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We recently identi®ed DPC4/Smad4 as a candidate
tumor suppressor gene mutated or lost in one half of
pancreatic carcinomas and in a subset of colon and
biliary tract carcinomas. DPC4 plays a key role in signal
transduction of the TGF-b superfamily of molecules and
inactivation of TGF-b mediated growth inhibition is
supposed to be the driving force for DPC4 inactivation in
human tumors. However, DPC4 mediated tumor
suppression by reconstitution of defective cells has not
yet been reported. Here we show suppression of
tumorigenicity in nude mice by stable reexpression of
DPC4 in SW480 colon carcinoma cells. In vitro growth
of DPC4-transfected cells was not a�ected and
resistance towards TGF-b mediated growth inhibition
was retained. Instead, cells exhibited morphological
alterations and adhesion and spreading were accelerated.
These phenotypic changes were associated with reduced
expression levels of the endogenous urokinase-type
plasminogen activator (uPA) and plasminogen-activa-
tor-inhibitor-1 (PAI-1) genes, the products of which are
implicated in the control of cell adhesion and invasion. In
patients, high expression levels of uPA and PAI-1
correlate with poor prognosis. Thus, reduced expression
of uPA and PAI-1 is consistent with suppression of
tumorigenicity in DPC4 reconstituted cells. These results
demonstrate DPC4's tumor suppressive function and
suggest a potential role for DPC4 as a modulator of cell
adhesion and invasion.
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Introduction

The DPC4 gene (for Deleted in pancreatic carcinoma,
locus 4) has been identi®ed as a candidate tumor
suppressor gene implicated in pancreatic tumorigenesis
(Hahn et al., 1996b). DPC4 is located on chromosome
18q21.1, a region characterized by a high frequency of
loss of heterozygosity (LOH) in pancreas and colon
carcinomas (Hahn et al., 1996a; Vogelstein et al.,
1988). DPC4 was found to be functionally inactivated
in about 50% of pancreatic carcinomas (Hahn et al.,

1996b), in 15% of colon carcinomas (Moskaluk and
Kern, 1996; Thiagalingam et al., 1996) and in a subset
of biliary tract carcinomas (Hahn et al., 1998). Though
several other tumor types frequently exhibit 18q loss,
biallelic inactivation of DPC4 seems to be rare in
tumors from outside of the gastrointestinal tract
(Schutte et al., 1996). Germline mutations of DPC4
were recently reported in a subset of families a�icted
with familial juvenile polyposis (Howe et al., 1998).
The product of DPC4 belongs to the evolutionary
conserved family of SMAD proteins which are
involved in TGF-b signal transduction pathways
(Derynck and Feng, 1997; Heldin et al., 1997;
MassagueÂ et al., 1997). Vertebrate SMADs may
currently be distinguished into three classes: (i) The
receptor-activated SMADs (SMAD 1, 2, 3, 5 and
presumably SMAD 8 and 9) are pathway-restricted
with respect to the ligand belonging to the TGF-b
superfamily. (ii) The inhibitory SMADs 6 and 7 serve
antagonistic functions. (iii) The shared SMAD DPC4/
SMAD4 serves as a common functional partner for the
receptor-activated SMADs. Upon ligand binding to the
respective receptors, cytoplasmic class 1 SMADs are
phosphorylated, bind to DPC4/SMAD4 and translo-
cate into the nucleus. Heteromeric nuclear SMAD4/
SMADx complexes associate with DNA-binding
proteins and activate gene transcription (Derynck and
Feng, 1997; Heldin et al., 1997; MassagueÂ et al., 1997).

Developing resistance towards TGF-b is a frequent
phenomenon in tumorigenesis (Polyak, 1996) and
abrogation of TGF-b-induced growth inhibition was
suggested to be the driving force for functional
inactivation of DPC4 in human tumors. However,
this assumption needs further investigation for two
reasons.

