likely to involve the location of Cam kinase
II phosphorylation sites within critical Smad functional do-
mains. The recent crystal structure of the conserved MH1
domain of Smad3 indicates that the main DNA-binding motif
is an 11-residue b hairpin that is embedded within the major
groove of DNA (40). Although Smad2 is not able to bind to
DNA directly through this motif, its effector function in the
conserved MH2 domain can be repressed by direct contact
with the MH1 domain (21). The Cam kinase II site in Smad2
at serine-110 is on the edge of the b hairpin motif, and it is
interesting to speculate that phosphorylation at this site could
inhibit Smad effector function by stabilizing repressive inter-
actions between the MH1 and the MH2 domains. Similarly,
these interactions could also be affected by Cam kinase II
phosphorylation at the serine-260 that is within the conserved
MH2 domain. The third phosphorylation site at serine-240 lies
within the linker region and is immediately adjacent to several
Ser/Thr-Pro sites that are targets for the Ras/Erk/MAP kinase
pathway (25). Phosphorylation at these sites also represses
Smad2 function, and it is possible that the stoichiometry of
Erk-MAP kinase modification could be potentiated by Cam
kinase targeting of the adjacent serine-240 site.

The prevention of TGF-b-dependent Smad2 nuclear trans-
location by Cam kinase II represents an important mechanism
for the control of Smad–TGF-b signaling. Recently, the pres-
ence of a distinct nuclear localization signal in the MH1 of
Smad3 was shown to determine the ligand-induced nuclear
translocation of Smad3 (43). Phosphorylation of Smad2 by
Cam kinase II could mask this domain or, alternatively may
affect interactions with proteins that regulate the export of
transcription factors from the nucleus such as the nuclear ex-
port factor CRM-1 (31). In this context of the regulation of
Smad2 nuclear import and export it is also important to con-
sider the normal distribution and subcellular localization of
Cam kinases. In the present study, we have used a constitu-
tively active truncated form of the neuronal Cam kinase II-a
that does not contain a nuclear localization sequence but is
sufficiently small in size to be able to diffuse freely between the
nucleus and cytoplasm. Multifunctional Cam kinases comprise
a multigene family consisting of Cam kinase I, Cam kinase II,
and Cam kinase IV, which display a common substrate speci-
ficity and are widely distributed in mammalian tissue (reviewed
in reference 5). The Cam kinase II subfamily is derived from
four related genes, namely, a, b, g, and d. The aB, dB, and gA
isoforms share a common core nuclear localization sequence,
and nuclear localization in vivo of aB and dB has been reported
(7). Nuclear and cytoplasmic isoforms can be found in most
tissues, although some regions of the brain (7) and also the
heart (17) express predominantly nuclear forms of Cam kinase
II. These observations raise the possibility that, under normal
physiological circumstances, the degree of regulation of Smad
signaling by Cam kinase and the manner in which this might be
achieved is likely to be very tissue specific. In tissues that
express cytoplasmic isoforms of Cam kinase II, activation of
this enzyme would block TGF-b-dependent gene responses by
preventing entry of the Smad transcriptional complex into the
nucleus. Alternatively, in those tissues expressing nuclear
forms of Cam kinase II, the TGF-b-dependent assembly and
translocation from the cytoplasm would be unaffected. How-
ever, once inside the nucleus activated Cam kinase II could
target the Smad complex to disrupt the Smad2-Smad3 inter-

action and directly affect gene responses in situ. The essential
role of Smad3 in efficient Smad–TGF-b-dependent transcrip-
tional activity has been highlighted by a number of recent gene
knockout studies (4, 44, 47). Our results also suggest that in-
hibition of TGF-b-dependent transcriptional responses de-
scribed in the present study could be explained in part by the
fact that Cam kinase II prevents the TGF-b-dependent recruit-
ment of Smad3 into the Smad transcriptional complex.

