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Bone morphogenetic proteins induce pancreatic cancer cell invasiveness through
a Smad1-dependent mechanism that involves matrix metalloproteinase-2
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Bone morphogenetic proteins (BMPs) have an emerging role in
human cancers. Here we demonstrate that the BMP-signaling
pathway is intact and functional in human pancreatic cancer cells,
with several BMP signaling components and transcriptional tar-
gets upregulated in human pancreatic cancer specimens com-
pared with normal pancreatic tissue. Functionally, multiple
BMP family members, including BMP-2, BMP-4 and BMP-7, in-
duce an epithelial to mesenchymal transition (EMT) in the human
pancreatic cancer cell line Panc-1, as demonstrated by morpho-
logical alterations and loss of E-cadherin expression. BMP-
mediated EMT results in an increase in invasiveness of Panc-1
cells, in part through increased expression and activity of matrix
metalloproteinase (MMP)-2, a known mediator of pancreatic can-
cer cell invasiveness. Accompanying EMT, BMP reduces expres-
sion of the transforming growth factor (TGF)-b superfamily
receptor, transforming growth factor-b type III receptor
(TbRIII), for which we have previously demonstrated loss of ex-
pression during pancreatic cancer progression. Maintaining
TbRIII expression inhibits BMP-mediated invasion and sup-
presses Smad1 activation. Further, Smad1 is required for BMP-
induced invasiveness and partially responsible for BMP-mediated
increases in MMP-2 activity. These data suggest that BMP signal-
ing, through Smad1 induction and upregulation of MMP-2, is an
important mediator of pancreatic cancer invasiveness and a po-
tential therapeutic target for treating this deadly disease.

Introduction

Pancreatic cancer is the fourth leading cause of cancer death in the
USA. Patients rarely exhibit symptoms before the cancer has become
locally advanced or metastatic (1). Epithelial-derived cancer cells
within a primary tumor become metastatic, in part, by undergoing
epithelial to mesenchymal transition (EMT), enabling these cells to
penetrate the basement membrane and access the bloodstream. EMT is
characterized by loss of epithelial cell markers, including E-cadherin,
and concomitant gain of mesenchymal cell markers, including Slug.
EMT is also associated with an increase in enzymes that remodel the
extracellular matrix, including matrix metalloproteinases (MMPs).
MMPs have been implicated in facilitating the invasion and metastasis
of breast, colon and pancreatic cancers (2,3). The signaling pathways
that regulate MMP expression in these cancers have not been fully

characterized. Better understanding of the molecular processes that
facilitate the invasiveness and metastasis of pancreatic cancer cells is
required to develop effective prevention and treatment strategies for
this highly metastatic and deadly disease.

Bone morphogenetic proteins (BMPs) regulate developmental
EMT, including neural crest migration and cardiac morphogenesis
(2,4), and a role for BMP signaling in promoting the metastatic cas-
cade is emerging (5–8). BMPs signal by binding an oligomeric re-
ceptor complex consisting of a type I receptor [activin-receptor like
kinase (ALK)-2, ALK3 or ALK6] and a type II receptor [activin type
II receptor, activin type II receptor B or BMP type II receptor
(BMPR2)]. The constitutively active type II receptor transphosphor-
ylates and activates the kinase activity of the type I receptor. Once
active, the type I receptor phosphorylates the intracellular effector
proteins, Smad1, 5 and 8, which complex with Smad4 to accumulate
in the nucleus and mediate target gene transcription (9).

The expression of a number of BMP family members increases dur-
ing tumorigenesis (5,6); however, the molecular and cellular conse-
quences of this increased expression in cancer cells is not well
understood. Overexpression of BMP in colon, prostate and ovarian
cancer cells results in changes in cell morphology and increased cell
motility and invasiveness, characteristic of EMT (5,7,10). While the
contribution of BMP family members to EMT and its associated in-
vasiveness has not been extensively characterized in pancreatic cancer
cells, one recent study implicated BMP-4 in contributing to pancreatic
carcinogenesis. BMP-4 induced EMT in the pancreatic cancer cell line,
Panc-1, and this was associated with increased motility (8). BMP-4
expression has also been demonstrated to be increased in preinvasive
pancreatic ductal lesions and in invasive pancreatic ductal adenocarci-
noma as compared with normal pancreatic tissue in a murine model of
pancreatic cancer (11). In human pancreatic adenocarcinoma, BMP-2,
BMPR2 and ALK3 messenger RNA (mRNA) levels were increased
and there was a significant correlation between BMP-2 expression and
reduced post-operative survival of pancreatic cancer patients (12).
These observations suggest that alterations in BMP signaling may have
important consequences on human pancreatic cancer progression. In
this study, we evaluate the BMP-signaling pathway and determine the
functional consequences of BMP signaling in pancreatic cancer cells.

Materials and methods

Cell culture and reagents

All cell lines were obtained from American Type Culture Collection and
maintained in Dulbecco’s modified Eagle’s medium with 10% fetal bovine
serum. Transforming growth factor (TGF)-b1, BMP-2, BMP-4 and BMP-7
were obtained from R&D Systems (Minneapolis, MN).

Transforming growth factor-b type III receptor protein expression

Cells were plated at 250 000 cells per well in six-well plate. Forty-eight hours
later, the cells were treated with BMP-4 (300 ng/ml) for 72 h, followed by
binding and cross-linking of [125I] TGF-b1 as described previously (13).

