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Transforming growth factor 3 (TGF-B) is a potent natural antiproliferative agent that plays an important
role in suppressing tumorigenicity. In numerous tumors, loss of TGF-3 responsiveness is associated with
inactivating mutations that can occur in components of this signaling pathway, such as the tumor suppressor
Smad2. Although a general framework for how Smads transduce TGF-f3 signals has been proposed, the
physiological relevance of alterations of Smad2 functions in promoting tumorigenesis is still unknown. Here,
we show that expression of Smad2.P445H, a tumor-derived mutation of Smad2 found in human cancer,
suppresses the ability of the Smads to mediate TGF-3-induced growth arrest and transcriptional responses.
Smad2.P445H is phosphorylated by the activated TGF-3 receptor at the carboxy-terminal serine residues and
associates with Smad3 and Smad4 but is unable to dissociate from the receptor. Upon ligand-induced
phosphorylation, Smad2.P445H interacts stably with wild-type Smad2, thereby blocking TGF-p-induced nu-
clear accumulation of wild-type Smad2 and Smad2-dependent transcription. The ability of the Smad2.P445H
to block the nuclear accumulation of wild-type Smad2 protein reveals a new mechanism for loss of sensitivity

to the growth-inhibitory functions of TGF-f in tumor development.

The transformation or switch of normal cells into tumor cells
that result in cancer can arise from a variety of alterations in
normal cell function. In many cases, tumor cells develop when
normal progenitor cells lose control of signaling pathways that
regulate responses to negative growth-regulatory factors (17).
The transforming growth factor B (TGF-B) is a potent anti-
proliferative factor that inhibits cell proliferation by arresting
progression through the cell cycle or inducing programmed cell
death (11, 26, 33). Because many cancers of epithelial and
lymphoid origin develop resistance to the negative growth-
regulatory effects of TGF-B, it has been postulated that one of
the mechanisms whereby cells undergo neoplastic transforma-
tion and escape from normal growth control involves an al-
tered response to TGF-B (11, 26).

TGF-B signaling is initiated when ligand induces formation
of a heteromeric complex of two types of transmembrane
serine/threonine kinases, which are known as type I and type II
receptors (16, 26). The type II receptor (TBRII) can directly
bind ligand but is incapable of mediating responses in the
absence of a type I receptor (TBRI). Bound TGF-B is then
recognized by TBRI, which is recruited into the complex and
becomes phosphorylated by the receptor II kinase. Phosphor-
ylation of the cytoplasmic domain of TBRI is believed to acti-
vate its kinase, thereby allowing propagation of the signal to
downstream components (42). Genetic and biochemical stud-
ies have described a new family of intracellular effector mole-
cules, known as the Smad proteins, acting downstream of
TGF-B receptors (16, 26, 39). Upon ligand-induced activation
of the TGF-B receptors, the receptor-regulated Smad2 and
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Smad3 proteins interact directly with TBRI and are phosphor-
ylated within a conserved carboxy-terminal SSXS motif (6, 24,
28, 44). This phosphorylation event results in association of
Smad2 and Smad3 with the shared partner Smad4 (21). The
complexes then translocate to the nucleus, where they associ-
ate with DNA and other DNA-binding proteins, such as Fast-1,
Fast-2, and c-Fos/c-Jun, and act as transcriptional activators
for TGF-B-responsive genes (reviewed in references 12 and
39). In contrast to receptor-regulated Smads, the antagonistic
Smads, which include Smad6 and Smad7, appear to block
signal transduction by preventing access and phosphorylation
of endogenous Smad2 or Smad3 to activated TBRI (15, 18, 29).

Cancer cells can acquire resistance to the antiproliferative
effect of TGF-B by a number of different mechanisms, includ-
ing defects in TGF-B cell surface receptors and mutational
inactivation of downstream effector components of the TGF-
signaling pathways (reviewed in references 11 and 26). For
example, TBRII mutations were found in sporadic cases of
colon cancers with microsatellite instability and in colon and
gastric cancer cells from individuals with hereditary nonpol-
yposis colon cancer (23, 25). Important support for a more
general role of TGF-B signaling in tumor development came
with the finding that human Smad2 and Smad4 are mutated in
a variety of human tumors (11, 26). Smad4 (also called DPC4;
deleted in pancreatic cancer) was originally identified as a
candidate tumor suppressor gene in chromosome 18q21 that
was somatically deleted or mutated in approximately half of
human pancreatic carcinomas (14). In addition to pancreatic
carcinomas, homozygous mutations of Smad4 were also found
in up to 30% of colorectal cancers and in less than 10% of
other human cancers (11, 26). In mouse constructs carrying a
homozygous knockout mutation for the tumor suppressor gene
APC, deficiency of Smad4 in intestinal adenomas causes an
increase in the rate of tumor progression and invasion, sup-
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porting its role as a tumor suppressor (36). Genetic alterations
and inactivating missense mutations have also been identified
in Smad2 (MADR?2 or JV-18) in some colorectal and lung
cancers, although Smad2 is less frequently mutated than
Smad4 (13, 32, 37). A homozygous targeted disruption of
Smad2 is lethal to the mouse embryo, primarily due to severe
developmental defects within the embryo (30, 38). The early
embryonic lethality of these mice renders the functional anal-
ysis of this protein in the adult animals impossible, and there-
fore, these knockout mice did not shed light on the role of
Smad2 in TGF-B signaling and carcinogenesis.

Two missense mutations of Smad2 (Smad2.P445H and
Smad2.D450E) in human tumors were identified, suggesting
that alteration of Smad2 may disrupt TGF-B signaling (13, 37).
An indication that these mutations lead to inactivation of
Smad2 protein functions came from overexpression studies of
Xenopus embryos. Expression of wild-type Smad2 mimics the
mesoderm-inducing effects of TGF-B on animal pole blas-
tomeres, and these activities are abolished for mutant Smad2
proteins (13). Although these findings indicate that these tu-
mor-derived mutations yield biologically inactive Smad2 pro-
tein during the development of Xenopus, the physiological
functions of Smad2, particularly its potential involvement in
tumor suppression, remain speculative.