Recent accumulating evidence has also suggested a role
for Ca21 in controlling some of the actions of TGF-b (2, 22).
The type I TGF-b receptor interacts with the immunophilin
FKBP12 (13), a ubiquitously expressed protein that can inhibit
the Ca21-dependent protein phosphatase calcineurin (28).
FKBP12 and calcineurin also control cytoplasmic calcium lev-
els by stabilizing the inositol 1,4,5-trisphosphate and ryanodine
receptors (6, 9). Interestingly, we find that activation of the
TGF-b receptor can also induce the downstream phosphory-
lation of the regulatory Cam kinase II site at serine-240 in
Smad2. This raises the possibility that this may form part of an
intrinsic negative feedback inhibitory loop in which cells re-
ceive a pulsed signal input through the Smad–TGF-b system.
Ca21 signals can occur as single transients, as oscillations, or as
a sustained plateau, and this triggers the differential activation
and/or inhibition of downstream mediators to determine signal
response, strength, and specificity (16). Cam kinase II is also
thought to be a major decoder of Ca21 oscillation since its
kinase activity reflects the size and frequency of Ca21 spikes
(15). In this regard the TGF-b-dependent mobilization of in-
tracellular Ca21 in some cell types requires incubation times of
more than 1 h (32), whereas Ca21 mobilization can be instan-
taneous in response to RTK signaling. Therefore, differences
in amplitude, duration, and the scheduled delivery of various
growth factor stimuli would be critical in determining the final
outcome of the biological response. In this regard, it will be of
interest in future studies to thoroughly analyze the time course
and concentration dependence of various growth factor ago-
nists by utilizing both the anti-PS240 (inactive Smad2) and
anti-PS2 (active Smad) antisera.

We have also shown that enhanced downstream Cam kinase
II signaling in response to RTK-induced Ca21 mobilization
can upregulate phosphorylation at serine-240 in Smad2. These
observations have important implications for normal cellular
homeostasis, cellular proliferation, and also neoplastic trans-
formation. TGF-b is a classical suppressor of cell growth, and
disruption of components of the TGF-b signaling cascade,
including Smads, has been demonstrated in several types of
cancer. Permanent coupling of oncogenic HER2 to phospho-
lipase Cg activity and Ca21 mobilization is also seen in tumor
cells (34). The HER2 gene is amplified in a variety of human
adenocarcinomas arising at a number of sites, including the
breast, colon, and stomach (reviewed in reference 33). There-
fore, the present data showing increased phosphorylation of
the negative regulatory site (serine-240) in Smad2 by overex-
pression of the chimeric HER-1/2 protein kinases raises the
intriguing possibility that an important feature of HER2-me-
diated oncogenic transformation could involve the shutdown
of the TGF-b–Smad tumor-suppressive pathway.

In summary, we have defined a novel role for Cam kinase II
activation in the regulation and differential control of Smad–
TGF-b function. The molecular detail of this inhibition incor-
porates phosphorylation at consensus sites in Smad2, disrup-
tion of Smad protein complex formation, and effects on Smad
subcellular localization. We propose that costimulatory input
from multiple growth factors leading to a differential Ca21

mobilization provides a potent cross-talk and intrinsic feed-
back program that will ultimately coordinate complex patterns
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of TGF-b-dependent gene regulation and cellular responsive-
ness. An important goal will be to correlate differential expres-
sion patterns and cytosolic-nuclear compartmentalization of
members of the Cam kinase family with the tissue-specific
integration of growth factor signals. Furthermore, it will be
important to address the complex issue of spatial and temporal
Ca21 mobilization in response to TGF-b and other environ-
mental stimuli, particularly in the context of recent reports of
the direct control of specific gene transcription by nuclear
Ca21 (37). Finally, the phosphopeptide antisera generated in
this study should permit a detailed analysis of the importance
of Smad2 transmodulation following oncogenic RTK overex-
pression in human cancer.