Reverse transcription–polymerase chain reaction

RNA was isolated from cells using the RNAEasy kit (Qiagen, Valencia, CA).
The RNA was reverse transcribed using random primers (Invitrogen, Carlsbad,
CA). Polymerase chain reaction was performed using primers specific for
BMP-4 (5), BMPR2, ALK3 and ALK6 (14), Smad1 and Smad5 (15), Smad4
(16), inhibitor of differentiation-1 (ID1) (17), glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) (18), E-cadherin (19), Slug (20) and MMP-2 (21). The
products were analyzed on a 2% agarose gel and images were acquired using
a Bio-Rad Gel Doc.

Smad1 phosphorylation

Seventy percent confluent cells were serum starved for 4 h, followed by
BMP-4 treatment with indicated concentrations and times. Cells were lysed
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and subjected to sodium dodecyl sulphate–polyacrylamide gel electrophoresis.
Western blotting was performed using a phospho-specific Smad1 antibody (Cell
Signaling, Danvers, MA), and a total Smad1 antibody generated by Biosource
was used to control for equal protein loading.

Induction of EMT

Panc-1 cells were plated at 150 000 cells per well in a six-well dish. Twenty-
four hours later, the cells were treated with the indicated concentrations of
TGF-b, BMP-2, BMP-4 or BMP-7 for 72 h. The cells were then assayed for
EMT by phase-contrast microscopy, RNA was isolated, as described above,
and immunofluorescence was performed on EMT markers.

Immunofluorescence

Cells were fixed with a 1:1 solution of methanol and acetone for 10 min at�20�C.
Normal rabbit serum (1% in phosphate-buffered saline) was used to block.
E-cadherin antibody (BD Biosciences, San Jose, CA) was used at 1:200 with a rabbit
anti-mouse antibody conjugated to Alexa 488 (Molecular Probes, Carlsbad,
CA). F-actin was detected after fixation in 3.7% formaldehyde solution and
permeabilization with 0.1% Triton X. The cells were blocked in bovine serum
albumin (1% in phosphate-buffered saline) and incubated with Phalloidin con-
jugated to Texas Red (1:40 in 1% bovine serum albumin in phosphate-buffered
saline) (Molecular Probes). Slides were mounted using 4#,6-diamidino-2-
phenylindole-containing media (Vector Laboratories, Burlingame, CA). Immu-
nofluorescence images were acquired using a NIKON inverted microscope.

Matrigel invasion assays

In vitro invasion assays were performed using 24-well Matrigel-coated trans-
wells (BD Biosciences). Cells (50 000) were plated in the upper chamber in
serum-free media. Media containing 10% fetal bovine serum was placed in the
lower chamber as a chemoattractant. After 48 h, cells on the upper surface of
the filter were removed and migrating cells on the underside were fixed and
stained with the Three Step Stain Set (VWR, West Chester, PA). The filters
were removed and mounted onto glass slides. Each filter was examined using
a NIKON inverted microscope at �10 magnification. For invasion assays with
ALK3(QD), cells were infected for 3 days with 50 multiplicity of infec-
tion (MOI) of ALK3(QD) adenovirus or green fluorescent protein (GFP)-
expressing adenovirus. A total of 100 000 cells were plated in Matrigel
transwells and incubated for 48 h. For invasion assays with Smad1 small in-
terfering RNA (siRNA), cells were infected for 48 h with 100 MOI of two
Smad1 siRNAs, which have been published previously (22), and a scrambled
control siRNA at 200 MOI. Cells were then treated for 72 h with ligand, and
100 000 cells were plated into the Matrigel transwells and incubated for 48 h.

Gelatin zymography

After treatment (48 h), cells were serum starved for 24 h in 500 ll of media
with or without ligand. Thirty microliter of media was removed and added to
an equivalent amount of Laemmli sample buffer lacking b-mercaptoethanol.
Samples were separated using sodium dodecyl sulphate–polyacrylamide gel
electrophoresis (10%) containing 0.1% gelatin at 4�C. The gel was incubated
in 2.5% Triton X for 1 h and then placed in activation buffer (50 mM Tris–
HCL, 150 mM NaCl, 10 mM CaCl2 and 0.02% Brij) for 16 h at 37�C. Gel was
stained with Coomassie Blue for 45 min and destained for 15 min.

Smad1 knockdown

Panc-1 cells were plated at 150 000 cells per well and infected with 100 MOI
of two Smad1 short hairpin RNA (shRNA) adenovirus constructs or scrambled
shRNA control generously provided by Dr Maria Trojanowska. Forty-eight
hours later, the cells were treated with BMP-4 to induce EMT. MMP-2 activity
and invasiveness were assayed as described above.