In contrast to almost exclusive expression of mutant alleles
in tumors carrying the missense mutation D450E (13, 37),
comparison of mutant and wild-type alleles indicated that both
P445H mutant and wild-type transcripts were expressed in the
tumor sample (13). Interestingly, mice with inactivating muta-
tions in the loci of Smad2 did not develop cancer when the
mutation was present in the heterozygous state (38), thus rul-
ing out any possibility of direct involvement of gene dosage of
Smad?2 in tumor development. In light of these observations,
we investigated the possibility that the Smad2.P445H mutation
can function as a dominant-negative mutation to block TGF-
signaling through endogenous Smad proteins. In this study, we
demonstrate that expression of the tumor-derived mutation
Smad2.P445H in TGF-B-responsive cells suppresses the ability
of the Smads to mediate TGF-B-induced growth arrest and
transcriptional responses. Smad2.P445H directly interferes
with TGF-B-mediated activation of wild-type Smad2 by pre-
venting its nuclear accumulation. These findings provide a de-
scription of a dominant inhibitory Smad protein isolated from
a human tumor, suggesting a new paradigm for the inactivation
of the Smad?2 protein during the development of cancer.

MATERIALS AND METHODS

Cell lines and constructs. MDCK, COS-7, and HepG?2 cells were maintained
in Dulbecco minimal essential medium (DMEM) supplemented with 10% heat-
inactivated fetal calf serum (FCS) and 5 mM glutamine. For stable transfectants,
cells were transfected with expression vectors by Lipofectamine (GIBCO/BRL)
and selected in G418- or hygromycin-containing growth medium and expanded
as pools of stably transfected cells. Control cells were transfected with the
appropriate vector alone and selected in parallel with the other cells. For the
clonal growth assays, hygromycin-resistant colonies were stained with crystal
violet 10 to 13 days after transfection.

Mammalian expression vectors for Smad2 mutants, pAR3-lux, and constitu-
tively activated TBRI were a gift from J. Wrana. The p3TP-lux reporter construct
was a gift from J. Massagué. Expression vector for Fast-1 was a gift from M.
Whitman. Expression vectors for Smad4, Smad2, Smad3, GAL4-Smad2, and
G5Elb-lux have been previously described (4, 31). The plasmid for GFP-
Smad2.P445H was subcloned into pEGFP in frame with an amino-terminal
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green fluorescent protein (GFP) tag. The expression vector for GAL4-Smad3
was constructed using the PSG24 vector and Smad3 cDNA from pGEX-Smad3
(a gift from R. Derynck).

Gene expression analysis. Luciferase assays were essentially carried out as
previously described (5). Cells were plated to semiconfluency and 24 h later were
transfected with expression vectors by Lipofectamine. Cells were subsequently
treated with human TGF-B1 (Sigma) at the indicated concentrations for 16 h.
Luciferase activity was measured using the luciferase assay system as described
by the manufacturer (Promega) and was normalized for transfection efficiency by
using a B-galactosidase-expressing vector (pCMV5.LacZ) and the Galacto-Star
system (Perkin-Elmer).

Nuclear extracts, immunoprecipitation, and immunoblotting. Nuclear extracts
were prepared as described previously (2). For immunoprecipitation, cells were
transfected by the Lipofectamine method and lysed at 4°C in lysis buffer (20 mM
Tris-HCI [pH 8], 150 mM NaCl, 5 mM MgCl,, 10% glycerol, 0.5% NP-40, 1 mM
sodium vanadate, 1 mM phenylmethylsulfonyl fluoride, 20 pg of aprotinin/ml,
and 20 pg of leupeptin/ml). Lysates were subjected to immunoprecipitation with
either monoclonal anti-Flag M2 antibody (Sigma) or monoclonal anti-c-Myc
(9E10) antibody (Santa Cruz) for 2 h, followed by adsorption to Sepharose-
protein G for 1 h. The beads were washed five times in lysis buffer, and samples
were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
immunoblotting. For determination of total protein levels, aliquots of cell lysates
were subjected to direct immunoblotting. Proteins were electrophoretically
transferred to nitrocellulose membranes and probed with the indicated primary
antibody. The bands were visualized by an enhanced chemiluminescence (ECL)
detection system (Amersham) according to the manufacturer’s instructions.

Apoptosis assays. For flow cytometric determination of DNA degradation,
adherent and floating cells were fixed in 70% ethanol and stained with propidium
iodide. The stained cells were analyzed on a FACScan flow cytometer for relative
DNA content.

[*H]thymidine incorporation. [*H]thymidine incorporation was performed as
previously described (3). Briefly, cells were seeded in six-well plates in DMEM
supplemented with 10% FCS and then were incubated for 24 h with various
concentrations of TGF-B1 in DMEM containing 0.2% FCS. During the last 4 h
of incubation, the cells were labeled with 1 pCi of [*H]thymidine/ml. Cells were
washed three times with cold phosphate-buffered saline and fixed with 5%
trichloroacetic acid for 30 min at 4°C. The cells were then washed twice with 5%
trichloroacetic acid and extracted with 0.5 M NaOH for 30 min. The extracts
were collected and counted in a liquid scintillation spectrometer.

Immunofluorescence. COS-7 cells were transfected with various combinations
of 6xMyc-Smad2, GFP-Smad2.P445H, and wild-type or activated TBRI. After
48 h, the slides were washed twice in PBS, fixed in 4% paraformaldehyde for 30
min at room temperature and permeabilized in 0.1% Triton X-100. Cells were
incubated overnight at 4°C with the primary monoclonal antibody anti-c-Myc.
Cells were washed, incubated with Texas Red-conjugated goat anti-mouse im-
munoglobulin G, and examined on a Leica confocal microscope.

RESULTS

Expression of Smad2.P445H in MDCK cells results in loss
of growth arrest by TGF-B. To investigate the potential effects
of Smad2.P445H on TGF-B-mediated antiproliferative re-
sponses, we generated pools of epithelial Madin-Darby canine
kidney (MDCK) cells stably expressing Flag-Smad2.P445H fu-
sion protein (Fig. 1A). As shown in Fig. 1B, the proliferation of
the control cell line was inhibited approximately 80% after 24 h
of TGF-B treatment, as determined by [°H]thymidine incor-
poration into DNA. In contrast, this growth-inhibiting effect of
TGF-B was largely lost (20%) in MDCK cells overexpressing
Smad2.P445H. Under these experimental conditions, overex-
pression of the tumor-derived mutant Smad2.D450E had no
effect on TGF-B-mediated growth arrest (31; data not shown),
indicating that the inhibitory activity of Smad2.P445H is not a
general phenomenon because of the accumulation of nonfunc-
tional Smad2 proteins (13).

