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Smad4yDPC4 (deleted in pancreatic carcinoma, locus 4) is a tumor
suppressor gene lost at high frequency in cancers of the pancreas
and other gastrointestinal organs. Smad4 encodes a key intracel-
lular messenger in the transforming growth factor b (TGF-b)
signaling cascade. TGF-b is a potent inhibitor of the growth of
epithelial cells; thus, it has been assumed that loss of Smad4 during
tumor progression relieves this inhibition. Herein, we show that
restoration of Smad4 to human pancreatic carcinoma cells sup-
pressed tumor formation in vivo, yet it did not restore sensitivity
to TGF-b. Rather, Smad4 restoration influenced angiogenesis, de-
creasing expression of vascular endothelial growth factor and
increasing expression of thrombospondin-1. In contrast to the
parental cell line and to control transfectants that produced rapidly
growing tumors in vivo, Smad4 revertants induced small nonpro-
gressive tumors with reduced vascular density. These data define
the control of an angiogenic switch as an alternative, previously
unknown mechanism of tumor suppression for Smad4 and identify
the angiogenic mediators vascular endothelial growth factor and
thrombospondin-1 as key target genes.

The Smad4yDPC4 (deleted in pancreatic carcinoma, locus 4)
gene is a candidate tumor suppressor gene (1) that is

frequently inactivated in pancreatic (1–3), biliary (4, 5), and
colorectal (6–8) tumors. Germ-line mutations of Smad4 have
been reported in familial juvenile polyposis (9, 10). Smad4
belongs to the evolutionarily conserved family of Smad proteins
that are crucial intracellular mediators of signals from the
transforming growth factor b (TGF-b) superfamily of cytokines
(11–13), multifunctional proteins that govern intercellular inter-
actions in development and homeostasis and regulate prolifer-
ation, differentiation, and cell death (14–17). All members of
this family signal through serine threonine kinase receptor
complexes that propagate signals to a variety of receptor-
regulated Smad proteins. Activated receptor-regulated Smads
then form heteromeric complexes with the common partner
Smad4yDPC4 (co-Smad), and these heteromeric complexes
translocate to the nucleus, where they function as transcriptional
regulators (11–13, 18). As the single mammalian co-Smad iden-
tified so far, Smad4 thus plays a pivotal role affecting all TGF-b
superfamily signal pathways. Smad4’s tumor suppressor function
is usually studied in the context of TGF-b signaling, as the roles
of other family members, the bone morphogenetic proteins and
activins, in human tumorigenesis are just beginning to be
unraveled.

TGF-b can play complex roles in tumorigenesis behaving as a
potent tumor suppressor at early stages of carcinogenesis as well
as a tumor promoter at late stages (for review, see refs. 19 and
20). Inhibition of epithelial cell growth is the most prominent of
TGF-b’s biological activities, which also include induction of
differentiation or apoptosis and maintenance of genomic stabil-
ity. When tumor cells lose sensitivity to TGF-b growth inhibi-
tion, the excess TGF-b that results may act on tumor cells and
stromal cells to facilitate invasion and metastasis, induce angio-
genesis, and suppress antitumor immune responses.

Although the multifunctional nature of the TGF-b superfam-
ily suggests several potential mechanisms by which loss of Smad4
may contribute to tumorigenesis, previous analyses of putative
tumor suppressor functions of Smad4 have concentrated on its
presumed role as a mediator of TGF-b’s tumor suppressive
functions. Reexpression of Smad4 in human cancer cell lines
growing in vitro has shown the expected results, such as resto-
ration of TGF-b signaling, induction of apoptosis, andyor growth
inhibition (21–25), but these effects in vitro have not been
reported to be associated with suppression of tumorigenicity
in vivo.

