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Smad4 is a tumour suppressor gene frequently deleted in pancreatic cancer. To
investigate the roles of Smad4 deficiency in invasive and matastatic capabilities of
pancreatic cancer, we examined the effects of Smad4 deficiency on regulation of the
invasion suppressor E-cadherin in pancreatic cancer cell line PANC-1. TGF-b
decreased expression of E-cadherin and b-catenin proteins at the plasma membrane,
increased Snail and Slug mRNA expression, and induced fibroblastoid morphology in
PANC-1 cells. These effects of TGF-b were abrogated in Smad4-knocked-down PANC-1
cells. We also found that TGF-b-induced down-regulation of E-cadherin expression
was partially inhibited in Snail- and Slug-knocked-down PANC-1 cells. Thus, Smad4
mediates down-regulation of E-cadherin induced by TGF-b in PANC-1 cells, at least in
part, through Snail and Slug induction. These results suggest that Smad4 deficiency
observed in invasive and metastatic pancreatic cancer might not be linked to the loss
of E-cadherin.
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Smad4 was originally identified as a tumour suppressor
gene (DPC4: deleted in pancreatic cancer, locus 4)
functionally inactivated in one-half of pancreatic adeno-
carcinoma (1). Subsequent studies have revealed that
Smad4 belongs to the Smad gene family, which encodes
intracellular signalling mediator of the transforming
growth factor-b (TGF-b) superfamily of cytokines (2, 3).
TGF-b binds to two different types of serine/threonine
kinase receptors, termed type I and type II. The
activated heteromeric complex of TGF-b type I and
type II receptors induces phosphorylation of Smad2 and
Smad3, which form hetero-oligomeric complexes with
Smad4. The complexes then translocate to the nucleus
and regulate transcriptional responses together with
DNA binding co-factors.
Since TGF-b is a potent inhibitor of the growth of

epithelial cells (4), the tumour-suppressor function of
Smad4 in pancreatic cancer has been attributed to its
capacity to mediate TGF-b-induced growth inhibition.
However, recent studies propose that loss of Smad4 may
be associated with invasive and metastatic capabilities
of the tumour through various mechanisms (5–8).
For example, Schwarte-Waldhoff et al. (7) reported that
Smad4-deficient pancreatic cancer cells showed increased
vascular endothelial growth factor (VEGF) expression

associated with their capabilities of in vivo metastasis
through enhanced angiogenesis.
E-cadherin is a 120 kDa tramsmembrane glycoportoein

that connects cells via homotypic interactions (9). Its
cytoplasmic domain associates with a family of submem-
branous cytoplasmic proteins termed the catenins:
a-catenin, b-catenin, g-catenin and p120 (10). They link
E-cadherin to the cytoskeleton, thus acting as a scaffold
for the maintenance of cell architecture. The E-cadherin–
catenin complexes represent the main adhesion system
responsible for the maintenance of cell–cell contacts in
epithelial tissues (10).
It is now recognized that E-cadherin may act as a

tumour suppressor (11). Numerous studies have shown
that down-regulation of E-cadherin expression or func-
tional perturbation of the E-cadherin–catenin complexes
has been found to occur very frequently during the
progression of carcinomas and is associated with an
invasive and matastatic phenotype of the tumours.
Regarding pancreatic cancer, loss of membranous
E-cadherin expression was associated with high grade
and advanced stage of the cancer (12–14). Furthermore,
Perl et al. (15) elegantly showed that the loss of E-cadherin
expression coincided with the transition from well differ-
entiated adenoma to invasive carcinoma in a transgenic
mouse model of pancreatic b-cell carcinogenesis, giving
further support for a role of E-cadherin as an ‘invasive
suppressor’ of pancreatic cancer.
In this study, we therefore hypothesized that loss

of Smad4 might be linked to down-regulation of the
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invasive suppressor E-cadherin in pancreatic cancer
cells, resulting in acquisition of highly metastatic
capabilities of the tumour. Contrary to our expectations,
the current results using Smad4-knockdown pancreatic
cancer cell lines suggest that Smad4 is essential for
down-regulation of E-cadherin induced by TGF-b in
pancreatic cancer cell lines and Smad4 deficiency may
not be associated with selective loss of E-cadherin
observed in advanced pancreatic cancer.

