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ABSTRACT The tumor suppressor Smad4yDpc4 is a
transcription activator that binds specific DNA sequences and
whose nuclear localization is induced after exposure to type b
transforming growth factor-like cytokines. We explored an
inducible system in which Smad4 protein is activated by
translocation to the nucleus when cell lines that stably express
wild-type or mutant Smad4 proteins fused to a murine
estrogen receptor domain are treated with 4-hydroxytamox-
ifen. This induced Smad4-mediated transcriptional activation
and a decrease in growth rate, attributable to a cell cycle
arrest at the G1 phase and an induction of apoptosis. A
tumor-derived mutation (Arg-1003 Thr) affecting a residue
critical for DNA-binding demonstrated an ‘‘oncogenic’’ phe-
notype, having decreases in both the G1 fraction and apoptosis
and, consequently, an augmentation of population growth.
This model should be useful in the exploration and control of
components that lie further downstream in the Smad4 tumor-
suppressor pathway.

SMAD4yDPC4yMADH4 belongs to a family of human SMAD
genes (reviewed in ref. 1). The structural homologies are
clustered at the N-terminal Mad homology 1 (MH1) domain
and the C-terminal MH2 protein domain. A significant struc-
tural feature that distinguishes Smad4 from other Smads is the
lack in Smad4 of the SSXS motif at the tail of the MH2 domain
terminal that can be phosphorylated by the cognate receptor
kinases (2–6). Based on biochemical studies, Smad4 is thought
to act as a common Smad protein that couples the pathway-
restricted Smads, those activated by TGF-b-like ligands, with
downstream transcriptional events (2, 7). Phosphorylation of
the pathway-restricted Smads is accompanied by their hete-
rooligomerization with Smad4, which accompanies their trans-
port into the nucleus (4, 7–11). This nuclear translocation of
Smad4 is correlated with its activation of gene transcription. In
the nucleus, Smad4 binds specific short sequences of DNA
[Smad-binding elements (SBE)] and functions as a transcrip-
tion activator (9, 12–14).

Although the biochemical properties of Smad proteins have
been intensely studied, the tumor-suppressor pathway of the
SMAD4 gene remains unclear. The SMAD4 gene is inactivated
frequently in pancreatic (15, 16), biliary (15, 17), and colorec-
tal (15, 18, 19) tumors and less frequently in other tumor types
(16). The TGF-b pathways are in part mediated by Smad4 (7,
20), but some human colorectal and pancreatic cancers suffer
inactivation of both the SMAD4 and TGF-b receptor genes
(ref. 21; L. Meyeroff, W. Grandy, S. Thiagalingam, B. Vo-
gelstein, and S. Markowitz, personal communication). These
findings specifically raise interest in the evaluation of suppres-
sive roles for Smad4 that may be independent of TGF-b
signaling.

Tumor-derived SMAD4 mutations consistently abrogate
Smad4-inducible gene activation by at least three mechanisms:
missense mutations in the MH1 domain abolish binding to the
SBE, missense mutations in the MH2 domain prevent Smad4
nuclear translocation, and truncation mutations in the MH2
domain ablate the transactivation ability (22). The universally
null function of mutant Smad4 in SBE-mediated transcription
activation strongly indicates that Smad4-inducible gene acti-
vation is the underlying mechanism for its tumor-suppressor
functions, although direct genetic targets for these Smad4
functions remain unknown. The phenotypic changes induced
by Smad4 are also largely undefined. Although some of these
questions have been addressed by murine knock-out studies,
the SMAD4-null mouse is early embryonic lethal (23, 24). The
replacement of the SMAD4 gene into SMAD4-null cells rep-
resents another attractive approach. Most studies of this type
have used transient protein overexpression that precludes a
systematic examination of the phenotypic changes mediated by
Smad4. In the few studies of stable integration of the wild-type
SMAD4 gene, constitutive effects appear to be generated,
perhaps initiated by an autocrine or paracrine loop (25, 26). As
a result, only few clones survive, and they maintain a much
slower growth rate compared with control cells having inte-
grated a mutant SMAD4 gene (J.L.D. and S.E.K., unpublished
data).

It appeared that some of these technical limitations might be
overcome with a system that sequesters Smad4 protein in the
cytoplasm. Therefore, we applied an established modified
mouse estrogen receptor (MER) model (27) that has been
successfully used in the functional studies of nuclear factors
such as c-Myc (28), c-Raf-1 (29), and p53 (30) proteins. We
previously used this system to control ligand-initiated signaling
as detected by reporter gene activation and have proposed the
direct control of Smad4 nuclear localization as a potential
therapeutic strategy (22). Here we present our evaluation of
some general biological effects with this model, our finding
that Smad4 regulates both cell cycle progression and apoptosis,
and related properties of a Smad4 mutant.