Herein, we report that restoration of Smad4 to human pan-
creatic carcinoma cells blocked their ability to grow progressively
as tumors in vivo. Unexpectedly, Smad4 reexpression did not
restore sensitivity to growth inhibition by TGF-b. Rather, Smad4
decreased the expression of vascular endothelial growth factor
(VEGF) and increased levels of the angiogenesis inhibitor
thrombospondin-1 (TSP-1) causing the cells to switch from
potently angiogenic to antiangiogenic in vitro and in vivo. These
findings suggest that, in pancreatic adenocarcinoma cells, Smad4
exerts at least a portion of its tumor suppressive function by
controlling an angiogenic switch and identify VEGF and TSP-1
as tumor-relevant targets of the ubiquitous Smad4 signaling
cascade.

Materials and Methods
Cell Culture and Gene Transfer. Hs766T human pancreatic adeno-
carcinoma cells were obtained from the American Type Culture
Collection. Cells were maintained in DMEM supplemented with
antibiotics and 10% (volyvol) FCS (GIBCO). The full-length
coding sequence of Smad4yDPC4 was cloned into the pBK-
CMV expression vector (Stratagene) as described (26). Cells
were transfected by a standard calcium phosphate coprecipita-
tion method. Stable transfectants were selected with geneticin
(0.2 mgyml; GIBCO) and isolated by ring cloning.

RNA Isolation, Northern Hybridization, and RNase Protection Assay.
RNA was isolated from parental cells and transfectants by acid
phenol extraction. Northern blots and hybridization were per-
formed as described (27). Signal intensities were quantitated by
PhosphorImager analysis (Packard). RNase protection assays
were performed with RiboQuant MultiTemplate Sets (PharM-
ingen) according to the manufacturer’s instructions.
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Western Blot Analysis. Cell lysis, Western blots, and detection of
DPC4ySmad4 were performed as described (26). For VEGF
Western blots, cell culture supernatants were concentrated with
Centricon3 tubes, and 10 mg of total protein per lane was
separated under nonreducing conditions. VEGF was detected
with primary mouse monoclonal antibody no. 26503.11 (R & D
Systems). For TSP-1 Western blots, supernatants were concen-
trated with Centricon100 tubes, and 1 mg per lane was electro-
phoresed under reducing conditions. TSP-1 was detected with
antibody A6.1 (Oncogene Research Products).

In Vitro and in Vivo Growth Assay. For in vitro growth assays 1 3
105 cells were plated per 60-mm dish. Cells were counted from
duplicate plates every 2 or 3 days as indicated. For analysis of
TGF-b-mediated growth inhibition, 2 3 105 cells per 60-mm dish
were shifted to low serum medium [2% (volyvol) FCS] plus
TGF-b (5 ngyml; R & D Systems) 1 day after plating and were
re-fed with fresh medium plus TGF-b every 3 days. Cell numbers
were determined from triplicate plates as indicated. For tumor-
igenicity assays, suspensions of 5 3 106 cells in a volume of 0.1
ml of PBS were injected s.c. into the flanks of 7- to 8-week-old
female athymic nude mice (BALByc01aHsd-nuynu). Tumor
diameter was measured in two dimensions with a caliper twice
a week.

Angiogenesis Assays. Endothelial cell migration assays were per-
formed in a modified Boyden chamber as described (28). Briefly,
endothelial cells were plated in the lower wells of the chamber
and allowed to attach to the undersurface of a gelatinized
membrane (5-mm pore size). Serum-free conditioned medium
(20 mgyml) in DMEM with 0.1% BSA and other test substances
or neutralizing antibodies were added to the upper wells of the
chamber and incubated for 4 h at 37°C in 8% CO2. The filters
were stained, and the number of cells migrating to the top of the
membrane per 10 high-powered fields was counted. Results are
reported as percentage of induced migration compared with
standard inducer (VEGF at 0.1 ngyml) after subtraction of
background migration toward vehicle (0.1% BSA). All samples
were tested in quadruplicate.

In vivo neovascularization was assayed in the rat cornea as
described (28). Briefly, Hydron pellets containing conditioned
medium (200 mgyml) alone or with inducer (1 ngyml VEGF or
100 ngyml basic fibroblast growth factor) or neutralizing anti-
body to VEGF (5 mgyml) or TSP-1 (antibody A4.1 at 20 mgyml)
were implanted into the avascular cornea of anesthetized female
rats (Harlan–Sprague–Dawley, Indianapolis), approximately
1.0–1.5 mm from the limbus. On day 7, the animals were killed
and perfused with colloidal carbon; the eyes were fixed in 10%
(volyvol) buffered formalin; and the corneas were excised and
photographed. Vigorous in-growth of vessels toward the pellet
was scored as a positive response. This protocol was approved by
the Animal Care and Use Committee of Northwestern
University.