MATERIALS AND METHODS

Cell Lines—The Grade III undifferentiated
human pancreatic cancer cell line, PANC-1 (16),
was purchased from the American Type Culture
Collection (Rockville, MD, USA). Human pancreatic
adenocarcinoma cell lines PK-8 and PK-9 were obtained
from Dr M. Kobari (Sendai, Japan) (17). Human
keratinocyte cell line HaCaT cells were previously
obtained from Dr N.E. Fusenig (DKFZ, Heidelberg,
Germany) (18). These cells were maintained in
Dulbecco’s Modified Eagle Medium (DMEM) (Gibco/
Invitrogen, Carsbad, CA) containing 10% FCS and
100mg/ml streptomycin.
Establishment of Smads-knocked-down Cell Lines—We

have established Smad2-knocked-down, Smad3-knocked-
down, Smad4-knocked-down PANC-1 cells and control
Smad4-intact PANC-1 cells, which are designated
PANC-1-S2KD, PANC-1-S3KD, PANC-1-S4KD and
PANC-1-puro, by using the stable RNA interference
(RNAi) method as previously described (19, 20). PK-8
and HaCaT cells stably transfected with the plasmid
expressing siRNA that targeted Smad4 (S4KD) or with
the empty plasmid (puro) were also established as
previously described (19, 20).
Reagents—Human recombinant TGF-b1 was pur-

chased from R&D Inc. (Minneapolis, MN, USA).
PD98059, SB203580 and LY294002 were purchased
from CALBIOCHEM (San Diego, CA, USA) and
SB202190, SP600125 were purchased from Biomol
Research Laboratories, Inc. (Plymouth Meeting, PA,
USA). Human Snail and Slug siRNA were purchased
from Santa Cruz Biotechnology Inc. (Santa Cruz, CA,
USA). Transfection of Snail and Slug siRNAs into
PANC-1 cells was performed according to the manu-
facturer’s instruction.
Western Blot—Western blot analysis was performed

by using antibodies for E-cadherin (Beckton Dickinson,
San Jose, CA, USA), Smad2/3, Smad4 (Transduction
Laboratories Inc.) and b-actin (Cell Signaling
Technology Inc., Beverly, MA, USA) as previously
described (19, 20).
Immunofluorescence—Cells were grown to confluency

on 8-well chamber slides, rinsed with PBS and fixed with
ice-cold 100% methanol for 5min at �208C. The fixed
cells were incubated with primary antibody, anti human
E-cadherin (dilution 1:50 in PBSþ 1% BSA) (Beckton
Dickinson) for 1 h followed by FITC secondary antibodies
(dilution 1:50 in PBSþ 1% BSA) (Dako Cytomation,
Kyoto, Japan). Samples were mounted with mounting
medium (Dako Cytomation) and examined under an
ultraviolet light microscope.

Quantitative Real-time PCR—Quantitative real-time
PCR with specific primers and probes (purchased from
Applied Biosystems) was performed using the ABI7500
real-time PCR system (Applied Biosystems, Foster City,
CA, USA) as previously described (19, 20).
ELISA—Cells were cultured in serum-free DMEM for

indicated times and the amounts of TGF-b2 and VEGF in
the culture supernatants were determined by using the
human TGF-b2 and VEGF ELISA kit (R&D Inc.).
Data Analysis—Values represent the mean�SD of

triplicate samples per group. An unpaired Student’s
t-test was used for the statistical analysis of the results.
P50.05 was considered to be significant.

RESULTS

Smad4 Deficiency Attenuates Down-regulation of
E-cadherin Induced by TGF-� in Human Pancreatic
Carcinoma Cell Line PANC-1—The human pancreatic
carcinoma cell line, PANC-1, expressed functional TGF-b
type I and II receptors and Smads (21–23). In addition,
Nakajima et al. (24) recently reported that TGF-b
decreased E-cadherin expression in PANC-1 cells with
a change to a fibroblastoid morphology (24). Consistent
with these findings, Western blot and immunofluores-
cence study showed that control PANC-1-puro cells
expressed E-cadherin, which was down-regulated by
addition of TGF-b (Fig. 1A and B). PANC-1-puro cells
also showed a change from epithelial to spindle fibro-
blastic shaped morphology upon TGF-b stimulation
(Fig. 1B). We also found significant b-catenin expression
at the plasma membrane in PANC-1-puro cells, which
was down-regulated by TGF-b (Fig. 1B). In contrast,
treatment with TGF-b did not affect E-cadherin expres-
sion, epithelial morphology, and b-catenin expression
at the plasma membrane in Smad4-knocked-down
PANC-1-S4KD cells (Fig. 1A and B). These results
indicated that Smad4 is essential for TGF-b-induced
down-regulation of E-cadherin in PANC-1 cells.
Smad4 Deficiency Attenuates Down-regulation of