MATERIALS AND METHODS

Cell Culture and Generation of Stably Transfected Clones.
Constructs used in this study have been reported (22). Wild-
type and mutant SMAD4-coding sequences fused 39 to MER
ligand-binding domain (27) were constructed in pcDNA3.1
(Smad4-MER or 100T-Smad4-MER, respectively; pcDNA3.1
from Invitrogen). The SMAD4-null breast cancer cell line
MDA-MB-468 (ATCC) was transfected with the above plas-
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mids and FuGENE6 reagent (Boehringer Mannheim) and
selected with G418 (350 mgyml, active concentrations, from
Life Technologies, Gaithersburg, MD). G418-resistent clones
were screened for protein expression by immunoblot analysis
(see below).

Reporter Assays. Stable cell lines were plated on six-well
cluster dishes and transfected with 0.5 mg of 6SBE-Luc (22),
which contains Smad4 consensus palindromic binding sites,
6MBE-Luc, which contains the mutant form of SBE, or a
TGF-b-responsive reporter, 3TP-lux (31). In all experiments,
0.5 mg of b-galactosidase expression vector pCMVb (CLON-
TECH) was cotransfected for normalization of transfection
efficiency. Transfected cells were then treated with 100 nM
4-hydroxytamoxifen (4-OHT, Sigma), 1 ngyml TGF-b1 (R&D
Systems), or vehicle. Reporter assays were performed as
described (22). Briefly, 20 h after ligand treatment, cells were
harvested for b-galactosidase and luciferase reporter assays,
according to the manufacturer’s instructions (Promega). Lu-
ciferase activities were normalized with b-galactosidase. b-Ga-
lactosidase activities remained stable among all transfection
experiments.

Cell Counting and Cell Cycle Analysis. Cells stably express-
ing MER fusion proteins were plated in six-well cluster dishes
at a density of 2 3 105 cells per plate. After the cells had
incubated overnight, media were replaced with 10% fetal
bovine serum in the presence of 100 nM 4-OHT or vehicle.
After 1, 2, and 4 days of incubation, cells were trypsinized,
centrifuged, and resuspended in PBS. Cell numbers were
determined by hemocytometer.

Flow cytometry was used to determine the cell cycle distri-
butions. After the 4-OHT treatment, cells were trypsinized and
washed with ice-cold PBS. Cell suspensions were then fixed
dropwise in ice-cold 70% ethanol. Fixed cells were subse-
quently stained with 10 mgyml propidium iodide containing
100 mgyml RNase A and analyzed by flow cytometry for DNA
content. Ten thousand forward scatter gated events were
collected for each sample.

TUNEL (Terminal Deoxynucleotidyltransferase-Mediated
dUTP Nick End Labeling) Assays. Stable clones were plated
on 35-mm culture dishes at a density of 5 3 105 cells per dish.
After an overnight incubation, cells were treated with 100 nM
4-OHT or vehicle. In some experiments, membrane-permeant
caspase inhibitor I [Z-VAD-FMK, Z-Val-Ala-Asp(OMe)-
Ch2F] or caspase-3 inhibitor II [Z-DEVD-FMK, Z-Asp-
(OMe)-Glu(OMe)-Val-Asp(OMe)-Ch2F] (both from Calbio-
chem-Novabiochem) were added to the media 1 h before the
4-OHT treatment. After 48 h of 4-OHT treatment, the floating
cells were first collected, and the adhering cells were then
harvested by trypsinization. The Apo-BrdU kit (PharMingen)
was used for the TUNEL assays, following the manufacturer’s
instructions. Briefly, cells were fixed with 1% paraformalde-
hyde and further permeablized with 70% ethanol. Fragmented
DNA ends, such as present in apoptotic cells, were labeled with
dUTP-BrdUrd in a reaction containing terminal deoxynucle-
otide transferase and detected with fluorescein isothiocyanate-
labeled monoclonal antibody against BrdUrd. Cells were then
stained with propidium iodide solution that contained RNase
A. Green fluorescein isothiocyanate emissions were acquired
on a log scale, and red propidium iodide florescence was
acquired on a linear scale. Ten thousand cells were analyzed
with a Coulter Pics V flow cytometer (Coulter), and data were
analyzed with MULTIPARAMETER DATA ACQUISITION AND DIS-
PLAY SYSTEM-86, version 2.0, software (Coulter). A window
(identical for treated and untreated pairs) was selected to
separate the ‘‘labeled’’ (inside, apoptotic) and ‘‘nonlabeled’’
(outside) cells. A subset (0.5–2%) of labeled cells was detect-
able in the absence of 4-OHT. Baseline variability among
experiments, reflecting labeling efficiencies, initial popula-
tions, and choice of apoptotic window, was obviated by analysis
of 4-OHT-induced changes as normalized