Histology and Antibody Staining. Histological sections were pre-
pared from fresh-frozen nude mouse tumors, fixed, and subjected
to immunohistochemistry with rat anti-mouse CD31 antibody
(PharMingen). Detection of primary antibody was performed with
mouse anti-rat secondary antibody and alkaline phosphatase anti-
alkaline phosphatase staining. Tissue sections (two to three per
tumor) from controls (24 analyzed) and revertant tumors (34
analyzed) were stained, and endothelial cords (width , 5 mm;
length . 20 mm), capillaries (diameter , 10 mm), medium-sized
vessels (diameter 10–50 mm), and large vessels (diameter . 50 mm)
were counted in three to five arbitrarily chosen optical fields per
section at the tumor periphery.

Results
Stable Reexpression of Smad4yDPC4 in Hs766T Pancreatic Carcinoma
Cells. To examine mechanisms of Smad4-mediated tumor sup-
pression, we performed reconstitution experiments of Smad4 in
human pancreatic adenocarcinoma cells. Stable transfections of
Hs766T, cells null for Smad4 (1), with a Smad4 expression
construct and an empty vector control yielded similar numbers
of G418 resistant clones, indicating lack of growth inhibitory or
toxic effects of the transferred Smad4 under normal culture
conditions. Northern blot analysis revealed reexpression of
Smad4 in about two-thirds of the clones derived from expression
vector transfections. Expression levels of Smad4 were compa-
rable among the positive clones (Fig. 1A), and Western blot
analysis confirmed stable reexpression of the Smad4 protein,
albeit at levels that were lower than endogenous protein levels
in Paca44 cells, which served as a representative positive control
(Fig. 1B). Smad4 reexpression did not exert pronounced effects
on the morphology of Hs766T cells and was not sufficient to
trigger significant responses in transient transfections of p3TPlux
or SBE6lux reporters. Transient overexpression of Smad4 and
co-overexpression of Smad3 plus Smad4 in Hs766T cells, how-
ever, increased luciferase expression from the SBE6lux reporter
by 2-fold and 7-fold in the absence of TGF-b and by 4-fold and
15-fold on TGF-b induction, respectively (data not shown).

Smad4yDPC4-Reexpressing Cells Retain TGF-b Resistance. Because
Hs766T cells, like many tumor cells, express high levels of
endogenous TGF-b (ref. 29 and unpublished data), one might
expect retarded cell growth of Smad4-positive cells through
restoration of an autocrine loop. Smad4-expressing and nonex-
pressing clones, however, possessed virtually identical popula-
tion doubling times in culture (Fig. 2A), consistent with the fact
that transfection efficiencies were not reduced. Moreover, ad-
dition of high concentrations of recombinant active TGF-b1 to
growth media also failed to inhibit the growth of either Smad4-
expressing or nonexpressing clones in vitro (Fig. 2B), whereas
growth of TGF-b responsive HaCat control cells was reduced by
66%. In line with this result, TGF-b in Hs766T cell clones failed
to induce cyclin-dependent kinase inhibitor p15, increased levels
of cyclin-dependent kinase inhibitor p21 by less than 2-fold, only,
irrespective of their Smad4 status, and did not affect the ratio of
hypophosphorylated pRB, in contrast to responsive HaCat cells
(data not shown). Expression analysis of further components of
the signal transduction pathway mediating TGF-b-induced
growth inhibition revealed significant expression levels of
Smad2, Smad3, and TGF-bRII in Hs766T cells, comparable to