First, TGF-b regulates a broad range of biological
processes. In addition to its function as a negative
growth factor TGF-b stimulates extracellular matrix
formation, regulates di�erentiation and maintenance of
tissue homeostasis and modulates the immune response
(MassagueÂ , 1990; Roberts and Sporn, 1990). Abroga-
tion of either of these functions may contribute to
tumorigenesis. It is not known, whether DPC4 is
dispensable for any of these pleiotropic TGF-b e�ects.

Second, DPC4 has been shown to be involved in
signaling of other cytokines of the TGF-b superfamily,
such as the activins/inhibins and bone morphogenetic
proteins (Derynck and Feng, 1997; Heldin et al., 1997;
MassagueÂ et al., 1997). The ligand(s) that trigger(s)
DPC4 mediated tumor suppression has not yet been
identi®ed.
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To further address these questions and in order to
analyse the role of DPC4 as a tumor suppressor gene,
we reconstituted the DPC4 function in defective
SW480 human colon carcinoma cells. Tumor suppres-
sion in this cell line after transfer of a normal
chromosome 18 had been shown earlier (Goyette et
al., 1992). Here we report that expression of
physiological levels of the DPC4 protein is su�cient
for tumor suppression in nude mice.

Expression analysis of TGF-b target genes in DPC4
reconstituted cells surprisingly revealed reduced mRNA
levels of the endogenous plasminogen-activator-inhibi-
tor-1 (PAI-1). In parallel, expression levels of the
urokinase-type plasminogen-activator (uPA) were
down-regulated as well. The serine protease urokinase
converts plasminogen into the active protease plasmin,
a broad speci®city protease, that can degrade most
extracellular matrix proteins. Moreover, both proteases
are involved in proteolytic activation of growth factors
including TGF-b (Andreasen et al., 1997). Importantly,
high levels of uPA and PAI-1 predict poor patient
prognosis in many tumor types (Du�y, 1996). Thus,
reduced uPA and PAI-1 expression in the DPC4
reconstituted clones is consistent with the cells'
phenotype as tumor suppressed revertants.

Results

Reconstitution of DPC4 in SW480 colon carcinoma cells

Northern blot analysis of DPC4 in a number of colon
carcinoma cell lines revealed two DPC4 transcripts in
most of the cell lines analysed. No DPC4 speci®c
signals were detected in SW480 RNA (Figure 1a).
SW480 cells are known to harbor a number of genetic
changes and have been used in several studies aimed at
reversing the tumorigenic phenotype by reconstitution
of a tumor suppressor gene (p53 (Baker et al., 1990)
and APC (Groden et al., 1995), respectively). Interest-
ingly, loss of tumorigenicity had been demonstrated
after transfer of a normal human chromosome 18 into
SW480 cells and had been interpreted to be due to
reexpression of the DCC gene (Goyette et al., 1992).
Recents results obtained with DCC de®cient mice,
however, did not support a role of DCC as a prevalent

tumor suppressor in colon carcinogenesis (Fazeli et al.,
1997).

Here we used stable transfection analysis of DPC4
to assess its role as a tumor suppressor gene. Similar
numbers of G418 resistant clones were obtained after
transfection of a DPC4 expression construct and empty
vector DNA into SW480 cells, indicating the absence
of growth inhibitory or toxic e�ects of DPC4.
Recombinant DPC4 transcripts were found in all of
20 clones analysed by Northern blot hybridization and
three clones were chosen for further analysis (Figure
1b). The DPC4 protein product was found to be
expressed at a level comparable to the endogenous
protein levels in DPC4 positive cell lines (Figure 1c).
To control for potential transfection or selection
induced e�ects, about 300 G418 resistant clones
derived from SW480 transfections with vector control
DNA were propagated as a pool. These cells were
included in all experiments in addition to the parental
cell line and are designated `vector controls' in the
following paragraphs.