Results

The BMP-signaling pathway is functional in pancreatic cancer cell
lines

Loss of TGF-b responsiveness in pancreatic cancer as a result of
altered expression and mutation of cascade components has been well
characterized (1). However, responsiveness to its closely related fam-
ily member, BMP, has not been extensively defined. To determine
whether pancreatic cancer cell lines are BMP responsive, we assessed
whether BMP signaling components were expressed by several hu-
man pancreatic cancer cell lines. All cell lines examined expressed the
BMP ligands, BMP-4 and BMP-7, with the exception of BMP-4 in
MiaPaca cells (Figure 1A). BMP-2 was also detected at low levels in
ASPC-1 cells (data not shown). All the cell lines examined also ex-
pressed mRNA for BMP type I receptors (ALK3 and ALK6) and
BMPR2. ALK6 mRNA expression was the most variable in the cell

lines tested (Figure 1A). In addition, all cell lines examined expressed
the BMP-responsive Smads (Smad1 and Smad5). The common Smad,
Smad4, a frequent target of deletion in pancreatic cancer, was ex-
pressed by all cell lines except for HCG25, a highly metastatic pan-
creatic cancer cell line (23).

To establish whether the BMP pathway was functional, we stimu-
lated the cell lines with BMP-4 and assessed Smad1 phosphorylation.
HCG25, MiaPaca and Panc-1 cells all exhibited robust Smad1 phos-
phorylation following BMP-4 treatment in a dose- (Figure 1B) and
time-dependent manner (Figure 1B). ASPC-1 cells exhibited higher basal
levels of phosphorylated Smad1 making it difficult to assess induction of
phosphorylated Smad1, but still appeared to have some time-dependent
increases in phosphorylated Smad1 (Figure 1B). Induction of Smad1
phosphorylation was also observed upon BMP-2 treatment of these cell
lines (data not shown). To verify active BMP responsiveness in pancreatic
cancer cells, transcription of the BMP-responsive target gene, inhibitor of
differentiation-1 (ID1), was examined. BMP-4 treatment induced ID1
expression in Panc-1 cells (Figure 1C). Taken together, these data dem-
onstrate that pancreatic cancer cell lines express active BMP receptor
complexes that are capable of activating the downstream BMP effector
Smad1 and increasing transcription of a BMP-responsive target gene.

Multiple BMP signaling components are upregulated in pancreatic
cancer

To determine whether the BMP-signaling cascade was altered in hu-
man pancreatic cancer specimens, we used publicly available micro-
array data sets on Oncomine (http://www.oncomine.org) to determine
the relative level of several BMP ligands and receptors in the normal
human pancreas and in human pancreatic adenocarcinomas (24).
Analysis of the available BMP cascade components demonstrated that
expression of BMP-2 and BMP-4 along with their receptors, BMPR2
and ALK3, were significantly increased in pancreatic cancer compared
with normal pancreatic tissue (Figure 1D). In contrast, ALK6 and BMP-
7 expression were not altered in pancreatic cancer relative to normal
pancreatic tissue, whereas alterations in Smad1 expression were incon-
sistent between data sets. Unfortunately, information was not available
on tumor grade, stage or prognosis, preventing insight into how altered
BMP signaling may affect pancreatic tumor biology or patient outcome.
However, there was significant upregulation of known BMP transcrip-
tional target genes including osteocalcin, bambi, osteoprotegerin and
osteopontin in pancreatic adenocarcinoma as compared with normal
tissue (P value , 0.03, data not shown). These data suggest that BMP
signaling is increased during human pancreatic carcinogenesis and that
elevated BMP signaling may contribute to pancreatic cancer progression.

BMP family members induce EMT in a pancreatic cancer cell line

EMT is an important contributor to pancreatic cancer progression (2),
as demonstrated from immunohistochemical analysis of EMT markers
in human pancreatic cancer specimens including increased Slug ex-
pression (25), and the specific induction of EMT by BMP-4 in Panc-1
cells (8), a well-established pancreatic cancer cell line model of TGF-
b1-induced EMT (8,13,26,27). To assess the consequences of an in-
crease in multiple BMP family members and activation of downstream
signaling in pancreatic cancer, we investigated the ability of additional
BMP family members to induce EMT in Panc-1 cells. As previously
reported, treatment with TGF-b1 or BMP-4 resulted in robust changes
in the morphology of Panc-1 cells, from a cobblestone to a spindle-like
phenotype, consistent with EMT [(Figure 2A) (8,26)]. In addition, here
we demonstrate that BMP-2 and BMP-7 are also capable of inducing
this morphological change in pancreatic cancer cells (Figure 2A).

EMT is usually associated with the loss of the epithelial adherens
junction protein, E-cadherin, mediated through increases in expression
of transcriptional repressors including Snail and Slug (2). TGF-b1,
BMP-2, BMP-4 and BMP-7 all induced loss of E-cadherin at both
the protein (supplementary Figure 1 is available at Carcinogenesis
Online, data not shown) and mRNA level (Figure 2B), altered the
localization of F-actin (supplementary Figure 1 is available at Carci-
nogenesis Online, data not shown) and induced expression of Slug at
the mRNA level (Figure 2B). In contrast, none of the BMP ligands
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induced EMT in either the ASPC-1 or HCG25 pancreatic cancer cell
lines as assessed by an absence of morphological alterations and un-
changed levels of E-cadherin and Slug mRNA (data not shown). Taken
together, these data demonstrate that BMP-2, BMP-4 and BMP-7 in-
duce EMT in Panc-1, suggesting that increased BMP signaling could
contribute to pancreatic cancer progression through inducing EMT.