E-cadherin Induced by TGF-� in PK-8, PK-9 and
HaCaT Cell Lines—To determine whether Smad4 is
essential for TGF-b-induced down-regulation of
E-cadherin in other cell lines, we examined the effect of
Smad4 deficiency on TGF-b-induced down-regulation
of E-cadherin in human pancreatic cancer cell line
PK-8 and human keratinocyte cell line HaCaT. Both
cell lines express Smad4 and respond to TGF-b (25, 26).
Similar to the results obtained in PANC-1 cells, immuno-
fluorescence study showed that TGF-b down-regulated
E-cadherin expression in control, but not in Smad4-
knocked-down, PK-8 and HaCaT cells (Fig. 2A and B).
We also found that PK-9 human pancreatic cancer cell
line, which lacked Smad4 expression (25), expressed
E-cadherin, which was not affected by stimulation with
TGF-b (Fig. 2C). These results suggest that an essential
role of Smad4 in TGF-b-induced down-regulation of
E-cadherin is not specific to PANC-1 cells and may be
a general phenomenon.
Smad4 Deficiency Attenuates TGF-�-induced Expres-

sion of Snail and Slug mRNAs in PANC-1 Cells—
Transcriptional repression mechanisms have emerged
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as one of the crucial processes for the down-regulation of
E-cadherin expression during development and tumour
progression (27). Several E-cadherin transcriptional
repressors have been characterized (Snail, E12/E47,
ZEB-1, SIP-1 and Slug) and shown to act through an
interaction with proximal E-boxes of the E-cadherin
promoter (27–29). Recently, TGF-b was reported to be a
regulator of Snail and Slug expression and involved in
down-regulation of E-cadherin (30, 31). We thus exam-
ined the effects of Smad4 deficiency on Snail and Slug
expression in PANC-1 cells. As shown in Fig. 3A, real-
time PCR analysis showed that expression of Snail and
Slug mRNA was induced by TGF-b in PANC-1-puro cells.
Induction of Snail mRNA by TGF-b was observed in the
presence of cyclohexamide (CHX), suggesting that
de novo protein synthesis is not required for the Snail
mRNA induction (Fig. 3A). On the other hand, Slug
mRNA expression was increased in the presence of CHX
alone and TGF-b did not up-regulate Slug mRNA

expression in the presence of CHX. Thus, de novo protein
synthesis may be required for the Slug mRNA induction
(Fig. 3A). In PANC-1-S4KDcells, TGF-b-induced Snail
and Slug expression was abrogated (Fig. 3B). To
determine whether TGF-b/Smad4-dependent Snail
and Slug expression is required for TGF-b-induced
down-regulation of E-cadherin, we examined the effects
of Snail or Slug deficiency on TGF-b-induced down-
regulation of E-cadherin in PANC-1 cells. As shown in
Fig. 4A and B, TGF-b-induced down-regulation of
E-cadherin was partially suppressed in Snail- and Slug-
knocked-down PANC-1 cells. These results suggest that
TGF-b/Smad4-dependent Snail and Slug expressions
are, at least in part, required for TGF-b-induced down-
regulation of E-cadherin in PANC-1 cells.
Smad4 Deficiency Attenuates TGF-�-induced TGF-�

and VEGF Production in PANC-1 Cells—Previous
studies have suggested that Smad4 deficiency augments
TGF-b and VEGF production of pancreatic cancer cells,
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Fig. 1. Smad4 deficiency attenuates down-regulation of
E-cadherin induced by TGF-b in human pancreatic
carcinoma cell line PANC-1. Smad4-knockdown PANC-1
cells (PANC-1-S4KD) and control Smad4-intact PANC-1 cells
(PANC-1-puro) were established as described in the section
‘Materials and Methods’. (A) Cells were stimulated with
10ng/ml TGF-b for 3 or 6 days and, then, cell lysates were
subjected to Western blot analysis with specific antibodies for
E-cadherin, Smad4 and b-actin. (B) (Upper panels) Phase
contrast microphotographs showing morphology of a represen-
tative PANC-1-puro and PANC-1-S4KD cells in response to 72h
stimulation of 10ng/ml TGF-b1; (middle and bottom panels) cells
were stimulated with 10ng/ml TGF-b for 72h and, then, were
subjected to immunofluorescence analysis with specific anti-
bodies for E-cadherin and b-catenin. Similar results were
obtained at least in three independent experiments.
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Fig. 2. Smad4 deficiency attenuates down-regulation of
E-cadherin induced by TGF-b in human pancreatic
carcinoma cell lines PK-8 and PK-9 and in human
keratinocyte cell line HaCaT. Smad4-knockdown PK-8 cells
and HaCaT cells (PK-8-S4KD, HaCaT-S4KD) and control
Smad4-intact PK-8 and HaCaT cells (PK-8-puro, HaCaT-puro)
were established as described in the section ‘Materials and
Methods’. PK-8-puro or PK-8-S4KD (A), HaCaT-puro or HaCaT-
S4KD (B), or Smad4-deficient PK-9 cells (C) were stimulated
with 10ng/ml TGF-b for 3 days and, then, were subjected to
immunofluorescence analysis with specific antibodies for
E-cadherin and b-catenin. Similar results were obtained at
least in three independent experiments.
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which is associated with invasive and metastatic cap-
abilities of pancreatic cancer cells (7, 8). Thus, we further
examined the effects of Smad4 deficiency on TGF-b and
VEGF production in PANC-1 cells (Fig. 5). Real-time
PCR analysis showed that Smad7 mRNA induction,
which was dependent of Smad4 (32), was abolished in
PANC-1-S4KD cells, confirming the specific-knockdown
of Smad4 in the cells. TGF-b1 significantly induced
TGF-b1 and TGF-b2 mRNA expression in PANC-1-puro
cells whereas it was abrogated in PANC-1-S4KD cells. In
addition, ELISA assay showed that TGF-b-induced
VEGF production was partially, but significantly, sup-
pressed in PANC-1-S4KD cells (Fig. 5B). These results
indicated that Smad4 is involved in TGF-b-induced
TGF-b and VEGF expression in PANC-1 cells.
Smad3, but not Smad2, Deficiency Attenuates Down-