Fig. 1. Reexpression of the human Smad4yDPC4 in the human pancreatic
adenocarcinoma cell line Hs766T. (A) Northern blot analysis of total RNA from
the parental cell line and stable transfectants hybridized with a human
Smad4yDPC4 cDNA probe. Lane 2, Hs766T parental cell line; lanes 3–7, Smad4y
DPC4 reconstituted clones D2, D4, D5, D8, and D9; lanes 8 and 9, negative
control clones K3 and K6. (B) Western blot analysis for the human Smad4y
DPC4 protein on total protein extracts. Lane 1, human pancreatic adenocar-
cinoma cell line Paca44 as control for endogenous Smad4yDPC4; lane 2,
Hs766T parental cell line; lanes 3–7, Smad4yDPC4 reconstituted clones; lanes
8 and 9, negative control clones.
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those in a panel of TGF-b responsive and nonresponsive cell
lines (data not shown). TGF-bRI specific signals, however, were
barely detectable in Smad4- positive or -negative transfectants
and in the parental cell line (Fig. 2C), consistent with a previous
report (29).

Reexpression of Smad4yDPC4 Induces Suppression of Tumorigenicity.
Tumorigenic potential in vivo is governed by complex processes
and has many requirements in addition to deregulated growth
control (for review see ref. 30). To assess directly Smad4’s
tumor-suppressive function, we performed tumorigenicity assays
in nude mice. Smad4-negative control cells when injected s.c.
yielded rapidly growing tumors, and animals had to be killed in
less than 3 weeks. In contrast, tumors derived from Smad4-
expressing clones showed a strong decrease of median tumor
mass at the same time (Fig. 3A), whereas tumor-take rates were
not reduced. Moreover, these small tumors came to a halt after
reaching 3–5 mm in diameter. Median tumor size did not change
significantly in the following 5 weeks when the experiment was
terminated (Fig. 3B). These results show that, although Smad4

was not sufficient to restore TGF-b sensitivity to Hs766T cells in
vitro, it was adequate to inhibit and to halt tumor growth.

Smad4yDPC4 Controls Expression Levels of VEGF and TSP-1. This
arrest of tumor growth at a small size suggested that angiogenesis
might be limiting. Expansion of solid tumors critically depends
on an adequate vascular supply, and the switch to an angiogenic
phenotype is a prerequisite for tumor growth and metastasis
(31–33). Therefore, we investigated expression levels of promi-
nent angiogenesis regulators in Smad4-expressing and nonex-
pressing cell clones. Strikingly, steady-state mRNA levels of the
potent angiogenesis activator VEGF were constitutively reduced
in all of the Smad4 reexpressing clones by 2- to 3-fold (Fig. 4A).
In addition, mRNA levels of the potent angiogenesis inhibitor
TSP-1 were increased approximately 3-fold in Smad4-
reexpressing clones. These results were confirmed in cells cul-
tivated in serum-free medium. VEGF and TSP-1 protein levels
in cell culture supernatants were shifted correspondingly (Fig.
4B), suggesting that Smad4 may regulate expression of VEGF
and TSP-1 in a reciprocal manner.

Smad4yDPC4 Controls an Angiogenic Switch. To test the possibility
that Smad4 controls angiogenic activity when expressed in

Fig. 2. Analysis of growth and TGF-b response in vitro and expression
analysis of TGF-b receptors. (A) Growth of Smad4yDPC4-reexpressing cell
clones and negative controls cultured in serum-supplemented growth me-
dium. (B) Growth of Smad4yDPC4-reexpressing cells and negative control cells
incubated in the absence (continuous bar) or presence (hatched bar) of TGF-b1
(5 ngyml) under reduced serum concentrations. (A and B) Cells were plated in
duplicate (A) or triplicate (B) for each time point, and results were confirmed
in at least two independent experiments. Note that error bars for standard
deviations are shown in B but are too narrow to be resolved. (C) Expression of
TGF-bRI and TGF-bRII as analyzed by RNase protection assay. Lane 1, probe;
lane 2, tRNA; lane 3, Hs766T parental cell line; lanes 4 and 5, Smad4yDPC4
negative control clones K3 and K6; lanes 6 and 7, Smad4yDPC4-reconstituted
clones D5 and D8.