To test directly whether the Smad2.P445H mutation might
interfere with Smad-mediated growth inhibitory responses, we
first investigated the possible contribution of Smad2 and
Smad4 in specifying growth arrest and apoptotic responses by
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FIG. 1. Overexpression of Smad2. P445H attenuates Smad-TGF-B-induced growth inhibition. (A) Characterization of MDCK cell transfec-
tants. Cell lysates were prepared from control and MDCK cells stably expressing Flag-Smad2. P445H mutants were analyzed by immunoblotting
using the monoclonal anti-Flag antibody M2. (B) Effects of TGF-B on the proliferation of MDCK cells stably transfected with empty vector
(control) or Flag-Smad2.P445H (Smad2.P445H). (C) MDCK cells were transferred into medium containing 0.2% FCS and maintained in this
medium for 24 or 48 h in the presence or absence of TGF-B. The cells were analyzed on a FACScan flow cytometer for relative DNA content.
The percentage of cells in S phase of the cell cycle and the proportion of cells with subdiploid amounts of DNA (A,) indicative of apoptosis are
indicated. (D) MDCK cells were transfected with the indicated vectors together with the pEMP4 vector containing a hygromycin resistance gene.
Forty-eight hours after transfection, cells were selected in hygromycin-containing growth medium and hygromycin-resistant colonies were stained
with crystal violet 10 to 13 days after transfection (top). Expression of transfected DNA was monitored by direct immunoblotting of total-cell lysates
prepared 48 h after transfection (bottom).

using the MDCK cell line. TGF-B addition to exponentially transfection assay, we showed that MDCK cells overexpressing
growing MDCK cells induced growth arrest, which preceded Smad4, but not Smad2, exhibited prominent apoptotic mor-
cell death (Fig. 1C). DNA fragmentation analysis confirmed phology, including cellular shrinkage, blebbing of plasma
that the death of MDCK cells induced by TGF-B occurred by membranes, and generation of apoptotic bodies (4; data not
an apoptotic mechanism (data not shown). Using a GFP co- shown). To quantitate these results, cells were scored in a
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blinded manner as healthy or apoptotic by cell morphology.
Over 50% of green cells arising from cotransfection of Smad4
and GFP showed morphological changes consistent with apo-
ptosis, whereas less than 5% of cells that had been transfected
with the GFP plasmid or in combination with Smad2 exhibited
such a phenotype. In a second experimental approach, cotrans-
fections were performed with a vector encoding a hygromycin
resistance gene instead of GFP and hygromycin-resistant col-
onies were visualized with crystal violet 10 to 13 days after
transfection. As shown in Fig. 1D, expression of Smad4 signif-
icantly reduced the number of surviving colonies, reinforcing
the role of Smad4 as a positive mediator of cell death (4, 9).
Interestingly, a reduction in the number of colonies was also
observed upon transfection with wild-type Smad2 (Fig. 1D),
the expression of which is unable to induce apoptosis in the
GFP assay (data not shown), indicating that Smad2 plays a
critical role in mediating growth-inhibiting signals unrelated to
cell death.

To determine whether the inhibitory activity of Smad2
.P445H involved a direct effect on Smad-signaling pathways,
we determined if it could block the ability of either wild-type
Smad?2 or Smad4 to reduce the number of surviving colonies in
the clonal growth assay. As indicated previously, expression of
wild-type Smad2 or Smad4 resulted in an almost complete
arrest of cell proliferation in MDCK cells (Fig. 1D). This
growth-inhibiting effect of wild-type Smad2 and Smad4 was
lost in cells cotransfected with a similar amount of
Smad2.P445H, indicating that expression of Smad2.P445H at a
level similar to that of wild-type Smad2 or Smad4 can exert a
dominant effect on Smad-induced growth inhibition. Expres-
sion of Smad2.P445H was unable to trigger growth arrest in
MDCK cells (Fig. 1D). We note that expression of Smad2
.P445H did not have any discernible effect on the amounts of
cotransfected wild-type Smad2 and Smad4 (Fig. 1D), demon-
strating the specificity of the inhibitory effect of Smad2.P445H.
Taken together, these data suggest that Smad2.P445H may
block TGF-B-mediated growth inhibition by interfering di-
rectly with the Smad signaling pathways.

Smad2.P445H decreases TGF-f-dependent transcription.
To determine the basis for the inhibitory activity of Smad2
.P445H, we investigated whether the loss of the growth-inhib-
iting effect of TGF-B might be related to Smad2.P445H inhi-
bition of Smad transcriptional functions. Initially, we focused
our analysis on the p3TP-lux reporter construct, which contains
TGF-B elements from plasminogen activator inhibitor-1
(PAI-1) and collagenase promoters (41) and has been widely
used to monitor TGF-B and Smad signaling. In wild-type
MDCK cells, significantly increased (up to 16-fold) activation
of this promoter was achieved upon TGF-B treatment (Fig.
2A). This activation was lost in MDCK cells stably expressing
Smad2.P445H (Fig. 2A), suggesting that Smad signaling was
impaired. A similar inhibition was also observed in cells co-
transfected with Fast-1 and the pAR3-lux reporter construct
(15), which contains three copies of the activin response ele-
ment from the Xenopus Mix.2 promoter linked to a basic
TATA box and a luciferase reporter gene (Fig. 2B). This ac-
tivin response element is stimulated by TGF-B-activin signal-
ing pathways, which induce assembly of a DNA-binding com-
plex that is composed of the forkhead-containing DNA-
binding protein Fast-1 and the complex Smad2-Smad4 (7, 8).
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Together, these data indicate that Smad2.P445H can function
as a dominant-negative mutant to suppress TGF-B-dependent
induction of transcription through endogenous Smad?2 protein.

To directly test whether Smad2.P445H can interfere with
TGF-B-induced Smad2-dependent transcription, we deter-
mined if Smad2.P445H could repress transcriptional activation
by wild-type Smad2 when fused to the DNA-binding domain of
the yeast transcription factor GAL4. In HepG2 cells, the tran-
scriptional activity of GAL4-Smad2 from a heterologous
GAL4 promoter (G5E1b-lux) was low but increased about
12-fold in response to TGF-B (Fig. 2C). Coexpression of wild-
type Smad2 led to a marked increase in GAL4-Smad2 tran-
scriptional activity in unstimulated cells, and addition of
TGF-B resulted in a small but reproducible enhancement of
this activity (Fig. 2C). In contrast, coexpression of Smad2
.P445H resulted in an almost-complete block in TGF-3-depen-
dent activation of the promoter G5E1b-lux by GAL4-Smad2
(Fig. 2C). This effect is specific to Smad2.P445H, since over-
expression of the mutant Smad2.D450E had no effect in this
assay (Fig. 2C). A similar effect on GAL4-Smad2 transcrip-
tional activity was observed in MDCK cells stably expressing
Smad2.P445H (Fig. 2D). We also tested for this inhibitory
activity on GAL4-Smad3 and found a similar repression by
Smad2.P445H (Fig. 2E). Under these conditions, expression of
wild-type Smad2 had no appreciable effect on TGF-f-depen-
dent activation of GAL4-Smad3 (Fig. 2E), indicating the spec-
ificity of the inhibition by Smad2.P445H.