regulation of E-cadherin Induced by TGF-� in PANC-1—
Finally, we examined the effects of deficiency of other

Smads or non-Smad pathways on down-regulation of
E-cadherin induced by TGF-b in PANC-1 cells. As shown
in Fig. 6A, Smad2-knockdown and Smad3-knockdown
PANC-1 cells showed reduced expression of Smad2 and
Smad3. Smad3, but not Smad2, deficiency attenuated
down-regulation of E-cadherin induced by TGF-b in
PANC-1 cells. In addition, an ERK inhibitor PD98059
and a p38 inhibitor SB203580 marginally suppressed
down-regulation of E-cadherin induced by TGF-b in
PANC-1 cells (Fig. 6B). In contrast, a JNK inhibitor
SP600125 and a PI3K inhibitor LY294002 did not affect
down-regulation of E-cadherin induced by TGF-b in
PANC-1 cells (Fig. 6B). It was shown that SB203580
(a p38 inhibitor) was not completely specific to p38 and
it also inhibited TGF-b signaling (33). Therefore, we
examined the effects of SB202190, another selective p38
kinase inhibitor, on the down-regulation of E-cadherin
induced by TGF-b in PANC-1 cells. SB202190 did not
affect TGF-b-induced decrease of E-cadherin expression
(Fig. 6B). These results suggested that Smad3 was also
necessary for down-regulation of E-cadherin induced by
TGF-b in PANC-1 cells and the ERK pathway was only
partially involved in the regulation of E-cadherin.

DISCUSSION

Recent studies suggest that loss of Smad4 may enhance
tumourgenicity by mechanisms independent of growth
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Fig. 3. Smad4 deficiency attenuates TGF-b-induced exp-
ression of Snail and Slug mRNAs in PANC-1 cells.
(A) cDNAs were obtained from PANC-1-puro after 6h stimula-
tion with 10ng/ml TGF-b in the presence or absence of 10mg/ml
cyclohexamide (CHX). Then, real-time PCR was performed
using specific primers for Snail, Slug, and GAPDH. (B) cDNAs
were obtained from PANC-1-puro and PANC-1-S4KD cells after
6h stimulation with 10ng/ml TGF-b and, then, real-time PCR
was performed using specific primers for Snail, Slug, and
GAPDH. The ratio of each gene to that of GAPDH was
calculated, and the value of 1.0 was assigned to the PANC-1
wild-type cells that were incubated without TGF-b1. Values
represent the mean�SD of triplicate samples per group.
*P50.05 compared with corresponding control. Similar results
were obtained at least in three independent experiments.
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Fig. 4. Snail and Slug deficiency partially attenuates
TGF-b-induced down-regulation of E-cadherin expression
in PANC-1 cells. (A) PANC-1 cells were transfected with Snail,
Slug, or control siRNAs according to the manufacturer’s
instruction. At 72h after the transfection, cells were stimulated
with 10ng/ml TGF-b for 3 days and, then, cell lysates were
subjected to western blot analysis with specific antibodies for
E-cadherin and b-actin. (B) The density of the detected bands
(E-cadherin and b-actin) was quantified in a Chemi Doc XRS-J,
and the ratio (E-cadherin/b-actin) was calculated and presented
below the western blot panel.
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inhibition by TGF-b. Indeed, loss of Smad4 expression
occurs late in the development of pancreatic cancer (34)
and may be associated with invasive and metastatic
capabilities of the tumour through various mechanisms
(5–8). Our current results, however, suggest that Smad4