Restoration of TGF-b signaling as analysed by transient
reporter expression assays

To assess functional activity of the transferred DPC4
gene we analysed reconstitution of TGF-b signaling by
transient transfections with the p3TPlux luciferase
reporter plasmid, the most commonly used reporter
to measure TGF-b responsiveness. In this vector the
luciferase reporter gene is cloned under control of an
arti®cial promoter, which is composed of a concate-
merised region from the collagenase promoter with AP-
1 sites, a region from the PAI-1 promoter and an
adenovirus E4 promoter fragment (Wrana et al., 1992).
Transient transfections of this reporter plasmid in
parental SW480 cells, vector control cells and DPC4
reconstituted clones revealed slightly increased consti-
tutive luciferase activity in the DPC4 positive cells.
This e�ect may be explained by serum derived or
endogenously produced TGF-b (data not shown).
Addition of exogenous TGF-b moderately increased
luciferase activity in the DPC4 positive cells, only, but
still the e�ect was not signi®cant. To analyse, whether
TGF-b receptor levels may be limiting DPC4 mediated
luciferase induction, cotransfection analysis of p3TPlux

Figure 1 DPC4 expression in pancreas and colon tumor cell lines and DPC4 reexpression in SW480 colon carcinoma cells. (a)
Northern blot analysis of DPC4 in cell lines. Both DPC4 transcripts are indicated. Relative levels of RNA loading are shown by
rehybridization with a b-actin probe. (b) Northern blot analysis of recombinant DPC4 transcripts in stably transfected SW480
clones. (c) Western blotting of DPC4. Proteins (30 mg for Paca44 and 100 mg for all SW480 derivatives) were separated on 10% gels.
DPC4 was detected with a monoclonal antibody
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with a constitutively active mutant form of the type I
receptor was performed. These experiments revealed a
strong increase of luciferase activity in DPC4 recon-
stituted clones (Figure 2). Again, the response could be
further elevated by addition of exogenous TGF-b, a
®nding, that may be interpreted as an additive e�ect of
the constitutively active mutant receptor plus TGF-b
activated endogenous receptors. These data support the
functional reconstitution of DPC4 in the stable SW480
transfectant lines.

In vitro growth properties of DPC4 reconstituted cells

Analysis of in vitro growth of the DPC4 reconstituted
and control cells revealed no di�erence in doubling
times neither in full medium nor under reduced serum
concentrations (0.5% FCS) (Table 1), though SW480
cells express high levels of endogenous TGF-b (Co�ey

et al., 1987 and unpublished data; Co�ey et al., 1986).
To assess the question whether lack of growth
inhibition might be due to insu�cient activation of
endogenous TGF-b, we monitored the proliferation of
DPC4 transfected and control cells in the presence of
exogenous TGF-b. Neither control cells nor DPC4
reconstituted cells were signi®cantly growth inhibited
(Table 1). Correct performance of the assay was
con®rmed by strong inhibition of TGF-b sensitive cell
lines (data not shown).

Analysis of anchorage dependence for growth in
semisolid medium showed that control cells formed
colonies of up to 1 mm in diameter upon prolonged
incubation albeit at low frequency. DPC4 reconstituted
SW480 clones, however, ceased to grow after reaching
a size of about 0.2 mm. Most of these small soft agar
colonies exhibited irregular borders while clones from
control cells displayed well-de®ned even margins (data
not shown).

Alterations of cell morphology, adhesion and spreading

DPC4 transfected cells were ¯atter and more spread in
subcon¯uent cultures (Figure 3a) and resembled
epithelial sheets at higher cell densities while parental
cells readily piled up (Figure 3b). In addition vesicles of
varying sizes showed up in about 5 ± 20% of the cells
(Figure 3a), a feature, which is stably maintained by
the DPC4 transfectants for about 70 passages or 200
population doublings, now. Though the nature of these
vesicles is not yet known, their presence may point to a
shift in the di�erentiation pattern.