To provide further evidence that Smad2.P445H suppressed
TGF-B-Smad signaling, we tested the effect of TGF-B on en-
dogenous PAI-1 expression in MDCK cells and MDCK cells
stably expressing Smad2.P445H. We chose to focus our anal-
ysis on the PAI-1 gene as a target of the Smad signaling
pathway because activation of the PAI-1 promoter by TGF-$
requires the formation of a Smad3-Smad4 complex that binds
to a sequence promoter known as the CAGA sequence (10).
Western blotting analysis with a specific anti-PAI-1 antibody
demonstrated that stable expression of Smad2.P445H blocked
TGF-B-mediated expression of endogenous PAI-1 (Fig. 2F).
Thus, in stably transfected cells and in transient-transfection
assays, the presence of Smad2.P445H caused a loss not only of
antiproliferative responses to TGF-$ but also of Smad-depen-
dent transcriptional responses.

Ligand-dependent association of Smad2.P445H with TBRI.
Activation of TGF-B signaling results in phosphorylation of
Smad2 by TBRI on C-terminal serine residues (24). The phos-
phorylation of Smad?2 is essential for the downstream signaling
events that culminate in transcriptional activation of the target
genes, as disruption of the phosphorylation sites abolished
responses induced by TGF-B (1, 4, 35). Previous studies with
the mutant Smad2.P445H showed that it is defective in its
ability to be phosphorylated by activated TBRI (13). Since
Smad?2 interacts transiently with activated TBRI, we investi-
gated whether Smad2.P445H might associate stably with the
activated TBRI to block the interaction and phosphorylation of
wild-type Smad2. COS-7 cells were transfected with Flag-
tagged versions of wild-type Smad2 or Smad2.P445H together
with either wild-type or constitutively activated TBRI (40). To
detect the interaction, cell lysates were subjected to immuno-
precipitation with anti-Flag antibody and the immunoprecipi-
tates were analyzed by immunoblotting using a rabbit anti-
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FIG. 2. TGF-B-induced transcriptional activation is inhibited by Smad2.P445H. (A) Activation of the p3TP-lux reporter construct by TGF-8
was analyzed in control MDCK cells (control) and MDCK cells stably expressing Flag-Smad2.P445H (Smad2.P445H). (B) HepG2 cells were
transfected with pAR3-lux alone or with Fast-1 in the presence or absence of Smad2.P445H. (C) HepG?2 cells were transfected with a luciferase
reporter construct containing five upstream GAL4 binding sites (G5E1b-lux) and GAL4-Smad?2 in either the absence or presence of wild-type
Smad2, Smad2.P445H, or Smad2.D450E. (D) Activation of GAL4-Smad2 transcriptional activity by TGF-B was examined in MDCK cells stably
transfected with empty vector (control) or Flag-Smad2.P445H (Smad2.P445H). (E) HepG2 cells were transfected with G5E1b-lux and GALA4-
Smad3 in either the absence or presence of wild-type Smad2 or Smad2.P445H. In all cases, cells were treated with (black bars) or without (white
bars) TGF- for 16 h prior to lysis and then assayed for luciferase activity. Luciferase activity was normalized to B-galactosidase activity and was
expressed as the mean = standard deviation of triplicates from a representative experiment performed at least three times. (F) MDCK cells stably
transfected with empty vector (control) or Flag-Smad2.P445H (Smad2.P445H) were treated with TGF-B for 1 h, and expression of PAI-1 was
assessed by direct immunoblotting cell lysates with an anti-rabbit polyclonal antibody specific for PAI-1 (top). For comparison, the same membrane

was reprobed with an anti-JNK1 antibody (bottom).

hemagglutinin (HA) polyclonal antibody. As shown in Fig. 3,
little or no interaction between the constitutively activated
TBRI and wild-type Smad2 was detected, consistent with pre-
vious results (24). In contrast, we observed a strong interaction
between constitutively activated TBRI and Smad2.P445H in
cells expressing Smad2.P445H (Fig. 3). A similar association
was also observed between the mutant Smad2.D450E and con-
stitutively activated TBRI (Fig. 3), confirming earlier observa-
tions that the missense mutation Smad2.D450E enhances
Smad? binding to the receptor (22).

We next investigated if Smad2.P445H could block ligand-
dependent phosphorylation of wild-type Smad2. For this,
COS-7 cells were transfected with wild-type Myc-Smad2 in the
presence or absence of Flag-Smad2.P445H and either wild-
type or constitutively activated TBRI, and the extent of phos-

phorylation was assessed by anti-Myc immunoprecipitation fol-
lowed by immunoblotting with anti-phospho-Smad2 antibody
that specifically recognizes TGF-B receptor-phosphorylated
Smad2 (20). In cells cotransfected with Flag-Smad2.P445H,
wild-type Smad2 was phosphorylated by constitutively acti-
vated TRRI as strongly as it was in the absence of Smad2
.P445H (Fig. 4A), indicating that expression of Smad2.P445H
did not interfere with TGF-B receptor-mediated phosphoryla-
tion of wild-type Smad2 in COS-7 cells. A similar conclusion
could be drawn when the tumor-derived mutation
Smad2.D450E was cotransfected with wild-type Smad2 (Fig.
4A). Together, these results suggest that Smad2.P445H can
exert an inhibitory effect without preventing access of wild-type
Smad2 to TGF-B receptors.