Fig. 3. Suppression of tumor growth in vivo. (A) Mean mass of tumors
derived from control clones K3 and K6 and Smad4yDPC4-reexpressing clones
D4, D5, and D8 (mean of eight tumors each). All mice were killed, and tumors
were prepared and weighed by 17 days after s.c. injection, when tumors from
the control clones reached 10 mm in diameter. (B) Time course of tumor
growth derived from control clones and Smad4yDPC4-reexpressing clones in
an independent experiment (tumor volume 5 length 3 width2y2, mean of six
tumors from each clone).

Fig. 4. Smad4yDPC4-mediated shifts in VEGF and TSP-1 expression levels. (A)
Northern blot with total RNA was hybridized with a human VEGF cDNA probe,
stripped, and rehybridized with a TSP-1-specific cDNA probe. Lane 1, Hs766T
parental cell line; lanes 2 and 3, Smad4yDPC4-negative clones K3 and K6; lanes
4–6, Smad4yDPC4-reconstituted clones D4, D5, and D8. The difference in
expression levels was confirmed with at least three independent RNA prepa-
rations each. Quantification of RNA levels repeatedly revealed a reduction of
the VEGF steady-state mRNA level by a factor of two to three and induction of
TSP-1 expression by a factor of approximately three in Smad4yDPC4-
reexpressing clones grown in full medium or incubated in serum-free medium.
(B) VEGF and TSP-1 Western blots with protein from conditioned media. Lanes
2 and 3, Smad4yDPC4-negative clones K3 and K6; lanes 5 and 6, Smad4yDPC4-
reconstituted clones D5 and D8. The signals correspond to dimeric VEGF165
and trimeric TSP-1.
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revertant cells, the angiogenic potential of Smad4 reconstituted
and control cells was assessed directly by testing conditioned
media in endothelial cell migration assays in vitro and in rat
cornea neovascularization assays in vivo (Figs. 5 and 6). Super-
natants of Smad4-negative cells strongly stimulated endothelial
cell migration (Fig. 5A) and induced corneal neovascularization
(Fig. 6). Addition of a VEGF-neutralizing antibody reduced
these activities to background levels (Figs. 5B and 6), confirming
VEGF as an essential angiogenesis inducer in Smad4-negative
cells. In contrast, conditioned media of Smad4 expressing cells
failed to induce endothelial cell migration or neovascularization.
They were also capable of inhibiting angiogenesis induced by
VEGF or basic fibroblast growth factor. However, when TSP-1
was depleted by the addition of a neutralizing antibody, mod-
erate angiogenic activities reappeared, which could be further
elevated by the addition of VEGF (Figs. 5C and 6). Thus,
Smad4-mediated suppression of angiogenic activity was exerted
through two mechanisms: reduction of the major angiogenesis
inducer VEGF and induction of the angiogenesis inhibitor
TSP-1.

To determine whether the antiangiogenic phenotype of
Smad4-revertant cells was retained in vivo, we analyzed vascu-
larization of nude mouse tumors by immunostaining. Impor-
tantly, whereas endothelial cords were slightly more frequent in
Smad4-positive tumors, numbers of capillaries were reduced
slightly, and densities of medium-sized and large vessels were
reduced significantly to 68% and 50% of controls, respectively
(Fig. 7). Thus, Smad4 effects on VEGF and TSP-1 expression
may contribute to reduced tumor growth through diminished
vascular supply.

Discussion
Despite extensive knowledge of the biochemical properties of
Smad proteins, little is known about how the loss of Smad4

function contributes to the tumorigenic process. Herein, we
report the surprising result that Smad4-mediated suppression
of tumorigenicity in human pancreatic adenocarcinoma cells is
not due to restoration of TGF-b antiproliferative responses.
Instead, reexpression of Smad4 induced a shift in angiogenic
phenotype from inducing to inhibiting, defining an alternative
mechanism of Smad4-mediated tumor suppression.