to the untreated group (fold changes). A trapezoidal window
was used to reflect the higher apoptotic labeling in G2yM
phase cells having a higher DNA content.

Gene Expression Analysis. Clones stably expressing Smad4–
MER fusion proteins were screened by immunoblot. Total
cellular protein was harvested in Laemmli buffer (without
b-mercaptoethanol), and protein concentrations were deter-
mined with bicinchoninic acid reagents (Pierce). Total protein
(20 mg) were separated by SDSyPAGE (10% gel) and detected
by polyclonal antiserum against the estrogen receptor ligand-
binding domain (working dilution 1:200, Santa Cruz Biotech-
nology).

Immunodetection of hyper- or hypophosphorylated Rb pro-
tein was performed with the monoclonal antibody recognizing
both forms of human Rb (clone G3–245, from PharMingen).
Cells were trypsinized and disrupted in lysis buffer [50 mM
TriszHCl, pH 7.5y250 mM NaCly1% Nonidet P-40y1 mM
EDTAy1 mM phenylmethanesulfonyl f luoridey13 protease
inhibitor mixture (Boehringer Mannheim)]. After 10 min of
incubation, the lysates were centrifuged and the supernatants
collected. Protein extracts (25 mg total) were separated by
SDSyPAGE (7% gel) and detected by the Rb antibody (2
mgyml). Blots were incubated with a horseradish peroxidase-
conjugated secondary antibody (Pierce). Detection was af-
forded by SuperSignal substrates (Pierce).

RESULTS

Stable Expression of Functional Smad4–MER. With a
transient transfection model, previously we controlled the
nuclear localization of wild-type Smad4 by use of a fusion of
Smad4 to a modular domain (a modified MER ligand-binding
domain) and detected the consequent Smad4 transactivation
function (22). We generated breast cancer MDA-MB-468 lines
that stably expressed wild-type (Smad4–MER) or mutant
(100T–Smad4–MER) Smad4. As a control, MER-expressing
clones were also prepared. Six, five, and six drug-resistant
clones were selected from the Smad4–MER, MER, and 100T–
Smad4–MER cultures, respectively. Clones were verified by
immunoblot analysis with a polyclonal antibody that recog-
nized the ligand-binding domain of MER. The expression of
intact protein from four wild-type Smad4–MER, four MER,
and three mutant Smad4–MER clones was verified (Fig. 1A).
No full-length endogenous estrogen receptor could be de-
tected in the clones by immunoblotting, which is in agreement
with a previous report that MDA-MB-468 cells are estrogen
receptor negative (32). No difference in clonal outgrowth was
observed in the absence of 4-OHT, with regard to time of clone
appearance or the number of clones attained. This is in stark
contrast to wild-type SMAD4 stably transfected cells (ref. 26;
J.L.D. and S.E.K., unpublished data) in which a high selective
pressure against wild-type Smad4 was seen when its nuclear
localization was unregulated.

We then examined whether the expressed Smad4 fusion
proteins were functional. Two Smad4–MER, one MER, and
one 100T–Smad4–MER clones were studied. As expected, in
the presence of 4-OHT, the wild-type Smad4–MER mediated
gene activation with either an Smad4yTGF-b reporter, 6SBE-
Luc, or a TGF-b-responsive reporter, 3TP-lux (ref. 31; Fig.
1B). In contrast, neither the MER nor the 100T–Smad4–MER
was active (Fig. 1B). In the absence of 4-OHT, reporter
activities of 6SBE-Luc and 6MBE-Luc (containing mutant
sites that fail to bind Smad4) were similar and very weak,
indicating that Smad4 background activation is low when its
localization is controlled by the tagged fusion protein (data not
shown). This is consistent with the comparable clonal out-
growth during the generation of these clones (in the absence
of 4-OHT described above). We also found that TGF-b failed
to further increase the activities of Smad4yTGF-b-responsive
(6SBE-Luc) or TGF-b-responsive (3TP-lux) reporters once
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Smad4 is transported to the nucleus (data not shown), con-
sistent with our previous transient transfection studies (22).
The two sets of experiments suggest that, in the mediation of
signals from TGF-b and perhaps other ligands, Smad4 nuclear
translocation may serve as a major rate-limiting step. These
above results verify that Smad4, when stably expressed as a
MER fusion protein, is functional. The effects of Smad4–MER
were disrupted by a single tumorigenic amino acid change and
thus were likely to be of physiological relevance. This model
permitted the exploration of the phenotypic changes that occur
on the translocation of Smad4 protein to the nucleus.