In the course of these experiments, we found that when
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FIG. 3. Smad2.P445H interacts stably with activated TBRI. COS-7
cells were transfected with wild-type Flag-Smad2, Flag-Smad2.P445H,
or Flag-Smad2.D450E together with wild-type (HA-TBRI) or consti-
tutively active (HA-TBRI act) TRRI. Cell lysates were subjected to
anti-Flag immunoprecipitation (IP) and then were immunoblotted
with anti-HA antibody (a-HA). The expression of transfected DNA
was determined by immunoblotting total-cell lysates using anti-Flag
(a-Flag) and anti-HA (a-HA) antibodies.

wild-type Myc-Smad2 was immunoprecipitated from cells co-
expressing Flag-Smad2.P445H, a protein that was the size ex-
pected for Flag-Smad2.P445H specifically associated with wild-
type Myc-Smad2 and became phosphorylated by activated
TBRRI (Fig. 4A). We hypothesized that this may reflect phos-
phorylation of Smad2.P445H and its association with wild-type
Smad2 in response to TGF-B signaling. To examine this di-
rectly, cell lysates from COS-7 cells transfected as described
above were subjected to anti-Flag immunoprecipitation fol-
lowed by immunoblotting with anti-phospho-Smad2 antibody.
Analysis of wild-type Smad?2 revealed that coexpression of con-
stitutively activated TBRI induced a significant increase in the
phosphorylation of the protein (Fig. 4B) as described previ-
ously (13). Similarly, basal phosphorylation of Smad2.P445H
was low in unstimulated cells and activation of TGF- signal-
ing resulted in a dramatic increase in Smad2.P445H phos-
phorylation, although Smad2.P445H was less phosphorylated
than wild-type Smad2 (Fig. 4B). Consistent with our previous
analysis, we also observed that coexpression of constitutively
activated TBRI led to an increase in the association of
Smad2.P445H with a phosphorylated protein that corresponds
to wild-type Myc-Smad2 protein. Reprobing this membrane
with anti-Myc antibody for the presence of wild-type Myc-
Smad?2 confirmed that Smad2.P445H associated with wild-type
Smad2 protein in response to TGF-B signaling (Fig. 4B). In a
reciprocal fashion, ligand-induced complex formation between
wild-type Smad2 and Smad2.P445H could also be demon-
strated when cell lysates were subjected to immunoprecipita-
tion with the anti-Myc antibody directed against the tagged
wild-type Smad2 protein followed by immunoblotting with an-
ti-Flag antibody for the presence of Smad2.P445H (Fig. 4A). It
should be noted that the ligand-dependent homodimerization
of Smad2 was more pronounced when wild-type Flag-Smad2
was used instead of Flag-Smad2.P445H (Fig. 4B). However,
this association was specific for Smad2.P445H, since we de-
tected only weak interactions between Smad2.D450E and wild-
type Smad2 that were unaffected by TGF-p signaling (Fig. 4A
and 5C). Taken together, these data demonstrate that
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Smad2.P445H and wild-type Smad2 can form physical com-
plexes, the levels of which can be enhanced by the activation of
the TGF-pB signal transduction pathway.

Smad2.P445H interacts with Smad3. Smad2 and Smad3,
which are structurally highly similar, can form heteromers with
each other in response to TGF-B signaling (19, 28). Since
Smad3 is centrally involved in mediating TGF-B responses, we
also investigated whether Smad2.P445H might interact with
Smad3 in response to TGF-p signaling. For this, we utilized the
experimental approach developed for our studies on wild-type
Smad2. Briefly, cell lysates from transiently transfected COS-7
cells were subjected to immunoprecipitation with anti-Flag
antibody directed towards tagged Smad2 mutants, followed by
immunoblotting with anti-Myc antibody for the presence of
Smad3. Similar to wild-type Smad2, coexpression of activated
TRRI with Flag-Smad2.P445H and Myc-Smad3 resulted in an
increase in the amount of Smad3 present in Flag-Smad2
.P445H immunoprecipitates, demonstrating that Smad2.P445H
and Smad3 can form physical complexes upon activation of
TGF-B signaling pathway (Fig. 4C).

Phosphorylation of Smad2.P445H by activated TBRI. Be-
cause our biochemical analyses of Smad2.P445H phosphoryla-
tion and its interaction with wild-type Smad2 were performed
by expressing both proteins in the cells, we sought to determine
whether the phosphorylation of Smad2.P445H is direct or de-
pends on its recruitment by wild-type Smad2 protein to acti-
vated TRRI. For this, COS-7 cells were transfected with Flag-
tagged versions of wild-type Smad2 or Smad2.P445H together
with either wild-type or constitutively activated TBRI. Relative
phosphorylation levels were assessed by anti-Flag immunopre-
cipitation followed by immunoblotting with anti-phospho-
Smad2 antibody. Analysis of wild-type Smad2 revealed that
coexpression of constitutively activated TBRI induced a signif-
icant increase in the phosphorylation of the protein (Fig. SA)
as described previously (13). Interestingly, the P445H-substi-
tuted Smad?2 retained its ability to be phosphorylated by acti-
vated TRRI, although the increase in phosphorylation in
COS-7 cells was reproducibly 1.2- to 1.5-fold less than that of
wild-type Smad2 (Fig. 5A). In contrast, Smad2.P445H was
phosphorylated to a larger extent than wild-type Smad2 in
transfected HepG2 and MDCK cells treated with TGF-B (Fig.
5B). To ascertain the relevance of this phosphorylation by the
endogenous TGF-B receptor, we investigated whether com-
plexes might be found between wild-type Myc-Smad2 and
Flag-Smad2.P445H in MDCK cells treated with TGF-B. As
shown in Fig. 5C, cotransfection of either wild-type Flag-
Smad2 or Flag-Smad2.P445H with wild-type Myc-Smad2 and
constitutively activated TBRI resulted in a similar increase in
the amount of wild-type Myc-Smad2 present in Flag immuno-
complexes. In contrast, no interaction between wild-type Myc-
Smad2 and Flag-Smad2.D450E could be detected following
exposure of cells to TGF-B (Fig. 5C), confirming that the
missense mutation D450E disrupts regulation of Smad2 by
TGF-B signaling (13, 22; data not shown). Therefore, we con-
clude that activated TRRI can effectively phosphorylate the
Smad2.P445H mutant at C-terminal serine residues, allowing
its association with wild-type Smad2.

Phosphorylation of Smad2 induces its association with
Smad4 (21). To confirm the phosphorylation of Smad2.P445H
by activated TBRI, we examined the formation of wild-type



A
HA-TPRI T
HA-TRI act a + = o i = +
6xMyc-Smad2 + + + + + o+
Flag-Smad2.P445H + + - - - =
Flag-Smad2.D450E - - - -+ +_
ﬁxMyc—Smad2> - b — - “ IP: a-Myc

Blot: o-p-Smad2
Flag-Smad2.P445Hpp —
S &

. IP: a-Mye
Flag-Smad2.P445 i F
ag-Sma Hp oz = Blot: a-Flag
6xMyc-Smad2 -
| Blot: a-Myc
' & a-Flag
or Flag-Smad2.D450E ' -
HA-TERI L
HA-TBRI act
6xMyc-Smad2 *
Flag-Smad2 -
Flag-Smad2.P445H =
6xMyc-Smad2 P
IP: a-Flag