Neovascularization through the induction of angiogenesis is a
prerequisite for growth of solid tumors beyond a microscopic
size (31, 32). In normal adult tissues, the physiological control of
angiogenesis is regulated by a balance of inducers and inhibitors
(32), and expression of these regulators is tightly controlled.
There is accumulating evidence that tumor suppressors may act
in part through suppression of angiogenesis. p53 (34–37), p16
(38), and the von Hippel–Lindau gene (39, 40) have all been
implicated in VEGF down-regulation, and wild-type p53 in-
creases expression of TSP-1 (31, 34, 37, 41). Herein, we show that
reexpression of Smad4 in pancreas carcinoma cells at the same
time decreased expression levels of VEGF and increased the

Fig. 5. Activation of endothelial cell migration by Smad4yDPC4-negative
control cells is due to VEGF, and inhibitory activity of Smad4yDPC4-
reconstituted cells is due to TSP-1. (A) Conditioned media (20 mgyml) were
tested to evaluate induction of migration in Smad4yDPC4-negative and
Smad4yDPC4-positive cells. (B) Conditioned media from Smad4yDPC4-
negative cells were tested in the absence or presence of neutralizing anti-
VEGF antibody (at 5 mgyml). (C) Conditioned media from Smad4yDPC4-
positive cells were tested in the absence or presence of neutralizing anti-TSP-1
antibody (20 mgyml) with or without addition of recombinant VEGF (0.1
ngyml). (D) Controls demonstrating the effect of neutralizing antibodies and
recombinant proteins. All samples were tested in quadruplicate. Bars, stan-
dard errors converted to percentages. All experiments were repeated and
gave virtually identical results.

Fig. 6. In vivo angiogenic activity of Smad4yDPC4-reconstituted clones and
negative control. (A) Hydron pellets containing conditioned medium (200
mgyml) alone or with inducer (1 ngyml VEGF or 100 ngyml basic fibroblast
growth factor) or neutralizing antibody to VEGF (5 mgyml) or TSP-1 (antibody
A4.1 at 20 mgyml) were implanted into the avascular rat cornea. Vigorous
in-growth of vessels from the limbus toward the pellet by 7 days was scored as
a positive response. (B) Representative photos of corneal responses from A.
(Bars 5 200 mm.)
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expression of TSP-1. Both changes were essential and, together,
were sufficient to shift the angiogenic phenotype of Hs766T cells
to antiangiogenic. The angiogenic switch seen in vitro was
maintained in vivo, where Smad4-expressing cells formed small
tumor nodules with reduced vascularization.

Both VEGF and TSP-1 are produced by the normal pancreas.
VEGF overexpression is a frequent finding in pancreatic carci-
nomas and has been associated with the dismal prognosis of
these tumors and their propensity for hematogenous metastasis
in the early phase of the disease (42). TSP-1 is a potent inhibitor
of neovascularization when soluble (43). It is also deposited in
the matrix, where it may function as a shield that hinders blood
vessel penetration into a tumor (44). Although TSP-1 is pro-
duced in pancreatic islets, where it activates TGF-b (45), its
expression in pancreatic adenocarcinomas has not yet been
investigated.

Stable transfer of Smad4 was not sufficient to restore a
TGF-b growth inhibitory response in Hs766T cells. There
could be several reasons for this outcome. Hs766T cells harbor
a variety of molecular alterations like mutations of the tumor
suppressor genes p53 and p16 (46, 47) that would be retained
in Smad4 revertants and may underlie retained resistance.
Moreover, low expression levels of TGF-bRI as well as low
expression levels of Smad4 as achieved in the reconstituted
Hs766T cells may limit antiproliferative responses. Oncogenic
activation of Ki-ras in concert with Smad4 inactivation may
cause TGF-b resistance in SW480 colon carcinoma cells (48),
but this reason seems unlikely here, because Hs766T cells
retain wild-type copies of Ki-ras.

Although our results do not disprove a role of Smad4 as
mediator of TGF-b growth inhibitory responses, a number of
recent findings further support our contention that loss of Smad4
may enhance tumorigenicity by mechanisms that are indepen-

dent of growth inhibition by TGF-b. Smad4 is dispensable for a
growth-inhibitory response in murine fibroblasts (49) and in
human pancreas carcinoma cells (50). Smad4 loss is often late in
tumor progression, after normal growth constraints would have
been overcome. The frequency of Smad4 inactivation in human
colon tumors is strongly increased on acquisition of metastasis
(8) and loss of Smad4 expression occurs late in the development
of pancreatic adenocarcinomas, coincident with the onset of
carcinomatous change (51). Experimental evidence from
Smad4-reconstituted SW480 colon carcinoma cells (26) and
from APCyDPC4 compound knockout mice (52) also indicates
that Smad4 may be related to the acquisition of invasive and
metastatic potential.