Growth of Smad4–MER Cells Inhibited by 4-OHT. The
growth responses of two clones expressing wild-type Smad4–
MER were examined. In both, 4-OHT treatment resulted in a
significant decrease in cell number. We compared cell growth
under 1, 2, and 4 days of 4-OHT treatment and untreated
conditions. Moderate and reproducible growth suppression
was present at 1 and 2 days of 4-OHT treatment. At 4 days of
4-OHT exposure, the growth of Smad4–MER clones was
markedly ('40–50%) repressed compared with the untreated
group (Fig. 2). This growth suppression is not attributable to
the effect of 4-OHT on MER itself, because no growth

inhibition was observed in the clone expressing MER (Fig. 2),
substantiating the role of Smad4 in this growth arrest. Similar
experiments were carried out with a 100T–Smad4–MER
clone. Instead of growth suppression as in wild-type Smad4
clones, the 100T–Smad4–MER clone displayed growth stim-
ulation after treatment with 100 nM 4-OHT. Gene transcrip-
tion attributable to nuclear translocation specifically of wild-
type Smad4 protein thus appears responsible for the pheno-
typic changes observed in this study.

G1 Accumulation on Smad4 Nuclear Translocation. To
identify the mechanism underlying the growth inhibition by
nuclear Smad4, we first examined the alterations of cell cycle
distribution after Smad4 activation. Stable clones were treated
for 1, 2, or 4 days with 4-OHT, and the asynchronous cell
populations were harvested for analyses of cell cycle distribu-
tions. There was a significant increase of G1 (or G1yG0)
populations after 4-OHT treatment in the Smad4–MER clone
2 examined (Fig. 3). This change was accompanied by a
decrease of the S phase cell population in Smad4–MER cells.
The G1 accumulation by 4-OHT was relatively transient. The
G1 accumulation declined at day 2 and was minimal by day 4,
even with continued 4-OHT treatment (data not shown).
Similar results were obtained in the Smad4–MER clone 1. No
G1 accumulation was observed in MER cells, indicating that
this effect was not because of the MER domain alone. In
contrast, in the 100T mutant line, and consistent with the
above-mentioned growth promotion on its nuclear transloca-
tion, there was a decrease of the G1 population together with
an increase of S phase cells (Fig. 3). Rb protein and its
phosphorylation status were examined in the stable clones by
immunoblotting. We confirmed that the Rb protein was
absent, in agreement with previous reports that the RB1 gene
is deleted in MDA-MB-468 cells (33, 34).

FIG. 1. Stable expression of functional Smad4-MER in transfected
clones of the breast cancer line MDA-MB-468. (A) Immunoblots
confirm the expression of full-length Smad4-MER, MER, and 100T-
Smad4-MER. (B) Fusion proteins exhibit the expected activity with
SBE-containing transcriptional reporters. Stable clones were trans-
fected with 6SBE-Luc (S) or 3TP-lux (T) before being treated for 20 h
with (1) or without (2) 100 nM 4-OHT. pCMVb was cotransfected
to normalize for transfection efficiencies. Luciferase and b-galactosi-
dase activities were determined. The luciferase activities in the absence
of 4-OHT are arbitrarily set at 1. The means of three independent
experiments are shown. Bars represent SE.