Blot: a-p-Smad2
Flag-Smad2 | .
or Flag-Smad2.P445H

IP: a-Flag

6xMyc-Smad2 B Blot: a-Myc

’.| -

6xMyc-Smad2

Blot: a-Myc
Flag-Smad2 p & a-Flag
or Flag-Smad2.P445H 2
C
HA-TQRI + W " + }
HA-TBRI act - + - + . +
6xMyc-Smad3 + + + e afs b
Flag-Smad2 + + - - 2 -
Flag-Smad2.P445H - - + + . =
Flag-Smad2.D450E - - - - + +
ES i = W
6xMyc-Smad3 P> H . h‘ . - [ :3]:0:‘:';‘:3‘ 3

Blot: a-Myc
6xMye-Smad3
Lo TTT T
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Smad2-Smad4 and Smad2.P445H-Smad4 complexes in re-
sponse to TGF-B signaling. Cotransfection of either wild-type
Flag-Smad2 or Flag-Smad2.P445H with HA-Smad4 and con-
stitutively activated TBRI resulted in an increase in the amount
of Smad4 present in Flag immunocomplexes (Fig. 5D). This
association was specific to Smad2.P445H since overexpression
of the mutant Smad2.D450E, which was not phosphorylated by
activated TBRI, failed to interact with Smad4 in response to
TGF-B signaling (Fig. 5D). Thus, it is likely that activation of
TGF-B signaling induced phosphorylation of Smad2.P445H at
the carboxy-terminal SSMS motif, allowing its interaction with
Smad4.

Expression of Smad2.P445H does not affect the assembly of
wild-type Smad2 and Smad4 in response to TGF-f3 signaling.
In light of our observations that Smad2.P445H did not inter-
fere with TGF-B receptor-mediated phosphorylation of wild-
type Smad2, we reasoned that the mechanism through which
this mutant exerts its dominant-negative action must occur at
downstream steps in the TGF-B-induced activation of Smad2.
Key events in this process include the association of receptor-
activated Smad2 with Smad4 and the translocation of this
complex to the nucleus. To investigate heteromeric complex
formation, COS-7 cells were transfected with wild-type Smad2
and Smad4 expression vectors in either the presence or ab-
sence of Flag-Smad2.P445H. Complexes were precipitated
with anti-Myc antibody directed towards tagged wild-type
Smad2 followed by immunoblotting with anti-HA antibodies
for the presence of Smad4. As shown in Fig. 6A and in previ-
ous studies (21), the association of Smad2 with Smad4 was
strongly increased by activated TRRI. This ligand-inducible
interaction of wild-type Smad2 and Smad4 was not disrupted
by the presence of Smad2.P445H (Fig. 6A). Taken together,
these data indicate that the ligand-dependent complex forma-
tion between wild-type Smad2 and Smad2.P445H did not pre-
vent the phosphorylation of wild-type Smad2 and its associa-
tion with Smad4.

Inhibition of Smad2 nuclear accumulation by the Smad2
.P445H mutant. Since our previous results indicate that
Smad2.P445H can interact with both the activated TGF-f re-
ceptor and wild-type Smad2, we wanted to know whether
Smad2.P445H could coexist with wild-type Smad2 and acti-
vated TBRI or whether wild-type Smad2-Smad2.P445H and
activated TBRI-Smad2.P445H complexes are mutually exclu-
sive. Cotransfection of COS-7 cells with Flag-Smad2.P445H,
wild-type Myc-Smad2, and constitutively activated TBRI re-

cipitation of Flag-Smad2.P445H with wild-type 6xMyc-Smad2 was
monitored by reprobing the same membrane with anti-Flag antibody
(middle). Expression of transfected DNA was monitored by direct
immunoblotting (bottom). (B) COS-7 cells were transfected with the
indicated combinations of wild-type 6xMyc-Smad2, HA-TBRI, and
HA-TBRI act with wild-type Flag-Smad2 or Flag-Smad2.P445H. Flag
immunoprecipitates were subjected to immunoblotting with either an-
tibodies against receptor-phosphorylated Smad?2 (top) or anti-Myc an-
tibodies (middle). Expression of transfected DNA was assessed by
direct Western blotting (bottom). (C) Cell lysates from transiently
transfected COS-7 cells were subjected to immunoprecipitation with
anti-Flag antibody directed towards various Smad2 mutants and then
were immunoblotted using anti-Myc (a-Myc) antibody that recognizes
Smad3. The relative levels of transfected proteins were determined by
direct Western immunoblotting of total-cell lysates.
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FIG. 5. Phosphorylation of Smad2.P445H by the activated TBRI.

(A) COS-7 cells were transfected with wild-type Flag-Smad2 or Flag-

Smad2.P445H together with HA-TBRI or constitutively active TBRI (HA-TBRI act). Cell lysates were subjected to anti-Flag immunoprecipitation
(IP) and then were immunoblotted with anti-phospho-Smad2 antibody (a-p-Smad2). The expression of transfected DNA was determined by direct
Western immunoblotting of total-cell lysates. (B) MDCK (top) or HepG2 (bottom) cells were transfected with wild-type Flag-Smad2 or
Flag-Smad2.P445H and treated with TGF- for various time periods. Following immunoprecipitation (IP) with anti-Flag antibody, the phosphor-
ylation of various Smad2 mutants was determined using the anti-phospho-Smad2 antibody (a-p-Smad2). Anti-Flag immunoblotting of whole
extracts showed that similar amounts of wild-type Smad2 and Smad2.P445H were recovered in each sample (a-Flag). Mock cells were transfected
with empty vector. (C) MDCK cells transfected with the indicated constructs were treated with or without TGF-B for 1 h. Cell lysates were
subjected to anti-Flag immunoprecipitation (IP) and then were immunoblotted with anti-Myc antibody (a-Myc). The expression of transfected
DNA was determined by immunoblotting total-cell lysates using anti-Flag (a-Flag) and anti-Myc (a-Myc) antibodies. (D) Flag-Smad2, Flag-
Smad2.P445H, or Flag-Smad2.D450E were cotransfected in COS-7 cells with HA-Smad4 and with HA-TBRI or constitutively active TRRI
(HA-TBRI act). Association of Smad4 with various Smad2 mutants was analyzed by blotting the Flag immunoprecipitates (IP) with an anti-HA
antibody (a«-HA). Expression of transfected proteins was monitored by direct Western blotting.

vealed that wild-type Smad2 and activated TRRI were clearly
detectable in complexes precipitated via the Flag epitope
present on Smad2.P445H (Fig. 6B). As expected, wild-type
Myc-Smad2, but not activated TBRI, was able to associate with
wild-type Flag-Smad?2 in response to TGF-B signaling (Fig. 3
and data not shown). This suggests that ligand-dependent as-
sociation of Smad2.P445H and wild-type Smad2 might seques-
ter wild-type Smad?2 in the cytoplasm. To examine this directly,
we tested for the association of wild-type Smad2 and activated

TRRI with Flag-Smad2.D450E, which interacts stably with ac-
tivated TBRI but is unable to associate with wild-type Smad2 in
response to TGF-p signaling. In contrast to Smad2.P445H, we
never detected wild-type Smad2 in Smad2.D450E immuno-
complexes, despite the relatively high amount of activated
TBRI that coprecipitated with Smad2.D450E (Fig. 6B).