BMP increases the invasiveness of Panc-1 cells

EMT is intimately associated with the acquisition of motility and
invasiveness (2). BMP-4 has recently been demonstrated to increase
the motility of pancreatic cancer cells (8); however, the contribution

of BMP to pancreatic cancer cell invasiveness has not been investi-
gated. Accordingly, we assessed the effects of BMP on the invasive-
ness of Panc-1 and ASPC-1 cells. BMP-2 and BMP-4 treatment of
Panc-1 cells dramatically increased their invasion through Matrigel
(Figure 2C and D). BMP-7 also increased invasiveness of Panc-1
cells, but not as dramatically as its family members (Figure 2C and
D). In contrast, BMP-4-treated ASPC-1 cells did not exhibit signifi-
cant changes in invasiveness as compared with untreated cells, con-
sistent with the lack of BMP-induced EMT (data not shown). These
data indicate that multiple members of the BMP family are capable of
increasing the invasiveness of Panc-1 cells in the context of EMT.

Fig. 1. The BMP-signaling cascade is functional in pancreatic cancer cell lines. (A) Reverse transcription–polymerase chain reaction of BMP ligands (BMP-7 and
BMP-4), BMPR2, type I receptors (ALK3 and ALK6), BMP-activated Smads (Smad1 and Smad5) and the common Smad, Smad4, from indicated pancreatic cancer
cell lines. (B) Pancreatic cancer cells were immunoblotted for phosphorylated and total Smad1 following stimulation with indicated concentrations of BMP-4 for
10 min (top set of panels) or with 300 ng/ml of BMP-4 for the indicated times (bottom set of panels). (C) Reverse transcription–polymerase chain reaction for the
BMP-responsive gene, ID1, after treatment with BMP-4 (300 ng/ml) for 72 h. GAPDH serves as a total complementary DNA control. All images are representative
of three independent experiments. (D) Summary of publicly available microarray data from Oncomine for message levels of BMP-signaling cascade components in
normal pancreas (left in each pair) compared with pancreatic adenocarcinoma (checkered boxes, right in each pair). ���P , 0.0002, ��P , 0.002, �P , 0.02.
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Gene expression data suggested a preferential upregulation of the
BMP type I receptor, ALK3, in human pancreatic cancers (Figure
1D). To gain insight into the mechanism by which BMP increases
invasiveness, we expressed a constitutively active form of ALK3,
ALK3(QD), in Panc-1 cells. Expression of this activated BMP recep-
tor in Panc-1 cells resulted in a dramatic morphological change in-
dicative of EMT (Figure 2E) and was accompanied by an increase in
invasiveness (Figure 2F). These data suggest that the pathways re-

sponsible for EMT and its associated increase in invasiveness are
downstream of BMP activation of ALK3.

BMP-induced EMT is associated with loss of transforming growth
factor-b type III receptor expression

We have previously demonstrated that loss of expression of the trans-
forming growth factor-b type III receptor (TbRIII) occurs during
TGF-b-induced EMT in pancreatic cancer cells, preceding loss of

Fig. 2. BMP family members induce EMT and invasiveness in Panc-1. (A) Phase-contrast images of Panc-1 cells incubated with TGF-b1 (10 ng/ml), BMP-2 (300
ng/ml), BMP-4 (300 ng/ml) or BMP-7 (300 ng/ml) for 72 h. (B) Reverse transcription–polymerase chain reaction of E-cadherin and the mesenchymal marker,
Slug. GAPDH serves as a total complementary DNA control. (C) Panc-1 cells were treated with TGF-b1 (10 ng/ml) or BMP-2, BMP-4 or BMP-7 (300 ng/ml) to
induce EMT and plated into Matrigel chambers. Images are cells on the underside of the Matrigel chamber taken at �20. The images are representative of three
independent experiments. (D) Graphical representation of the average number of invading cells from three independent fields. Error bars are the standard error of
the mean. (E) Phase-contrast images of Panc-1 cells adenovirally infected with a GFP control or constitutively active ALK3 [ALK3(QD)] (50 MOI), as indicated.
(F) Matrigel filter images and graphical representation of the average number of invading ALK3(QD)-infected Panc-1 cells. ���P , 0.0002, ��P , 0.002,
Student’s t-test. Images are representative of three independent experiments.
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E-cadherin expression, and that this loss is required for the increased
invasiveness of pancreatic cancer cells (13). We have also demon-
strated that TbRIII expression is downregulated in response to
TGF-b, its well-characterized ligand (28). Additionally, we have re-
cently shown that TbRIII can bind to several members of the BMP
family and serve as a BMP receptor (29). To determine the effect of
BMP on TbRIII expression and whether TbRIII expression is lost
during BMP-mediated EMT, we induced EMT with BMP-4 and as-
sayed TbRIII protein (Figure 3A) and mRNA levels (Figure 3B).
Reduction of TbRIII protein and mRNA expression occurred with
BMP-4 treatment (Figure 3), suggesting that loss of TbRIII expres-
sion is robustly associated with EMT induction, irrespective of the
EMT-inducing ligand.