To address a potential adhesion dependent e�ect
upon growth we plated revertants and control cells on
precoated cell culture dishes. DPC4 reconstituted
clones adhered and spread much faster than the
control cells on collagen type I and IV (Figure 3c),
®bronectin and laminin coated plates. No signi®cant
e�ect upon population doubling times was exerted by
these matrix molecules on either cells.

Suppression of tumorigenicity in nude mice

We tested in vivo growth properties of DPC4
reconstituted clones by analysis of tumor formation
in nude mice. Injection of 16107 cells into the ¯anks of
6-week-old nude mice yielded rapidly growing tumors
in the case of SW480 parental cells as well as control
transfectants (Table 1). Animals were sacri®ced after a
mean growth period of 58 and 38 days for SW480
parental cells and control transfectant cells, respec-
tively, when the tumor diameter had reached 10 mm.

Figure 2 Ligand-dependent and -independent transcriptional
activation of the p3TPlux reporter in DPC4 negative and in
DPC4 reconstituted SW480 cells. Cells were transiently trans-
fected with the p3TPlux reporter plasmid (black bars) or
cotransfected with p3TPlux and pCMV-TbRIT204D coding for a
constitutively active TGF-b type I receptor and incubated without
(hatched bars) or with TGF-b (1 ng/ml) (shaded bars) for 24 h.
Luciferase activity in cell lysates was plotted as the average and
standard deviation for triplicate determinations

Table 1 Characterization of DPC4 transfected cells

Population
doubling time

(10% FCS) (h)

Population
doubling time

(0.5% FCS) (h)

Soft agar cloning
e�ciencya

Colonies/105 cells

Tumorigenicity
Number of tumors/
number of injections

Latencyb

(days)

TGF-b responsec

cell count,
(% of control)

SW480 parental
Vector control
Clone 1
Clone 14
Clone 20

36
34
36
37
36

37
37
36
40
39

36
20
±
±
±

8/8
4/4
2/8
0/8
0/8

58
38

490

92, 103
92, 95
108, 92
87, 101
91, 87

aCells (16105) were plated in culture medium plus 0.3% agarose. Colonies of more than 0.5 mm in diameter were scored after 4 weeks.
bLatency is here de®ned as the time needed for tumors to reach 10 mm in diameter. cLogarithmically growing cells (16105 in 60 mm dishes)
were seeded and grown in medium with 0.5% FCS with or without TGF-b (10 ng/ml). Cells were counted after 4 days. Numbers are means of
duplicate determinations, each from two independent experiments

DPC4 mediated tumor suppression
I Schwarte-Waldhoff et al

3154



No tumor was formed following injection of DPC4
reconstituted clones 14 and 20 over an observation
time of 3 months. Clone 1 yielded two small tumors at
a total of eight injection sites, which were ®rst detected
after more than 2# months and reached a maximum
diameter at the end of the experiment of 5 and 7 mm
respectively.

Reduced expression of uPA and PAI-1 and induced
expression of tPA in DPC4 reconstituted cells

In order to ®nd molecular pathways indicative of the
observed biological e�ect of DPC4 induced tumor
suppression, we started to look for the endogenous
expression of TGF-b target genes. Surprisingly,
Northern blot analysis of DPC4 reconstituted clones
and controls showed, that constitutive expression of
the endogenous PAI-1 gene, a classical TGF-b induced
target gene, was reduced in the DPC4 positive clones
(Figure 4). Thus, the activity of the p3TPlux promoter,
which includes a PAI-1 promoter fragment does not
correlate with steady state mRNA levels of the
endogenous PAI-1 gene (see Discussion).

Further investigation of the plasmin/plasminogen
system revealed, that mRNA levels of the urokinase-
type plasminogen activator were reduced as well
(Figure 4). Quantitation of uPA and PAI-1 mRNA
by densitometry consistently revealed reductions by a
factor of two to three in independent experiments.
Determination of uPA levels in cell culture supernates
by ELISA independently con®rmed reduction of uPA
expression levels to about half the values of DPC4
negative control cells (data not shown). Consistent with
this ®nding, negative regulation of urokinase expres-

sion by TGF-b had been shown earlier (see Discus-
sion).