The above observations raise the possibility that Smad2
.P445H may function to sequester wild-type Smad2 in the
cytoplasm. If this is so, then we should find that when wild-type
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Smad2 and Smad2.P445H are overexpressed, the nuclear ac-
cumulation of wild-type Smad2 by activated TBRI may be
blocked. To examine this point, COS-7 cells were transfected
with wild-type Myc-Smad?2 in the presence or absence of GFP-
Smad2.P445H and either wild-type or activated TBRI. As
shown in Fig. 6C, in control cells, wild-type Myc-Smad2 was
present mainly in the cytoplasm, whereas in cells expressing
activated TRRI, predominantly nuclear staining was observed.
In contrast, in cells coexpressing Smad2.P445H, the nuclear
accumulation of wild-type Smad2 in response to TGF- was
inhibited (Fig. 6C). A quantitation of these results indicated
that over 70% of COS-7 cells displayed prominent nuclear
staining of wild-type Smad2 upon coexpression of activated
TBRI, while less than 30% exhibited similar staining in the
corresponding cells that have been cotransfected with
Smad2.P445H (Fig. 6D). Visualization of GFP-Smad2.P445H
revealed that Smad2.P445H colocalized with wild-type Smad2
in unstimulated cells and coexpression of activated TBRI did
not appreciably affect the staining pattern. To ensure that GFP
was not responsible for the localization of Smad2.P445H, we
examined localization of Flag-Smad2.P445H. We found that
Flag-Smad2.P445H showed the same subcellular localization
as the GFP-Smad2.P445H construct (data not shown). Fur-
thermore, the inhibition of ligand-dependent accumulation of
wild-type Myc-Smad2 was not observed when wild-type GFP-
Smad2 was used instead of GFP-Smad2.P445H (data not
shown). Finally, we examined whether the stable expression of
Smad2.P445H in MDCK cells could inhibit TGF-B-mediated
nuclear accumulation of endogenous Smad2 protein. For this,
MDCK and MDCK.Smad2.P445H cells were treated with
TGF-B and nuclear extracts were immunoblotted with the anti-
phospho-Smad2 antibody. As expected, only very little of the
phospho-Smad2 was detected in the nucleus in the absence of
a TGF-B signal, whereas exposure to TGF-B led to a large
nuclear accumulation of phospho-Smad2 (Fig. 6E). Compared
to MDCK cells, MDCK.Smad2.P445H cells respond to TGF-
with a limited accumulation of phosho-Smad2 in the nucleus.
As expected, immunoblotting of the nuclear extracts with
anti-Flag antibody showed no contamination with Flag-
Smad2.P445H (Fig. 6E), confirming that Smad2.P445H is lo-
calized in the cytoplasm. Thus, the inhibitory activity of
Smad2.P445H most likely takes place in the cytoplasm by a
mechanism that might depend on its ability to engage wild-type
Smad?2 in a nonproductive complex.

DISCUSSION

In the present study, we have shown that expression of the
tumor-derived mutation of Smad2.P445H in TGF-B-respon-
sive cells suppresses the ability of the Smads to mediate TGF-
B-induced growth arrest and transcriptional activation.
Smad2.P445H directly interfered with TGF-B-mediated acti-
vation of wild-type Smad2 by preventing its nuclear accumu-
lation and thus revealed a novel mechanism for the inactiva-
tion of Smad signaling during mammalian carcinogenesis.
Together, the results outlined in the present study provide
more evidence that Smad?2 is a tumor suppressor gene, which,
like other such genes, encodes a growth-inhibiting protein
whose loss during tumorigenesis may lead to deregulated cell
proliferation.

MoL. CELL. BIOL.

Mechanism of repression of TGF-f3 signaling pathway by
the tumor-derived mutation Smad2.P445H. Several lines of
evidence support the conclusion that the tumor-derived muta-
tion Smad2.P445H can suppress the TGF-B signaling pathway
at the level of Smad. First, coexpression of Smad2.P445H re-
pressed TGF-B-dependent induction of the pAR3-lux or
p3TP-lux reporter construct in both HepG2 and MDCK cells.
Second, similar to its effect on pAR3-lux and p3TP-lux report-
ers, expression of Smad2.P445H inhibited TGF-B-mediated
activation of transcription by Smad2 or Smad3 when fused to
the DNA binding domain GAL4. Third, this inhibition of
Smad transcriptional activity was accompanied by a similar
inhibition of the TGF-B antimitogenic responses, since stable
expression of Smad2.P445H in the MDCK cell line rendered
these cells resistant to TGF-B-induced growth arrest. Finally,
in the clonal growth assay, Smad2.P445H was also able to
restore the number of surviving colonies from MDCK cells
expressing wild-type Smad2 or Smad4.

The phosphorylation of Smad2 by activated TBRI and its
subsequent heterodimerization with Smad4 and translocation
to the nucleus form the basis for a model of how Smad proteins
work to transmit TGF- signals from the plasma membrane to
the nucleus (16, 26). We showed here that Smad2.P445H is
phosphorylated by activated TBRI at the carboxy-terminal
serines that serve as TGF-@ receptor phosphorylation sites but
fails to accumulate in the nucleus in response to TGF-B sig-
naling. Because Smad2.P445H interacts with both wild-type
Smad2 and Smad4 in a TGF-B-dependent manner, it may
repress Smad-mediated transcriptional activation either by
blocking the abilities of Smad2 and Smad4 to heterodimerize
or by preventing the nuclear accumulation of wild-type Smad2.
We found that the ability of wild-type Smad2 to hetero-
dimerize with Smad4 was not affected by coexpression
of Smad2.P445H. On the other hand, we showed that
Smad?2.P445H inhibited TGF-B-induced nuclear accumulation
of wild-type Smad2, thereby resulting in repression of Smad-
dependent transcription. We also tested for this inhibitory ef-
fect on nuclear translocation of Smad3 and found a similar
suppression by Smad2.P445H (data not shown). Based on
these observations and the finding that Smad2.P445H can as-
sociate stably with activated TBRI, we proposed a model in
which Smad2.P445H engages wild-type Smad2 and Smad3 in
nonproductive complexes in the cytoplasm. This situation for
inactivating the TGF-B signaling pathway may not be restricted
to the mutant P445H of Smad2 because another cancer-asso-
ciated mutant of Smad4 has a similar effect on TGF-B-medi-
ated nuclear translocation of Smad proteins (45).