Increasing TbRIII expression suppresses BMP-mediated increases in
invasiveness of Panc-1 cells

The specific loss of TbRIII expression at both the mRNA and protein
levels during BMP-induced EMT suggested that loss of TbRIII ex-
pression might have functional significance, as it had during TGF-b-
induced EMT, where its loss was a prerequisite for the acquisition of
motility and invasiveness (13). Based on TbRIII’s potent suppressive
effects on invasiveness, we investigated whether increasing TbRIII

protein levels affected BMP-induced invasion. As observed previ-
ously (Figure 2C), BMP-4 increased the invasiveness of GFP-infected
Panc-1 cells (Figure 3C, top panels). When complete loss of TbRIII
expression was prevented during BMP-induced EMT in Panc-1 using
a hemagglutinin (HA)-tagged TbRIII-expressing adenovirus (Figure
3A, right lanes), the BMP-4-induced invasiveness was significantly
suppressed (Figure 3C and D), as was the basal invasiveness of Panc-1
cells (Figure 3C and D). In contrast, we did not observe any effects of
increasing TbRIII levels on morphological alterations associated with
BMP-induced EMT (data not shown). These studies suggest that loss
of TbRIII expression is required for the increased invasiveness asso-
ciated with BMP-induced EMT.

BMP increases the expression and activity of MMP-2

As these studies demonstrated, for the first time, BMP-induced in-
vasiveness of Panc-1 cells, we further explored the mechanism for this
effect. TGF-b1, a related family member, induces EMT and increases
the invasiveness of Panc-1 cells through an increase in MMP-2 ex-
pression (30). However, to our knowledge, the ability of BMPs to alter
MMP-2 expression or activity has not been explored in any cancer
model. Accordingly, we investigated whether BMP alters MMP-2
expression or activity in the Panc-1 model. BMP-2 and BMP-4 both

Fig. 3. TbRIII expression is reduced during BMP-induced EMT and increasing TbRIII expression inhibits BMP-induced invasion. (A) Audioradiograph (top
panel) of 125I-TGF-b cross-linked to endogenous TbRIII (left lanes) and exogenous HA-tagged TbRIII (right lanes) and immunoblot controls for TbRIII (middle
panel) and b-actin (bottom panel). (B) TbRIII mRNA was determined by reverse transcription–polymerase chain reaction with primers specific to TbRIII
(top panel, anti-HA antibody) and GAPDH served as a total RNA control (bottom panel). The images are representative of three independent experiments. (C)
Matrigel filter images of Panc-1 cells adenovirally infected (50 MOI) with GFP control virus or wild-type human TbRIII-IRES-GFP, followed by treatment with
BMP-4 (300 ng/ml). The images are representative of three independent experiments. (D) Graphical representation of the number of invading cells as determined
from three independent experiments. �P , 0.02, Student’s t-test.
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significantly increased MMP-2 mRNA levels in Panc-1, whereas
BMP-7 treatment only slightly increased MMP-2 expression (Figure
4A). This increase in mRNA expression correlated with an increase in
pro-MMP-2 levels, along with a significant increase in the active form
of MMP-2 as measured by gelatin zymography (Figure 4B). Since we
observed an increase in invasiveness with expression of constitutively
active ALK3, we determined whether ALK3 mediated the increase in
invasiveness through MMP-2 by assessing the effects of ALK3(QD)
on MMP-2 protein expression and activity. Expression of ALK3(QD)
in Panc-1 increased expression of active MMP-2 protein by �50%
(Figure 4C). Taken together, these data demonstrate that BMP treat-
ment activates ALK3, inducing EMT, which is accompanied by an
increase in MMP-2 activity and an increase in the invasiveness of
Panc-1 cells.

TbRIII suppresses BMP-mediated increases in Smad1 phosphorylation

TbRIII abrogates both BMP- (Figure 3C) and TGF-b-mediated in-
creases in invasion (13), and we have previously demonstrated that
TbRIII can mediate suppression of MMP expression and activation in
ovarian cancer cells (31). TbRIII is traditionally thought to bind li-
gand and facilitate ligand binding to the TGF-b type II receptor to
increase downstream signaling (32). However, we have shown pre-
viously that TbRIII suppresses activation of Smad2 after TGF-b-

induced EMT in pancreatic cancer cells (13). Therefore, we deter-
mined the effect of altering TbRIII expression on activation of the
BMP-responsive Smad, Smad1, in Panc-1 cells. Using adenoviral
constructs, we increased TbRIII expression with an HA-tagged
full-length TbRIII and assessed BMP induction of Smad1 phosphor-
ylation. An increase in TbRIII expression resulted in a significant
decrease in Smad1 phosphorylation compared with the response in
Panc-1 expressing GFP control virus (Figure 5A). These data suggest
that TbRIII-mediated regulation of Smad1 signaling may affect the
invasiveness of pancreatic cancer cells.

BMP-4 requires Smad1 to increase invasiveness during EMT

The BMP-signaling cascade is active and potently activates Smad1 in
pancreatic cancer cells (Figure 1B), while dominant-negative Smad1
has been demonstrated to inhibit endothelial cell migration (33).
Taken together with the effects of increasing TbRIII expression on
inhibition of Smad1 phosphorylation and BMP-induced invasion, we
investigated the contribution of Smad1 signaling to BMP induction of
MMP-2 expression and invasiveness. Smad1 was reduced by combin-
ing two Smad1 shRNA adenoviruses (a scrambled shRNA was used as
a control) resulting in significant reduction in Smad1 levels (Figure
5D, middle panel). There was no significant effect of loss of Smad1 on
the morphological alterations associated with BMP- or TGF-b-