Ultimately, expression of the tissue-type plasmino-
gen activator (tPA) was detected in DPC4 positive
clones, only. Interestingly, whereas high uPA and PAI-
1 expression indicate poor prognosis in human tumors,
high tumor levels of tPA correlate with a favorable
outcome (Du�y, 1996).

These data provide evidence for a DPC4 impact on
transcriptional regulation of the urokinase system of
proteinases, which may be involved in DPC4 induced
changes of phenotype and tumorigenic potential.

Discussion

Reintroduction of a candidate tumor suppressor gene
in tumor derived cells which had been selected for
functional inactivation of this gene during the
tumorigenic process is the most direct approach for
assessing its tumor suppressor function. Here we report
suppression of tumorigenicity in nude mice by
functional reconstitution of DPC4 in human colon
tumor cells.

Consistent with the reported results from chromo-
some transfer studies, expression of DPC4 did not
a�ect in vitro growth rates of SW480 cells. As these
cells endogenously express high levels of TGF-b
(Co�ey et al., 1986, 1987) unrestrained cell growth
already indicated that DPC4 reconstitution was not
su�cient to restore a TGF-b induced growth inhibitory
response. This was con®rmed by lack of growth
inhibition through exogenously added TGF-b. It is
important to bear in mind that SW480 cells have
accumulated a number of genetic alterations like
mutational inactivation of the `gatekeeper' APC

Figure 3 Morphology and spreading of DPC4 negative and
DPC4 reconstituted SW480 cells. (a) Logarithmically growing
cultures. Note the ¯atter, spread apprearance and the presence of
vacuoles in DPC4 positive cells. (b) After reaching con¯uency,
DPC4 positive cells form a dense and even cell layer, whereas
DPC4 negative cells pile up. (c) Cells from logarithmically
growing cultures were trypsinised and replated on collagen
coated dishes (collagen type IV shown as an example, here).
Photographs were taken 30 min after plating (phase contrast,
6100)

Figure 4 E�ect of DPC4 on the expression of components of the
plasminogen-activator system. Northern blot analysis with probes
for plasminogen-activator-inhibitor-1 (PAI-1), urokinase-type
plasminogen-activator (uPA) and tissue-type plasminogen-activa-
tor (tPA). Filters were exposed for 2 h (PAI-1), 24 h (uPA) and 5
days (tPA). Even RNA loading was con®rmed by hybridization
with a b-actin probe
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(Nishisho et al., 1991) as well as mutations of Ki-ras
(Capon et al., 1983) and p53 (Baker et al., 1990), both
of which are implicated in the control of TGF-b
pathways (Blaydes et al., 1995; Filmus et al., 1992;
Gerwin et al., 1992; Kurokawa et al., 1989; Reiss et al.,
1993; Winesett et al., 1996).

We do not yet know, whether DPC4 induced tumor
suppression is caused by restoration of other TGF-b
functions or is triggered by other TGF-b superfamily
ligands. DPC4 is presumably involved in signaling of
every TGF-b superfamily member and is supposed to
integrate the cellular response to competing or
antagonistic signals (Candia et al., 1997). Thus,
unravelling pathways crucial for DPC4's tumor
suppressor function is a complex challenge. Routes
for the investigation of this issue are indicated by
DPC4 induced phenotypic and molecular alterations in
tumor suppressed cells.

DPC4 reconstitution was associated with distinct
morphological changes in vitro and adhesion and
spreading of the cells were accelerated. These e�ects
suggest a potential role of DPC4 in di�erentiation,
adhesion and migration of colon cells, a hypothesis
consistent with the proposed role for TGF-b in
intestinal epithelial functions (Kurokawa et al., 1989;
Winesett et al., 1996).