FIG. 2. Growth suppression after Smad4 nuclear translocation.
Clones that stably expressed Smad4-MER, MER, or 100T–Smad4–
MER were treated with ( ■ and dashed line) or without (F and solid
line) 100 nM 4-OHT for 0, 1, 2, or 4 days before harvesting for cell
counting. Data were analyzed from three independent experiments
and are presented as means 6 SE.
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Apoptosis Induced by Smad4 Nuclear Translocation. The
moderate and transient G1 cell cycle arrest did not fully
account for the profound decrease of cell number and delayed
growth suppression after 4 days of 4-OHT treatment, as shown
in the time course experiments (Figs. 2 and 3). Thus, we
examined an alternate mechanism, the regulation of apoptosis.
The nuclear translocation of Smad4 resulted in an induction of
cell apoptosis ('5-fold by TUNEL assay, P , 0.05, Fig. 4 A and
D). Apoptotic induction was evident in all cell cycle phases and
the sub-G1 fraction. This effect persisted after 4 days of 4-OHT
exposure (data not shown). The apoptotic response was spe-
cific for wild-type Smad4, because this response was not
observed in the MER control clone (Fig. 4 B and D). The
TUNEL results were confirmed to reflect apoptotic cells,
because the number of labeled cells were markedly reduced by
coincubation with either caspase inhibitor I or caspase-3
inhibitor II (Fig. 4E). In contrast to this induction of apoptosis,
there was a significant decrease ('50%, P , 0.05) in apoptotic
cell number of the 100T–Smad4–MER clone in response to
4-OHT (Fig. 4 C and D). This evasion of apoptosis is also
consistent with the observed growth stimulation by 100T–
Smad4 when translocated to nucleus.

DISCUSSION

Nuclear translocation presents an inducible control of Smad4
function. In the absence of such manipulation, endogenous
TGF-b-like ligand(s) and other perhaps more indirect signals
are able to activate some Smad4-related functions, hampering
the distinction of Smad4-dependent effects. In the current
model, however, Smad4 proteins are sequestered in the cyto-
plasm. Thus, it is possible to achieve a low background for
many chosen comparisons, as evidenced by comparable num-
bers of clonal outgrowth, growth rate, and SBEyMBE reporter
activation among the null, wild-type, and mutant Smad4 cell
clones grown in standard media (without 4-OHT). We have
identified a G1 arrest and apoptosis induction attributable to
the nuclear translocation of wild-type Smad4, phenotypes that
are in agreement with its tumor-suppressive role.

The G1 arrest was relatively moderate but reproducible. This
is consistent with earlier observations showing, in response to
TGF-b treatment of MDA-MD-468 cells, a limited decrement

('20%) in DNA synthesis that depended on the stable ex-
pression of wild-type Smad4 (ref. 26; unpublished data). Rb

FIG. 3. G1 cell cycle arrest on nuclear translocation of Smad4.
Clones that stably expressed Smad4-MER, MER, or 100T–Smad4–
MER were treated for 1 day with (1) or without (2) 100 nM 4-OHT.
Data from three to four independent experiments are shown (mean 6
SE; p, P , 0.05; pp, P , 0.01; comparison to 4-OHT-untreated groups,
with paired t test).

FIG. 4. Apoptosis induced on nuclear translocation of Smad4. MDA-
MB-468 cells that stably expressed Smad4–MER (A), MER (B), and
100T–Smad4–MER (C) were treated with (Right) or without (Left) 100
nM 4-OHT for 2 days. Both attached and unattached cells were harvested
and processed for TUNEL assays. A representative set from three
independent experiments is shown for each clone. (D) Data analyses of
the TUNEL assays of cells in A–C. The induction was determined with
percentages of apoptotic cells in the presence (1) of 4-OHT divided by
those in the absence (2). Paired t test was used. p, P , 0.05 vs. in the
absence of 4-OHT (mean 6 SE). (E) Caspase inhibitors interfere with the
Smad4-induced apoptosis in Smad4–MER cells. Cells were pretreated
with 50 mM caspase inhibitor I (I), 50 mM caspase-3 inhibitor II (II), or
vehicle (V) for 1 h before 100 nM 4-OHT was added. An average of two
independent experiments is presented.
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phosphorylation is critical for the cell entry from G1 to S phase
(35). The Smad4-mediated cell cycle arrest in MDA-MB-468
is Rb independent because this cell line lacks the RB1 gene (33,
34). In these cells, one might consider that the absence of Rb
protein could explain this modest degree of cell cycle regula-
tion. But some Rb-positive cell lines also exhibit limited
responses on activation of the Smad4yTGF-b pathway. For
example, a colorectal cancer line, HCT116, which expresses
wild-type SMAD4 and RB1 genes, exhibited a moderate
growth suppression ('30%) in response to TGF-b compared
with parallel lines whose SMAD4 gene had been knocked out
by somatic recombination (20). Although the cell cycle arrest
mediated by Smad4 has received the most published attention,
it is but one potential mechanism of tumor suppression.