It is not yet clear how Smad4 controls VEGF and TSP-1. The
VEGF promoter does harbor several potential Smad-binding
sequences, an SBE-related sequence (53) at position 21,225,
two overlapping CAGA boxes (54) in the 59 untranslated
region, and a GC-rich sequence closely related to a FAST2y
DPC4-binding goosecoid promoter element (55) in the prox-
imal promoter region; thus, it could be controlled directly. The
TSP-1 promoter is devoid of currently known Smad-binding
elements. Because of the versatile ways by which Smad pro-
teins can regulate gene expression (56), indirect mechanisms
are conceivable.

It has been suggested previously, that Smad4, expressed at
limiting levels, may function to sense and interpret multiple
TGF-b related signals (57). In addition, as multiple signaling
pathways impinge on Smad family members, Smad4 may fine
tune the cellular response in a multistimulatory environment
(56). In line with this hypothesis, preliminary experimental
evidence indicates that stable restoration of Smad4 in Hs766T
cells may alter intricate signal integration mechanisms. On
treatment with recombinant TGF-b1, expression levels of VEGF
and TSP-1 were increased in both Smad4-positive and Smad4-
negative Hs766T clones; the Smad4-mediated differences in
expression levels, however, were retained. In conclusion, the
future understanding of Smad4 signaling may require models
that are based on a signaling network rather than a single linear
pathway. Detailed analysis of the expression profile and activa-
tion status of cytokines, receptors, Smad proteins, and interact-
ing transcription factors in tumor cells are needed to approach
that goal.

Our results do not support the prevailing view that Smad4’s
tumor suppressor function in pancreatic carcinoma cells primar-
ily resides in its capability to mediate TGF-b growth inhibitory
responses. Rather, they suggest that the acquisition of TGF-b
resistance and loss of Smad4 may be independent consecutive
events in the tumorigenic process, each contributing to success-
ful tumor development—one freeing tumor cells of direct
growth constraints by TGF-b, the other freeing the tumor of
indirect growth constraints imposed through limited vascular-
ization. Pancreatic adenocarcinomas characteristically express
increased levels of TGF-b isoforms, associated with alterations
of the extracellular matrix, induction of fibrosis and angiogen-
esis, and suppression of the immune response (58). It will be
interesting in the future to investigate Smad4 involvement in
mediating andyor counteracting these effects and to decipher the
underlying molecular mechanisms.
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Fig. 7. Vascularization of nude mouse tumors. CD31-immunostained section
through a tumor derived from Smad4yDPC4-negative control clone K3 (A) and
derived from Smad4yDPC4-positive clone D5 (B). Asterisks in A depict large
vessels (diameter . 50 mm), and medium-sized vessels (diameter 10–50 mm)
are indicated by arrows. (Bars 5 100 mm.) (C) Quantification of cords, capil-
laries, and vessels in Smad4-negative and Smad4-positive Hs766T nude mouse
tumors.
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11. Massagué, J., Hata, A. & Liu, F. (1997) Trends Cell Biol. 7, 187–192.
12. Derynck, R. & Feng, X.-H. (1997) Biochim. Biophys. Acta 1333, F105–F150.
13. Heldin, C.-H., Miyazono, K. & ten Dijke, P. (1997) Nature (London) 390,

465–471.
14. Roberts, A. B. & Sporn, M. B. (1990) Peptide Growth Factors and Their

Receptors, eds. Sporn, M. B. & Roberts, A. B. (Springer, Heidelberg), pp.
419–472.

15. Sporn, M. B. & Roberts, A. B. (1992) J. Cell Biol. 119, 1017–1021.
16. Kingsley, D. M. (1994) Genes Dev. 8, 133–146.
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