Northern blot analyses of TGF-b target genes
revealed reduced expression levels of PAI-1 and uPA
and induced expression of tPA in DPC4 reconstituted
cells. uPA expression had been reported earlier to be
subject to TGF-b dependent negative control (Laiho et
al., 1986). This transcriptional suppression had been
shown to work via a TGF-b inhibitory element (TIE)
in the 5' region of the gene (Kerr et al., 1990). TIE-like
sequences were found in a number of genes known to
be inhibited by TGF-b (Kerr et al., 1990). In contrast,
PAI-1 is known as a classical TGF-b induced target
gene (MassagueÂ , 1990; Roberts and Sporn, 1990) and
sequences derived from its promoter region are widely
used to investigate TGF-b mediated transcriptional
induction (Wrana et al., 1992). Our transient transfec-
tion analysis also indicated increased p3TPlux activities
in DPC4 reconstituted cells. Thus, reduction of
endogenous PAI-1 levels in DPC4 reconstituted cells
was initially surprising. However, in the transient
transfection assays an unequivocal increase in reporter
activity was obtained after cotransfection with the
TGF-b receptor encoding plasmid, only. Furthermore,
it has been shown, that Smad dependent TGF-b
induced p3TPlux promoter activity can be mediated
by the AP1 sites in the composite promoter (Yingling
et al., 1997).

Our ®ndings do not imply a direct e�ect of DPC4 on
the promoters of the genes analysed. Addressing the
molecular mechanisms which ultimately result in
changes of steady-state RNA levels in DPC4 recon-
stituted cells will require more sophisticated analyses.
This study is con®ned to indicate DPC4 dependent
expression changes, which are consistent with suppres-
sion of tumorigenicity.

The uPA system is strongly involved in processes of
tumor cell directed tissue remodelling including
invasion, desmoplasia and angiogenesis. Several
growth factors including hepatocyte growth factor/
scatter factor, basic ®broblast growth factor and,
importantly, TGF-b are proteolytically activated by

urokinase and/or plasmin (Andreasen et al., 1997 and
references therein) factors which exert a variety of
autocrine and paracrine functions.

Thus, control of the uPA system may contribute to
the recently proposed `landscaping' function for DPC4
(Kinzler and Vogelstein, 1998). The `landscaper model'
was based on the identi®cation of germline DPC4
mutations in familial juvenile polyposis (Howe et al.,
1998). A�icted persons develop multiple hamartoma-
tous polyps of the colon at a young age and have an
increased risk of colorectal cancer.

Findings in APC/DPC4 compound knock-out mice
(Takaku et al., 1998) are also in line with this model.
APC de®cient mice have been established as a model
for human familial adenomatous polyposis (FAP) and
like human patients they develop numerous intestinal
polyps (Oshima et al., 1995). Codeletion of DPC4
induced an increase in polyp size and a much more
marked submucosal invasion of the more advanced
tumors (Takaku et al., 1998).

In conclusion, the biological signi®cance of DPC4
induced tumor suppression in SW480 colon tumor cells
is emphasised by its association with reduced uPA and
PAI expression levels in vitro. This ®nding sheds new
light upon physiologically crucial pathways through
which DPC4 inactivation may contribute to tumor-
igenesis. Moreover, DPC4 reconstituted cells provide
ideal material for further investigations on the
regulation of the uPA system, the importance of
which far exceeds the restricted set of tumor types
with DPC4 loss.