ACKNOWLEDGMENTS

We thank Tony Means, Hans-Hermann Gerdes, Carl-Henrik Hel-
din, Jeffrey Wrana, Scott Kern, Rik Derynck, Malcolm Whitman, and
Axel Ullrich for kindly providing cDNA constructs and Peter ten Dijke
for the PS2 antiserum. We also thank Dylan Edwards and Simak Ali
for helpful discussions.

This study was supported by Wellcome Trust grant 045206/Z/95/Z
(A.C.), The Special Trustees of Charing Cross Hospital (A.C.), and a
Livingstone Studentship from Imperial College (S.J.W.).

REFERENCES

1. Abdollah, S., M. Macias-Silva, T. Tsukazaki, H. Hayashi, L. Attisano, and
J. L. Wrana. 1997. TGFbR1 phosphorylation of Smad2 on Ser465 and
Ser467 is required for Smad2-Smad4 complex formation and signaling.
J. Biol. Chem. 272:27678–27685.

2. Alevizopoulos, A., Y. Dusserre, U. Ruegg, and N. Mermod. 1997. Regulation
of the transforming growth factor b-responsive transcription factor CTF-1 by
calcineurin and calcium/calmodulin-dependent protein kinase IV. J. Biol.
Chem. 272:23597–23605.

3. Antoine, M., C. Gaiddon, and J. P. Loeffler. 1996. Ca21/calmodulin kinase
types II and IV regulate c-fos transcription in the AtT20 corticotroph cell
line. Mol. Cell Endocrinol. 120:1–8.

4. Ashcroft, G. S., X. Yang, A. B. Glick, M. Weinstein, J. J. Letterio, D. E.
Mizel, M. Anzano, T. Greenwell-Wild, S. M. Wahl, C. Deng, and A. B.
Roberts. 1999. Mice lacking Smad3 show accelerated wound healing and an
impaired local inflammatory response. Nat. Cell Biol. 1:260–266.

5. Braun, A. P., and H. Schulman. 1995. The multifunctional calcium/calmod-
ulin-dependent protein kinase: from form to function. Annu. Rev. Physiol.
57:417–445.

6. Brillantes, A. B., K. Ondrias, A. Scott, E. Kobrinsky, E. Ondriasova, T.
Jayaraman, M. Landers, B. E. Ehrlich, and A. R. Marks. 1994. Stabilization
of calcium release channel (ryanodine receptor) function by FK506-binding
protein. Cell 77:513–523.

7. Brocke, L., M. Srinivasan, and H. Schulman. 1995. Developmental and
regional expression of multifunctional Ca21/calmodulin-dependent protein
kinase isoforms in rat brain. J. Neurosci. 15:6797–6808.

8. Brown, J. D., M. R. DiChiara, K. R. Anderson, M. A. Gimbrone, Jr., and
J. N. Topper. 1999. MEKK-1, a component of the stress (stress-activated
protein kinase/c-jun N-terminal kinase) pathway, can selectively activate
Smad2-mediated transcriptional activation in endothelial cells. J. Biol.
Chem. 274:8797–8805.

9. Cameron, A. M., J. P. Steiner, A. J. Roskams, S. M. Ali, G. V. Ronnett, and
S. H. Snyder. 1995. Calcineurin associated with the inositol 1,4,5-trisphos-
phate receptor-FKBP12 complex modulates Ca21 flux. Cell 83:463–472.

10. Chantry, A. 1995. The kinase domain and membrane localization determine
intracellular interactions between epidermal growth factor receptors. J. Biol.
Chem. 270:3068–3073.

11. Chen, C., and H. Okayama. 1987. High-efficiency transformation of mam-
malian cells by plasmid DNA. Mol. Cell. Biol. 7:2745–2752.

12. Chen, X., E. Weisberg, V. Fridmacher, M. Watanabe, G. Naco, and M.
Whitman. 1997. Samd4 and FAST-1 in the assembly of activin-responsive
factor. Nature 389:85–89.

13. Chen, Y.-G., F. Liu, and J. Massagué. 1997. Mechanism of TGFb receptor
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