is essential for TGF-b-induced down-regulation of
E-cadherin in PANC-1 cells, at least in part, through
up-regulation of E-cadherin repressors Snail and Slug
(Figs 1, 3 and 4). In addition, Smad4 also appears to be
required for TGF-b-induced TGF-b and, although par-
tially, for TGF-b-induced VEGF production by PANC-1
cells (Fig. 5). Thus, loss of Smad4 might not be associated
with loss of E-cadherin expression and also up-regulation
of TGF-b and VEGF production frequently observed in
advanced pancreatic cancer (12–14, 35).
We showed that Smad4 deficiency abrogated down-

regulation of E-cadherin induced by TGF-b in PANC-1
cells (Fig. 1). However, Muller et al. (6) previously
reported that Smad4 induced E-cadherin in colon
cancer cells, which was in contrast to our results. They
showed that re-expression of Smad4 at physiological
levels in Smad4-deficient SW480 colon cancer cell line
transcriptionally induced E-cadherin and re-established
epithelial morphology of the cells although they did not
examine expression of Snail family of E-cadherin repres-
sors in the cells. Thus, it is possible that Smad4
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Fig. 5. Smad4 deficiency attenuates TGF-b-induced TGF-b
and VEGF production in PANC-1 cells. (A) cDNAs were
obtained from PANC-1-puro and PANC-1-S4KD cells after
indicated hours or 12h stimulation with 10ng/ml TGF-b1 and,
then, real-time PCR was performed using specific primers for
Smad7, TGF-b1, TGF-b2 and GAPDH. The ratio of each gene to
that of GAPDH was calculated, and the value of 1.0 was
assigned to the PANC-1 wild-type cells that were incubated
without TGF-b1. (B) Culture supernatants were obtained from
PANC-1-puro and PANC-1-S4KD cells after 48h stimulation
with 10ng/ml TGF-b1 and, then, concentrations of TGF-b2 and
VEGF were measured by ELISA. Values represent the
mean�SD of triplicate samples per group. *P50.05 compared
with corresponding control.
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Fig. 6. Smad3, but not Smad2, deficiency attenuates
down-regulation of E-cadherin induced by TGF-b in
PANC-1 cells. (A) Smad2- and Smad3-knockdown PANC-1
cells (PANC-1-S2KD, PANC-1-S3KD) and control Smad4-intact
PANC-1 cells (PANC-1-puro) were established as described in
the section ‘Materials and Methods’. Cells were stimulated with
10ng/ml TGF-b for 6 days and, then, cell lysates were subjected
to Western blot analysis with specific antibodies for E-cadherin,
Smad2/3, and b-actin. (B) PANC-1-S4KD or PANC-1-puro cells
were stimulated with 10ng/ml TGF-b in the presence or absence
of indicated concentrations of several inhibitors (PD98059,
SB203580, SP600125, LY294002, SB212190) for 6 days and,
then, cell lysates were subjected to western blot analysis with
specific antibodies for E-cadherin and b-actin. Similar results
were obtained at least three independent experiments.
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deficiency might give different impacts on colon and
pancreatic cancer cells.
We showed that Smad4 deficiency abrogated TGF-

b-induced TGF-b and VEGF production in PANC-1
cells (Fig. 5). These results were also in contrast to the
findings by Subramanian et al. (8) and Schwarte-
Waldhoff et al. (7). They reported that Smad4 deficiency
activated endogenous TGF-b signalling and expression,
and VEGF production, respectively, in pancreatic cancer
cell lines. Different pancreatic cancer cell lines used in
their (BxPC-3 cells, Hs766T cells) and our (PANC-1 cells)
studies might explain the different outcomes. This issue,
however, remains to be determined in future analysis.
We showed that Smad3, but not Smad2, deficiency

attenuated down-regulation of E-cadherin induced by
TGF-b in PANC-1 cells (Fig. 6A). It is reported that
Smad3 null mutant mice are viable and fertile in
contrast to Smad2 null mice that show early embryonic
lethality, suggesting distinct roles of Smad2 and Smad3
in vivo (36). In addition, in vitro studies suggest that
Smad2 and Smad3 have unique, non-overlapping roles in
control of target gene expression by TGF-b (37, 38). Our
results also suggest the specific role for Smad2 and
Smad3 for TGF-b signalling.
Ellenrieder et al. (39) reported TGF-b induced epithe-

lial mesenchymal transition (EMT) through MAPK/
ERK pathway in PANC-1 cells. They showed that
TGF-b induced a fibroblastoid morphology, up-regulated
mesenchymal markers, and down-regulated epithelial
markers in PANC-1 cells although they did not examine
E-cadherin expression as an epithelial marker. Our
results showed that PD98059, an ERK inhibitor used in
their study, only marginally affected TGF-b-induced
decrease of E-cadherin in PANC-1 cells (Fig. 6B).
Therefore, E-cadherin expression might undergo differ-
ent regulation (i.e. Smad-dependent regulation) by
TGF-b from other EMT-associated molecular events.
Recently, Han et al. (40) suggest that down-regulation