Fig. 4. BMP increases MMP-2 expression and activity. (A) Reverse transcription–polymerase chain reaction of MMP-2 (top panel) in Panc-1 cells following
treatment with either TGF-b1 (10 ng/ml), BMP-2, BMP-4 or BMP-7 (300 ng/ml), as indicated. GAPDH served as a total complementary DNA control (bottom
panel). MMP-2 was normalized to GAPDH levels using ImageJ densitometry and the values were normalized to untreated samples (bottom graph). Graphically
represented is the mean ± SD of three independent experiments. (B) Gelatin zymography images of MMP-2 protein expression from the media of EMT-induced
treated cells. The images are representative of four independent experiments. The intensity of the pro-MMP-2 and active MMP-2 bands were determined by
densitometry (ImageJ) and normalized to untreated samples and graphically represented as percent increase (bottom graph). (C) Gelatin zymography (top panel)
of Panc-1 cells adenovirally infected with GFP or ALK3(QD). HA-ALK3(QD) expression and total protein was verified by western blot with HA (top) and b-actin
(bottom), respectively. The intensity of active MMP-2 was determined by densiometry (ImageJ) and normalized to GFP-infected cells and graphically represented
(right). Images represent four independent experiments. Statistics are determined by Student’s t-test. ��P , 0.002, �P , 0.02.
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induced EMT (data not shown), suggesting that Smad1-mediated sig-
naling may not be required for these aspects of EMT. However, reducing
Smad1 levels in Panc-1 significantly suppressed the induction of inva-

siveness by BMP-4 and TGF-b (Figure 5B and C). To determine
whether this suppression of invasion resulted from modulation of
MMP-2 in Panc-1 cells, we assessed the effects of reducing Smad1

Fig. 5. TbRIII suppresses Smad1 phosphorylation and loss of Smad1 suppresses BMP induction of MMP activity and pancreatic cancer cell invasiveness. (A)
Panc-1 cells adenovirally infected with either GFP- or HA-tagged TbRIII-IRES-GFP were treated with the indicated concentrations of BMP-4 for 10 min. Total
cell lysates were immunoblotted for phosphorylated Smad1 (top panel), total Smad1 (middle panel) and HA-tagged TbRIII expression was determined by
immunoblot for HA. (B) Representative images of Matrigel filters of Panc-1 cells that were adenovirally infected (100 MOI) with two Smad1 shRNA constructs or
a scrambled shRNA control, followed by treatment with BMP-4 (300 ng/ml). (C) Graphical representations of the fold invasion from three independent
experiments. ���P , 0.0002, ��P , 0.002, Student’s t-test. (D) Gelatin zymography (top panel) of media from Panc-1 cells infected with shRNA constructs
against Smad1 and treated with indicated ligands to induce EMT. Smad1 levels (middle panel) and b-actin for total protein levels (bottom panel) were determined
by immunoblotting. Images are representative of three independent experiments.
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levels on MMP-2 protein expression and activity using gelatin zymog-
raphy. Knocking down Smad1 attenuated BMP-mediated increases in
the expression of the pro and active forms of MMP-2 (Figure 5D);
however, loss of Smad1 did not alter TGF-b-mediated induction of
MMP-2 (Figure 5D). Taken together, these data suggest that BMP in-
creases Panc-1 invasiveness via a Smad1-dependent signaling pathway.

Discussion

While the TGF-b pathway is often disrupted in pancreatic cancer,
alterations in the BMP pathway aside from co-Smad, Smad4, have
not been frequently reported. Our data demonstrate that human pan-
creatic cancer cells and human pancreatic cancers retain a functional
BMP-signaling pathway. In addition, we demonstrate that the BMP
pathway is important for the induction of EMT in Panc-1, one of the
most extensively studied pancreatic cancer cell lines and the most
established and robust model for pancreatic cancer cell EMT
(8,13,26,27,34,35). While the effect of BMP on EMT in Panc-1 con-
firms a recent report using BMP-4 (8), the current studies extend these
findings by demonstrating that multiple BMP family members, in-
cluding BMP-2 and BMP-7, induce EMT in Panc-1 cells as demon-
strated by morphological alterations, increased Slug expression,
loss of TbRIII expression and increases in EMT-associated invasion.
We also provide mechanistic insight into how BMP mediates
these processes by demonstrating that: (i) ALK3 has a role in medi-
ating the effects of BMP on invasiveness, potentially by increasing
MMP-2 expression; (ii) TbRIII suppresses Smad1 activation and
BMP-induced invasion and (iii) loss of Smad1 abrogates BMP-
mediated increases in invasiveness, with Smad1 signaling partially
contributing to BMP-induced MMP-2 activity. Along with the dem-
onstration of an intact BMP-signaling pathway in pancreatic cancers,
this study suggests that BMP family members contribute to pancreatic
cancer progression, particularly invasion and metastasis. Although
we observed upregulation of BMP-2 and BMP-4, whereas BMP-7
expression was unaltered, the relative contribution of individual
BMP isoforms to human pancreatic cancer progression remains to
be determined.