The current study indicates that Smad4-inducible apoptosis
has the greater consequence in growth control. Indeed, the
period of the greatest growth suppression temporally was
better correlated with the apoptotic responses than with the
cell cycle arrest. The Smad4-induced apoptosis is apparently
independent of p53 and Rb proteins, because the p53 (36, 37)
and RB1 (33, 34) genes in the MDA-MB-468 line are inacti-
vated. The current data are in agreement with the observations
from genetic analyses of pancreatic cancer that showed
SMAD4 inactivation commonly coexisted with p53 and p16
gene alterations (38). The combination of apoptotic and cell
cycle components observed here reflects the multiple pheno-
typic responses seen for ligands such as TGF-b and bone
morphogenic proteins, whose effector pathways can be shown
to be mediated by Smad4 (20, 39–43).

The 100T–Smad4 and wild-type Smad4 protein display
opposing phenotypic responses. The interaction of mutant
Smad4 with Smad4-binding partners may explain this obser-
vation. Smad4 participates in Smad-mediated gene transacti-
vation (in whole or in part) by interaction with other signal
transduction proteins (44, 45). Recent studies indicate that
certain transcription factorsycofactors such as p300yCBP
(CREB-binding protein) and c-Junyc-Fos cooperate with
Smads through binding of the Smad MH2 domain (46–48).
Thus, intact interactions of 100T–Smad4 with other binding
partners including transcription factors, coupled with the
inability to bind the SBE sequence (22), could allow 100T–
Smad4 to titrate (squelch) other signal transduction proteins or
general transcription factors. In tumors, missense mutations in
the MH1 domain are rather infrequent. The other two major
categories of mutation include missense mutations in the MH2
domain, which interfere with nuclear translocation, and trun-
cation mutations in the MH2 domain, which cause loss of the
transactivation function (22). The growth advantages offered
by the 100T mutant in this study suggest that tumors containing
certain mutant Smad4 may harbor specific properties that
differ from SMAD4-null cells. The extent to which other
SMAD4 mutations might have ‘‘oncogenic’’ phenotypes needs
to be further explored.

The present studies provide additional evidence to confirm
the expectation that Smad4 accomplishes its tumor-
suppressive functions as a nuclear protein. Our earlier obser-
vations indicated that missense mutations in the MH2 domain
extinguished Smad4 transcription activity by an impairment of
Smad4 transport into the nucleus (22), probably by destroying
the function of the Smad-interaction surface (49). Pathway-
restricted Smads become phosphorylated on bone morpho-
genic protein (Smads 1 and 5; refs. 8 and 9) or TGF-b (Smads
1, 2, and 3; refs. 2, 7, and 50) signaling and heterooligomerize
with Smad4. This heterooligomerization accompanies Smad
protein nuclear translocation. In view of these data, we can
consider two mechanisms by which the nuclear translocation of
Smad4 (accomplished here by the action of 4-OHT mediated
by the MER domain) might effect phenotypic changes. 4-OHT
administration may facilitate the movement of preformed
cytoplasmic heterocomplexes to allow their action at the DNA

recognition sites. In this view, use of the MER domain simply
eliminates nuclear localization as a rate-limiting step in signal
transduction by Smad heterocomplexes. Alternatively, Smad4
may function at the transcription level independently of other
Smads, controlled largely by its level of nuclear accumulation.
These functions operate subsequent to and independent of
heterologous interactions that bring Smad4 to the nucleus.
These are not mutually exclusive views.

Smad4 thus may serve its tumor-suppressive role through
participation in the signaling pathways of multiple ligands. If
so, it would be difficult to imagine the therapeutic manipula-
tion of multiple signaling pathways in cancer except by the
targeting of the more distal and common aspects of these
pathways. It would be useful to evaluate the means to over-
come the rate-limiting components of such a common system.
Practically, it is possible to envision chemical or peptide agents
that would facilitate the direct nuclear translocation of indi-
vidual proteins, such as Smad4. It is with this view that we have
evaluated the phenotypic effects produced by the direct nu-
clear localization of Smad4. In addition, changes in gene
transcription directly attributable to Smad4 nuclear translo-
cation are believed to be responsible for the cell cycle regu-
lation and apoptotic effects identified here. Thus, this model
may be valuable for dissecting the downstream genes that
mediate these phenotypic changes, to better explore the func-
tional consequences of Smad4 action.

We thank Trevor Littleword for the modified MER ligand-binding
domain. This work was supported by National Institutes of Health
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