of E-cadherin/catenin complex by TGF-b may not be
associated with metastatic capabilities of skin cancers.
They showed that chemically induced skin papilloma
in double transgenic mouse expressing TGF-b and
dominant negative TGF-b type II receptor (DNRII)
progressed to metastasis without losing expression of
the membrane-associated E-cadherin/catenin complex
and at a rate higher than those observed in non-
transgenic, TGF-b1-transgenic, or DNRII-transgenic
mice. Thus, mechanisms independent of E-cadherin loss
might be also involved in invasive and metastatic
capabilities of pancreatic cancer.
In summary, we demonstrated that Smad4 was

essential for down-regulation of E-cadherin induced by
TGF-b in pancreatic cancer cell line PANC-1 and also in
other TGF-b-responsive cell lines. Our results suggest
that mechanisms independent of loss of E-cadherin might
be involved in invasive or metastatic capabilities of
advanced pancreatic cancer cells that lack Smad4.
However, the in vitro system may not be relevant to
the in vivo situation of pancreatic cancer. Thus, the roles
of Smad4 deletion in the invasive/metastatic phenotype
of pancreatic cancer should be investigated using the
in vivo experimental models in future studies.

The authors thank Michiyo Matsumoto and Yuko Ohnuma
for their valuable secretarial assistance and Mutsuko Hara
for general assistance. This work was supported in part by
the grants from the Ministry of Education, Culture, Sports,
Science and Technology, Japan and from the Ministry of
Health, Labor and Welfare, Japan.

REFERENCES

1. Hahn, S.A., Schutte, M., Hoque, A.T., Moskaluk, C.A.,
da Costa, L.T., Rozenblum, E., Weinstein, C.L.,
Fischer, A., Yeo, C.J., Hruban, R.H., and Kern, S.E. (1996)
DPC4, a candidate tumor suppressor gene at human
chromosome 18q21.1. Science 271, 350–353

2. Heldin, C.H., Miyazono, K., and ten Dijke, P. (1997) TGF-b
signalling from cell membrane to nucleus through SMAD
proteins. Nature 390, 465–471

3. Massague, J. (2000) How cells read TGF-b signals. Nat. Rev.
Mol. Cell. Biol. 1, 169–178

4. Derynck, R., Akhurst, R.J., and Balmain, A. (2001) TGF-b
signaling in tumor suppression and cancer progression.
Nat. Genet. 29, 117–129

5. Duda, D.G., Sunamura, M., Lefter, L.P., Furukawa, T.,
Yokoyama, T., Yatsuoka, T., Abe, T., Inoue, H., Motoi, F.,
Egawa, S., Matsuno, S., and Horii, A. (2003) Restoration
of SMAD4 by gene therapy reverses the invasive phenotype
in pancreatic adenocarcinoma cells. Oncogene 22, 6857–6864

6. Muller, N., Reinacher-Schick, A., Baldus, S., van Hengel, J.,
Berx, G., Baar, A., van Roy, F., Schmiegel, W., and
Schwarte-Waldhoff, I. (2002) Smad4 induces the tumor
suppressor E-cadherin and P-cadherin in colon carcinoma
cells. Oncogene 21, 6049–6058

7. Schwarte-Waldhoff, I., Volpert, O.V., Bouck, N.P., Sipos, B.,
Hahn, S.A., Klein-Scory, S., Luttges, J., Kloppel, G.,
Graeven, U., Eilert-Micus, C., Hintelmann, A., and
Schmiegel, W. (2000) Smad4/DPC4-mediated tumor sup-
pression through suppression of angiogenesis. Proc. Natl.
Acad. Sci. USA 97, 9624–9629

8. Subramanian, G., Schwarz, R.E., Higgins, L., McEnroe, G.,
Chakravarty, S., Dugar, S., and Reiss, M. (2004) Targeting
endogenous transforming growth factor-b receptor signaling
in SMAD4-deficient human pancreatic carcinoma cells
inhibits their invasive phenotype1. Cancer Res. 64,
5200–5211

9. Geiger, B. and Ayalon, O. (1992) Cadherins. Annu. Rev.
Cell Biol. 8, 307–332

10. Gumbiner, B.M. (2005) Regulation of cadherin-mediated
adhesion in morphogenesis. Nat. Rev. Mol. Cell Biol. 6,
622–634

11. Takeichi, M. (1993) Cadherins in cancer: implications for
invasion and metastasis. Curr. Opin. Cell Biol. 5, 806–811

12. Gunji, N., Oda, T., Todoroki, T., Kanazawa, N.,
Kawamoto, T., Yuzawa, K., Scarpa, A., and Fukao, K.
(1998) Pancreatic carcinoma: correlation between
E-cadherin and a-catenin expression status and liver
metastasis. Cancer 82, 1649–1656