We demonstrate that several BMP ligands are able to increase the
invasiveness of a pancreatic cancer cell model of EMT Panc-1 cells.
Studies in Panc-1 were paralleled by studies in ASPC-1 pancreatic
cancer cells, where BMP ligands did not significantly alter Smad1
phosphorylation (Figure 1B) nor induce EMT or invasion (data not
shown), further suggesting a role for Smad1 activation in pancreatic
cancer cell invasion. Additionally, ASPC-1 do not possess a functional
Smad4 protein, therefore Smad1-mediated signals are not propagated
in this cell line (36). The Panc-1 data presented here are consistent
with the increased BMP-4 expression observed in the PanIN and
PDAC mouse models of pancreatic tumor progression (11). In addi-
tion, although EMT in response to BMP ligands could only be dem-
onstrated in the Panc-1 cell model, the importance of understanding
the molecular contributions of EMT to pancreatic cancer is supported
by the demonstration of EMT in human pancreatic cancer specimens
(25), and the significant upregulation of the mediators of EMT, Snail
(P 5 0.044) and Slug (P 5 9.1 � 10�5), in human pancreatic tumors
(Oncomine).

Here we demonstrate for the first time that the acquisition of in-
vasiveness is associated with BMP-mediated increases in the expres-
sion and activity of MMP-2, an extracellular matrix-remodeling
enzyme that has frequently been implicated to contribute to invasion
(3,30). We demonstrate that BMP-7 induced less MMP-2 expression
and activity than BMP-2 and BMP-4 (Figure 4A). Accordingly, BMP-
7 was less potent than BMP-2 and BMP-4 in increasing Panc-1
invasiveness (Figure 2C and D). As the degree of BMP-mediated
increase in MMP-2 expression correlates with the increase in inva-
siveness, these data support a role for MMP-2 in BMP-induced in-
vasion. Analysis of pancreatic cancer data sets in Oncomine indicates
that MMP-2 expression is also dramatically upregulated in pancreatic
adenocarcinomas relative to normal pancreatic tissue (P 5 8.8 � 10�4),
suggesting that elevated MMP-2 expression also contributes to hu-

man pancreatic cancer progression. However, loss of Smad1 in
Panc-1 cells had a minimal effect on MMP-2 activity, suggesting
that Smad1 is likely not a main component of the pathway contrib-
uting to the induction of MMP-2 expression and activity in
response to TGF-b superfamily ligands. BMPs signal via non-
canonical pathways, including activation of mitogen-activated pro-
tein kinase-signaling cascades (9). Future studies will be necessary to
determine whether these non-canonical signaling pathways contribute
to the induction of MMP-2.

Further studies will also be necessary to determine whether changes
in BMP signaling components correlate with pancreatic tumor biol-
ogy, including metastasis, since it is very difficult to get sufficient
information on pancreatic tumor grade and prognosis with currently
available clinical specimens. BMP ligands have previously been dem-
onstrated to increase the invasiveness of ovarian and colon cancer
cells (5,10). Whether BMP functions through induction of MMP-2
in a broad spectrum of human cancers remains to be established. In
addition, the contribution of additional BMP transcriptional targets,
including ID1, which has previously been shown to be critical for
breast cancer invasion and metastasis (37), in pancreatic cancer me-
tastasis remains to be elucidated.

TGF-b and BMP both induce EMT and invasiveness. Our data in-
dicate that the pathway responsible for BMP-induced EMT and in-
vasion is downstream of the type I BMP receptor ALK3. For the first
time, we identify the importance of Smad1 in mediating the invasive-
ness of pancreatic cancer cells both induced by TGF-b and BMP. To
date, mutation or loss of Smad1 during tumor progression has not
been reported. The data presented here indicate that both BMP and
TGF-b are individually able to drive this process. While BMP appears
to induce several characteristics of EMT more significantly than TGF-
b, further studies are necessary to determine whether it is a more
potent inducer of EMT than TGF-b. In addition, the effect of different
combinations of TGF-b superfamily ligands on EMT, Smad1 activa-
tion and invasiveness remains to be defined.

Another component common to both TGF-b- and BMP-signaling
cascades is Smad4. Smad4 is required for TGF-b1-mediated EMT
induction in pancreatic cancer cell lines (30). ASPC-1 cells express
mRNA for Smad4 (Figure 1A); however, these cells are known to
express substantially lower Smad4 protein levels than Panc-1 cells
due to a point mutation that increases the ubiquitin-mediated degra-
dation of Smad4 (36). In the present study, BMP failed to induce
morphological changes, induce EMT or increase the invasiveness of
ASPC-1 cells (data not shown). We also assessed EMT in HCG25
cells, a cell line that lacks Smad4 mRNA (Figure 1A), and did not
observe any loss in E-cadherin or cytoskeletal reorganization with
BMP treatment (data not shown). These data suggest that BMP-
mediated EMT and invasiveness may also be dependent on Smad4.
Loss of Smad4 is a late event in pancreatic cancer progression, with
the majority of patients exhibiting loss of Smad4 in PanIN-3 lesions,
prior to progression to invasive ductal adenocarcinoma (38). As the role
that Smad4 plays in pancreatic carcinogenesis is still not fully under-
stood, current studies are underway to define the role of its binding
partners, including Smad1, during pancreatic cancer progression.