Materials and methods

Vector construction

The full-length coding sequence of DPC4 was derived by
ligation of two fragments from the originally isolated cDNA
clones. The DPC4 sequence was PCR ampli®ed using Vent
polymerase and DPC4 speci®c primers containing a Kozak
consensus sequence and a NheI restriction site at the 5'-end
and an EcoRI restriction site at the 3'-prime site. The 1.6 kb
PCR-fragment was cut, puri®ed and cloned into the pBK-
CMV expression vector (Stratagene) to yield pBK-DPC4.
This vector also codes for the neomycin phosphotransferase
gene, which under control of an SV40 promoter confers
geneticin/G418 resistance. The construct was con®rmed by
direct sequencing (Sequitherm Cycle Sequencing, Epicentre).
For control transfections we used an empty vector DNA or
DNA derived from aliquots of a cDNA library constructed
with antisense RNA from a rat ®broblast cell line (REF52) in
the pBK-CMV vector. The average insert size of this library
was 1.5 kb, corresponding to the DPC4 insert size, and, as in
the DPC4 expression construct, the vector derived b-
galactosidase gene was disrupted. The mixture of cDNA
clones is very complex (corresponding to 20 000 independent
clones) excluding speci®c e�ects due to insert sequences in
these transfection assays. Plasmid DNA's used for transfec-
tions were CsCl puri®ed followed by Proteinase K digestion,
phenol extraction and precipitation.

Cell culture and gene transfer

SW480 cells were obtained from the American Type Culture
Collection (Rockville, MD, USA). Pancreatic carcinoma cell
line Paca44 was obtained from M LoÈ hr, Rostock, Germany.
Cells were maintained in Dulbecco's modi®ed Eagles Medium
(DMEM) supplemented with antibiotics and 10% fetal calf
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serum (FCS) (Gibco). Cells were transfected by a standard
calcium phosphate co-precipitation method. Positive clones
were obtained after 3 weeks of cultivation in medium
containing 800 mg/ml geneticin (G418). Pools of geneticin
resistant clones were passaged, or single colonies were isolated
with cloning cylinders and expanded for RNA and DNA
isolation and analysis of growth parameters. For adhesion
analysis we used precoated `Biocoat' six-well dishes (Falcon).

Northern blot analysis

Total RNA was isolated from parental cells and transfectants
by acid phenol extraction as described by Chomczynski and
Sacchi (1987). Six mg of total RNA were electrophoresed
using formaldehyde-containing agarose gels (1%), and
capillary blotted onto Hybond N nylon membranes
(Amersham). Hybridization was performed as described
(Schwarte-Waldho� et al., 1994). The blots were stripped
and probed for b-actin.

Western blot analysis

Expression of the DPC4 product was analysed by Western
blotting of lysates. Brie¯y, cells were lysed in lysis bu�er
(20 mM Tris-HCl, pH 7.4/150 mM NaCl/0.5% TritonX 100/
1 mM EDTA) containing a proteinase inhibitor cocktail
(Wrana et al., 1992). Proteins were resolved by sodium
dodecyl sulfate-10% polyacrylamide gel electrophoresis and
transferred to Immobilon membranes (Millipore). DPC4 was
detected using a primary anti-DPC4 monoclonal antibody,
raised against bacterially expressed DPC4 (Hahn et al.,
unpublished), followed by exposure to peroxidase-conjugated
secondary antibody and developed using the enhanced
chemoluminescent detection system (ECL, Amersham Buch-
ler).

Luciferase assays

Cells (6.56104/well in 24 well plates) were cotransfected with
p3TPlux DNA (0.1 mg/well) and pCMV-TbRIT204D DNA
(0.2 mg/well) using Dac 30 transfection reagent (Eurogentec)
according to the manufacturer's protocol. Six hours after
transfection TGF-b1 (1 ng/ml, R&D Systems) was added and
luciferase activity was assayed after 24 h. All transfections
were normalized to b-galactosidase activity by parallel
transfections of pCDNA3-lacZ.

Tumorigenicity assay

Suspensions of 16107 cells in a volume of 0.1 ml of
phosphate-bu�ered saline were injected subcutaneously into
the ¯anks of 6-week-old female athymic nude mice (Balb/
c01aHsd-nu/nu). Cell populations were considered to be
nontumorigenic if no tumors were seen by 3 months after
injection.
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