13. Pignatelli, M., Ansari, T.W., Gunter, P., Liu, D., Hirano, S.,
Takeichi, M., Kloppel, G., and Lemoine, N.R. (1994) Loss of
membranous E-cadherin expression in pancreatic cancer:
correlation with lymph node metastasis, high grade, and
advanced stage. J. Pathol. 174, 243–248

14. Weinel, R.J., Neumann, K., Kisker, O., and Rosendahl, A.
(1996) Expression and potential role of E-cadherin in
pancreatic carcinoma. Int. J. Pancreatol. 19, 25–30

15. Perl, A.K., Wilgenbus, P., Dahl, U., Semb, H., and
Christofori, G. (1998) A causal role for E-cadherin in the
transition from adenoma to carcinoma. Nature 392, 190–193

16. Lieber, M., Mazzetta, J., Nelson-Rees, W., Kaplan, M., and
Todaro, G. (1975) Establishment of a continuous tumor-cell

350 S. Takano et al.

J. Biochem.

 at U
niversidade Federal do Pará on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


line (panc-1) from a human carcinoma of the exocrine
pancreas. Int. J. Cancer 15, 741–747

17. Kobari, M., Hisano, H., Matsuno, S., Sato, T., Kan, M., and
Tachibana, T. (1986) Establishment of six human pancreatic
cancer cell lines and their sensitivities to anti-tumor drugs.
J. Exp. Med. 150, 231–248

18. Boukamp, P., Petrussevska, R.T., Breitkreutz, D.,
Hornung, J., Markham, A., and Fusenig, N.E. (1988)
Normal keratinization in a spontaneously immortalized
aneuploid human keratinocyte cell line. J. Cell Biol. 106,
761–771

19. Jazag, A., Ijichi, H., Kanai, F., Imamura, T., Guleng, B.,
Ohta, M., Imamura, J., Tanaka, Y., Tateishi, K.,
Ikenoue, T., Kawakami, T., Arakawa, Y., Miyagishi, M.,
Taira, K., Kawabe, T., and Omata, M. (2005) Smad4
silencing in pancreatic cancer cell lines using stable RNA
interference and gene expression profiles induced by
transforming growth factor-b. Oncogene 24, 662–671

20. Jazag, A., Kanai, F., Ijichi, H., Tateishi, K., Ikenoue, T.,
Tanaka, Y., Ohta, M., Imamura, J., Guleng, B., Asaoka, Y.,
Kawabe, T., Miyagishi, M., Taira, K., and Omata, M. (2005)
Single small-interfering RNA expression vector for silencing
multiple transforming growth factor-beta pathway com-
ponents. Nucleic Acids Res. 33, e131

21. Baldwin, R.L., Friess, H., Yokoyama, M., Lopez, M.E.,
Kobrin, M.S., Buchler, M.W., and Korc, M. (1996)
Attenuated ALK5 receptor expression in human pancreatic
cancer: correlation with resistance to growth inhibition.
Int. J. Cancer 67, 283–288

22. Grau, A.M., Zhang, L., Wang, W., Ruan, S., Evans, D.B.,
Abbruzzese, J.L., Zhang, W., and Chiao, P.J. (1997)
Induction of p21waf1 expression and growth inhibition by
transforming growth factor-b involve the tumor suppressor
gene DPC4 in human pancreatic adenocarcinoma cells.
Cancer Res. 57, 3929–3934

23. Schutte, M., Hruban, R.H., Hedrick, L., Cho, K.R.,
Nadasdy, G.M., Weinstein, C.L., Bova, G.S., Isaacs, W.B.,
Cairns, P., Nawroz, H., Sidransky, D., Casero, R.A. Jr,
Meltzer, P.S., Hahn, S.A., and Kern, S.E. (1996) DPC4 gene
in various tumor types. Cancer Res. 56, 2527–2530

24. Nakajima, S., Doi, R., Toyoda, E., Tsuji, S., Wada, M.,
Koizumi, M., Tulachan, S.S., Ito, D., Kami, K., Mori, T.,
Kawaguchi, Y., Fujimoto, K., Hosotani, R., and
Imamura, M. (2004) N-cadherin expression and epithelial-
mesenchymal transition in pancreatic carcinoma. Clin.
Cancer Res. 10, 4125–4133

25. Wada, M., Yazumi, S., Takaishi, S., Hasegawa, K.,
Sawada, M., Tanaka, H., Ida, H., Sakakura, C., Ito, K.,
Ito, Y., and Chiba, T. (2004) Frequent loss of RUNX3 gene
expression in human bile duct and pancreatic cancer cell
lines. Oncogene 23, 2401–2407