The studies presented here also demonstrate for the first time that
the recently identified BMP receptor, TbRIII (29), is able to inhibit
BMP-induced invasiveness of Panc-1 cells. These data support addi-
tional reports from our lab that TbRIII expression inhibits the motility
and invasiveness of a number of cancer cells types, including breast,
lung, ovarian and prostate cancer (31,39–41). Based on our previous
work in Panc-1 cells, we hypothesize that loss of TbRIII expression
precedes loss of E-cadherin during BMP-induced EMT and tumor
progression; however, the causality of BMP leading to TbRIII and
E-cadherin loss during EMT remains to be examined (13). Future
studies will be necessary to determine the sequence of events involved
in BMP-induced loss of TbRIII, loss of E-cadherin, upregulation of
Slug, along with the contribution of TbRIII to BMP-induced invasion
of additional cell types, especially lung cancer, for which increased
BMP signaling has been documented. Specifically, BMP-2 expression
is increased in 98% of lung adenocarcinomas, and human lung tumors
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have high levels of phosphorylated Smad1 and 5 and Id-1 compared
with normal lung tissue (42).

The mechanism by which TbRIII inhibits invasion remains to be
determined. Data presented here demonstrate that levels of TbRIII
expression modulate activation of Smad1, consistent with its effects
on Smad2 phosphorylation (13). Loss of Smad1 abrogated BMP-
induced invasion, while not dramatically altering EMT induction or
MMP-2 activity. These data suggest that BMP-mediated EMT, MMP-
2 upregulation and invasion are each likely to be regulated by distinct
signaling pathways activated downstream of ALK3, such as the
mitogen-activated protein kinase cascade.

Previous reports by us and others, along with data presented here
lead us to establish the following model: (i) BMP ligand expression
increases during pancreatic tumorigenesis and (ii) BMP induces loss
of TbRIII and induction of EMT, which (a) increases Smad1 signaling
and MMP-2-induction and (b) increases invasion. In contrast, main-
tained TbRIII expression in normal tissue decreases Smad1 phosphor-

ylation and inhibits cell invasion (Figure 6). Future studies will focus
on the role of Smad1 phosphorylation and BMP-responsive target
genes, in addition to MMP-2, that may be involved in BMP-mediated
invasion. Since reduction of Smad1 levels had a dramatic inhibitory
effect on pancreatic cancer cell invasiveness but did not completely
inhibit the expression or activation of MMP-2, there are probably
other pro-invasion pathways regulated by Smad1. These pathways
are currently under investigation.

The BMP type I receptors, ALK3 and ALK6, are highly homolo-
gous. Our data suggest that ALK3 is preferentially upregulated in
human pancreatic cancers (Figure 1D), whereas ALK6 expression
varies in pancreatic cancer cell lines (Figure 1A). Expression of con-
stitutively active ALK3 is sufficient to induce EMT, increase MMP-2
activity and increase invasiveness in vitro. These studies support a role
for ALK3 in BMP-induced invasiveness. Kleeff et al. (12) demon-
strated that ALK3 mRNA expression was increased in pancreatic
adenocarcinomas and were unable to detect mRNA for ALK6 in

Fig. 6. Proposed mechanism for BMP-induced invasion of pancreatic cancer cells. (A) In normal pancreatic epithelial cells, BMP family members bind to their
receptors (ALK3, BMPR2 and TbRIII) on the cell surface. High expression of TbRIII in normal pancreatic cells modulates the level of Smad1 phosphorylation.
Loss of Smad1 activation prevents expression and activity of MMP-2 and associated invasiveness. (B) In pancreatic cancer cells, BMP expression increases, which
contributes to loss of TbRIII expression (13) and induction of high levels of Smad1 phosphorylation, leading to increased expression and activity of MMP-2. This
increase in MMP-2 activity is associated with an increase in pancreatic cancer cell invasiveness.
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human pancreatic cancer cell lines and tumor specimens. We did not
observe significant alterations in ALK6 mRNA levels in pancreatic
tumors as compared with normal pancreatic tissue using Oncomine
data sets. Therefore, alterations in ALK3 may be more relevant to
pancreatic cancer progression. The differences in expression of ALK6
may explain the reduced effects of BMP-7, which binds preferentially
to ALK6, on EMT and invasion. Future studies will explore whether
activated ALK6 can induce EMT and invasion, and delineate the
pathways, in addition to Smad1, that may be utilized by each of the
BMP ligands and type I BMP receptors to mediate EMT, MMP-2
induction and invasiveness.

BMP has important roles in normal pancreatic cell homeostasis,
including the regulation of genes involved in insulin production and
secretion (43). The expression of BMP ligands and receptors is tightly
regulated during pancreatic morphogenesis (44), with BMP critically
regulating pancreatic development by stimulating genes involved in
pancreatic epithelial progenitor cell expansion (45). Our data suggest
that normal homeostatic functions mediated by BMP may be co-opted
by pancreatic cancer cells to transition the cells from epithelial to
mesenchymal, leading to increased MMP-2 activity and increased
invasion.

Both EMT and invasion are critical mediators of metastasis as they
facilitate the process of intravasation. Metastasis is the major cause of
death for pancreatic cancer patients as well as for most patients with
solid tumors. Thus, targeting signaling pathways with the ability to
increase EMT and invasiveness could be of significant benefit in the
treatment of human cancers. The present studies suggest that, for
pancreatic cancer, the BMP pathway through Smad1 is an important
regulator of these processes. Future studies will determine whether
targeting components of the BMP pathway, including ALK3, Smad1
or MMP-2, provides an effective therapy for patients with metastatic
pancreatic cancer.
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Supplementary Figure 1 can be found at http://carcin.oxfordjournals.
org/
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