Phosphorylation of Smad2.P445H by activated TGF-3 re-
ceptor. Our data differ significantly from data recently re-
ported by Eppert et al. (13). Using *?P-labeled COS-1 cells,
this group demonstrated that the mutant Smad2.P445H is de-
fective in its ability to be phosphorylated by activated TRRI.
What we have shown here—that Smad2 phosphorylation in
response to TGF-B stimulation was not lost when the mutation
P445H was introduced into wild-type protein—is intriguing.
The apparent discrepancy between the previous findings and
our present findings might be due to cell type differences or
even to different experimental strategies. It should be noted
that our analysis of Smad2 phosphorylation was performed
using an anti-phospho-Smad?2 antibody that specifically recog-
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FIG. 6. Smad2.P445H blocks TGF-B-induced nuclear accumulation of wild-type Smad2. (A) COS-7 cells were transfected with wild-type
6xMyc-Smad2 and HA-Smad4 together with HA-TBRI or constitutively active TBRI (HA-TBRI act) in either the absence or presence of wild-type
Flag-Smad2 or Flag-Smad2.P445H. Cell lysates were subjected to anti-Myc immunoprecipitation (IP) and then were immunoblotted with anti-HA
antibody (a-HA). The relative levels of transfected proteins were determined by direct Western immunoblotting of total-cell lysates. (B) COS-7
cells were transfected with wild-type 6xMyc-Smad2 and HA-Smad4 together with HA-TBRI or HA-TBRI act in either the absence or presence of
Flag-Smad2.P445H or Flag-Smad2.D450E. Cell lysates were subjected to anti-Flag immunoprecipitation (IP) and then were immunoblotted with
anti-HA (a-HA) and anti-Myc (a-Myc) antibodies. Expression of transfected proteins was monitored by direct Western blotting. (C) COS-7 cells
were transfected with wild-type 6xMyc-Smad?2 together with HA-TBRI or HA-TBRI act in either the presence or absence of GFP-Smad2.P445H.
Forty-eight hours after transfection, cells were fixed and the localizations of wild-type 6xMyc-Smad2 (red) and GFP-Smad2.P445H (green) were
visualized by a confocal microscope. (D) Determination of percentage of cells with wild-type 6xMyc-Smad2 or GFP-Smad2.P445H staining
exclusively in the nucleus. (E) MDCK cells stably transfected with empty vector (control) or Flag-Smad2.P445H (Smad2.P445H) were treated with
or without TGF-B for 1 h, and nuclear extracts were analyzed by immunoblotting with anti-phospho-Smad?2 antibody (top) or anti-Flag antibody
(bottom). Total, whole-cell lysates.
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FIG. 7. Crystal structure of Smad2 MH2 domain. (A) Structure of Smad2 and Smad4 MH2 domains (adapted from references 34 and 43). In
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(B) Mapping of tumor-derived mutation of Smad2.P445H. Pro445 (purple) is in close proximity to residues Leu442, Cys412, Phe390, Asn387, and
Phe385 (yellow) in the crystal structure; thus, introduction of His in position 445 (purple) could produce a steric clash with these residues.

nizes TGF-B receptor-phosphorylated carboxy-terminal serine
residues, avoiding any interference in phosphorylation of
Smad2 by other protein kinases, such as mitogen-activated
protein kinase (20). Further evidence is provided by the ability
of Smad2.P445H to form a heterocomplex with Smad3 or
Smad4 in response to TGF-B signaling, processes that require
phosphorylation of Smad2 protein by activated TBRI (19, 28).
In addition, we found that Smad2.P445H was phosphorylated
by endogenous TGF-f receptors to a larger extent than wild-
type Smad2 in transfected HepG2 and MDCK cells treated
with TGF-B1. At present, the basis for these different obser-
vations on the phosphorylation of Smad2.P445H in response to
TGF-B signaling is not clear; clarification of the conditions
under which Smad2.P445H may retain or lose its ability to be
phosphorylated by activated TBRI will require further investi-
gation. In any event, our data clearly indicate that the mutation
P445H can disrupt the regulation of nuclear accumulation of
Smad2 by TGF-B. By associating with Smads, Smad2.P445H
inhibits the nuclear accumulation of the Smads and their abil-
ity to mediate TGF- antiproliferative responses and other
effects.

A structural basis for mutational inactivation of Smad2.
The tumor-derived mutations of Smad2.P445H and Smad2

.D450E map to the MH2 domain that is involved in receptor
recognition, homo- and hetero-oligomerization among Smads,
and interaction with transcription factors (reviewed in refer-
ence 27). The structure of the MH2 domain consists of two
B-sheets capped with a three-helix bundle (H3, H4, and HS) on
one side and three large loops and an «-helix (L1, L2, and L3
loops and H1 helix) on the other side. The Smad4 MH2 do-
main assembles into a trimer, with the loop-helix region of one
subunit packing with the three-helix bundle from the next
subunit (34, 43). The similarity between Smad2 and Smad4
MH?2 domains in terms of sequence and structural elements
suggests that the Smad2 MH2 domain may form a homotrimer
in solution (34, 43). The tumorigenic mutation P445H in
Smad2 (corresponding to Ala of the Smad4 MH2 domain)
maps to the helix H5 (Fig. 7A) of the three-helix bundle but
does not have an apparent role in the trimer interface (34).
However, Pro445 is in close proximity to several residues
(Leud42, Cys412, Phe390, Asn387, and Phe385) in the crystal
structure, and thus, these residues cannot accommodate the
larger histidine side chain without disrupting the H5 helix and
the packing between the three-helix bundle and the B-sand-
wich (Fig. 7B). Thus, the P445H mutation will likely perturb
local structure but is unlikely to have a significant effect on the
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trimer interface. Although the exact nature of the structural
defects is not clear, our biochemical studies suggest that the
P445H mutant interacted stably with the TGF-B receptor,
compared to wild-type Smad2. By sequestering wild-type
Smad2 in the cytoplasm, Smad2.P445H acts as a dominant-
negative mutant through endogenous Smad proteins in an im-
portant regulatory position in the pathway. This mechanism
could potentially be involved in the loss of growth-inhibiting
responses to TGF-B that are often observed during tumor
progression.
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