26. Shimizu, A., Kato, M., Nakao, A., Imamura, T.,
ten Dijke, P., Heldin, C.H., Kawabata, M., Shimada, S.,
and Miyazono, K. (1998) Identification of receptors and
Smad proteins involved in activin signalling in a human
epidermal keratinocyte cell line. Genes Cells 3, 125–134

27. Hemavathy, K., Ashraf, S.I., and Ip, Y.T. (2000) Snail/slug
family of repressors: slowly going into the fast lane of
development and cancer. Gene 257, 1–12

28. Cano, A., Perez-Moreno, M.A., Rodrigo, I., Locascio, A.,
Blanco, M.J., del Barrio, M.G., Portillo, F., and Nieto, M.A.

(2000) The transcription factor snail controls epithelial-
mesenchymal transitions by repressing E-cadherin
expression. Nat. Cell Biol. 2, 76–83

29. Hajra, K.M., Chen, D.Y., and Fearon, E.R. (2002) The SLUG
zinc-finger protein represses E-cadherin in breast cancer.
Cancer Res. 62, 1613–1618

30. Peinado, H., Quintanilla, M., and Cano, A. (2003)
Transforming growth factor b-1 induces snail transcrip-
tion factor in epithelial cell lines: mechanisms for
epithelial mesenchymal transitions. J. Biol. Chem. 278,
21113–21123

31. Romano, L.A. and Runyan, R.B. (2000) Slug is an essential
target of TGF-b2 signaling in the developing chicken heart.
Dev. Biol. 223, 91–102

32. Nagarajan, R.P., Zhang, J., Li, W., and Chen, Y.
(1999) Regulation of Smad7 promoter by direct
association with Smad3 and Smad4. J. Biol. Chem.
274, 33412–33418

33. Inman, G.J., Nicolas, F.J., Callahan, J.F., Harling, J.D.,
Gaster, L.M., Reith, A.D., Laping, N.J., and Hill, C.S. (2002)
SB-431542 is a potent and specific inhibitor of transforming
growth factor-beta superfamily type I activin receptor-like
kinase (ALK) receptors ALK4, ALK5, and ALK7.
Mol. Pharmacol. 62, 65–74

34. Wilentz, R.E., Iacobuzio-Donahue, C.A., Argani, P.,
McCarthy, D.M., Parsons, J.L., Yeo, C.J., Kern, S.E., and
Hruban, R.H. (2000) Loss of expression of Dpc4 in
pancreatic intraepithelial neoplasia: evidence that DPC4
inactivation occurs late in neoplastic progression.
Cancer Res. 60, 2002–2006

35. Friess, H., Yamanaka, Y., Buchler, M., Ebert, M.,
Beger, H.G., Gold, L.I., and Korc, M. (1993) Enhanced
expression of transforming growth factor-b isoforms in
pancreatic cancer correlates with decreased survival.
Gastroenterology 105, 1846–1856

36. Chang, H., Lau, A.L., and Matzuk, M.M. (2001) Studying
TGF-b superfamily signaling by knockouts and knockins.
Mol. Cell Endocrinol. 180, 39–46

37. Piek, E., Ju, W.J., Heyer, J., Escalante-Alcalde, D.,
Stewart, C.L., Weinstein, M., Deng, C., Kucherlapati, R.,
Bottinger, E.P., and Roberts, A.B. (2001) Functional char-
acterization of transforming growth factor-b signaling in
Smad2- and Smad3-deficient fibroblasts. J. Biol. Chem. 276,
19945–19953

38. Yang, Y.C., Piek, E., Zavadil, J., Liang, D., Xie, D.,
Heyer, J., Pavlidis, P., Kucherlapati, R., Roberts, A.B., and
Bottinger, E.P. (2003) Hierarchical model of gene regulation
by transforming growth factor-b. Proc. Natl. Acad. Sci. USA
100, 10269–10274

39. Ellenrieder, V., Hendler, S.F., Boeck, W.,
Seufferlein, T., Menke, A., Ruhland, C., Adler, G.,
and Gress, T.M. (2001) Transforming growth factor-b1
treatment leads to an epithelial-mesenchymal trans-
differentiation of pancreatic cancer cells requiring
extracellular signal-regulated kinase 2 activation.
Cancer Res. 61, 4222–4228

40. Han, G., Lu, S.L., Li, A.G., He, W., Corless, C.L., Kulesz-
Martin, M., and Wang, X.J. (2005) Distinct mechanisms of
TGF-b1-mediated epithelial-to-mesenchymal transition and
metastasis during skin carcinogenesis. J. Clin. Invest. 115,
1714–1723

Smad4 Down-regulates E-cadherin 351

Vol. 141, No. 3, 2007

 at U
niversidade Federal do Pará on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/



