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Pancreatic ductal adenocarcinoma (PDAC) is characterized
by pronounced fibrotic reaction composed primarily of type I
collagen. Although type I collagen functions as a barrier to
invasion, pancreatic cancer cells have been shown to respond
to type I collagen by becoming more motile and invasive.
Because epithelial-mesenchymal transition is also associated
with cancer invasion, we examined the extent to which colla-
gen modulated the expression of Snail, a well known regula-
tor of epithelial-mesenchymal transition. Relative to cells
grown on tissue culture plastic, PDAC cells grown in three-
dimensional collagen gels induced Snail. Inhibiting the activ-
ity or expression of the TGF-� type I receptor abrogated col-
lagen-induced Snail. Downstream of the receptor, we showed
that Smad3 and Smad4 were critical for the induction of Snail
by collagen. In contrast, Smad2 or ERK1/2 was not involved
in collagen-mediated Snail expression. Overexpression of
Snail in PDAC cells resulted in a robust membrane type
1-matrix metalloproteinase (MT1-MMP, MMP-14)-depen-
dent invasion through collagen-coated transwell chambers.
Snail-expressing PDAC cells also demonstrated MT1-MMP-
dependent scattering in three-dimensional collagen gels.
Mechanistically, Snail increased the expression of MT1-
MMP through activation of ERK-MAPK signaling, and inhib-
iting ERK signaling in Snail-expressing cells blocked two-di-
mensional collagen invasion and attenuated scattering in
three-dimensional collagen. To provide in vivo support for
our findings that Snail can regulate MT1-MMP, we examined
the expression of Snail and MT1-MMP in human PDAC
tumors and found a statistically significant positive correla-
tion between MT1-MMP and Snail in these tumors. Overall,
our data demonstrate that pancreatic cancer cells increase
Snail on encountering collagen-rich milieu and suggest that
the desmoplastic reaction actively contributes to PDAC
progression.

Epithelial-mesenchymal transition (EMT)2 has been identi-
fied as a key step in tumor invasion and metastasis, enabling
cells to disrupt normal tissue architecture and invade sur-
rounding structures (1–3). EMT is associated with loss of epi-
thelialmarkers and up-regulation ofmesenchymalmarkers and
is characterized by a change in morphology from cobblestone-
like sheets of cells typical of epithelial phenotype to elongated,
fusiform cells characteristic of fibroblasts (1–3). One of the key
regulators of EMT is the transcription factor Snail (4, 5), which
can increase cell invasion and metastases in vivo, in part by
increasing expression of matrix metalloproteinases (MMPs) (6,
7). Snail also functions in mesenchymal cells to regulate an
MMP-dependent invasion program (8), and a Snail-mediated
increase in membrane type 1-MMP (MT1-MMP, MMP-14) in
fibroblasts promotes growth and invasion in the collagen-rich
tumor microenvironment (8).
Pancreatic cancer, which is associated with a very pro-

nounced type I collagen-rich stroma (9), is an aggressive cancer,
with patients often presenting with locally invasive or meta-
static disease (10). Although type I collagen is well known to
function as a barrier to invasion, analysis of human tumors has
shown that increased collagen expression can also be associated
with poor prognosis andwith increasedmetastasis (11, 12). Pre-
viously, it was shown that pancreatic cancer cells respond to
type I collagen by increasingmotility and up-regulatingmesen-
chymalmarkers (13).Wehad also shown that pancreatic cancer
cells respond to type I collagen by inducing MT1-MMP to
enhance migration and invasion (14). Collagen-induced MT1-
MMP expression was mediated by increased TGF-� signaling
(14). TGF-� signaling was also increased in human pancreatic
tumors, particularly in areas of fibrosis (14). One way in which
TGF-� can signal is through cell-surface serine-threonine
kinases to initiate cellular responses (15, 16). Binding of
TGF-�1 to its type II receptor (T�RII) promotes T�RII phos-
phorylation of type I receptor (T�RI), which then phosphory-
lates the receptor-associated Smads, Smad2 and Smad3 (15, 16).
The receptor-associated Smads then bind to Smad4 and trans-
locate to the nucleus, wherein the complex can associate with
transcription factors to regulate the expression of target genes
(15, 16). In addition to the Smad signaling pathway, TGF-� can
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also activate MAPK/ERK1/2 signaling to regulate gene expres-
sion (17).
Although EMT and the transcription factor Snail have been

shown to contribute to cancer progression (1, 2), the role and
regulation of Snail in pancreatic cancer has not been well
defined. In this study we examined the extent to which collagen
modulates Snail and defined the contribution of Snail to colla-
gen invasion. We show that relative to cells grown on tissue
culture plastic, pancreatic cancer cells grown in three-dimen-
sional collagen gels induced Snail via increased TGF-� signal-
ing. Collagen-induced Snail in pancreatic cancer cells was
mediated by Smad3/4 but did not involve Smad2 or ERK1/2. To
further examine the role of Snail in PDAC progression, we
generated Snail-inducible pancreatic cancer cells lines. Overex-
pression of Snail in PDAC cells enhanced MT1-MMP-depen-
dent two-dimensional collagen invasion and promoted MT1-
MMP-dependent scattering in three-dimensional collagen.
Mechanistically, Snail signaled through ERK1/2 to increase
MT1-MMP expression, promote two-dimensional collagen
invasion, and induce scattering in three-dimensional collagen.
Clinically, human tumor samples with increased Snail also
demonstrated increased MT1-MMP expression. Overall, we
have found that collagen through TGF-� signaling induces
Snail and thereby contributes to pancreatic cancer progression.

EXPERIMENTAL PROCEDURES

Materials—General tissue culture materials were obtained
from VWR International (West Chester, PA). Antibodies
against MT1-MMP (ab38971) and Smad3 (ab28379) were
purchased from Abcam (Cambridge, MA). Antibodies for
p-ERK1/2 (9101), Smad4 (9515), Smad2 (3122), and Snail
(3879) were purchased from Cell Signaling (Danvers, MA).
Antibodies against �-tubulin (sc-8035) and T�RI (sc-398) were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
HRP-conjugated secondary antibodies were obtained from
Sigma. Type I collagen-coated plates (354400) and type I colla-
gen (354249), which was diluted to 2 mg/ml according to man-
ufacturer’s protocol, were purchased from BD Biosciences.
TGF-�1 was obtained from Sigma and used at a final concen-
tration of 10 ng/ml. MMP inhibitor GM6001 (561206), T�RI
inhibitor SB431542 (1614), and MEK1/2 inhibitor U0126
(9903) were purchased from Calbiochem, Tocris (Ellisville,
MO), and Cell Signaling (Danvers, MA), respectively, and
used at a final concentration of 10 �M. Nucleofector electro-
poration kit (VCA-1001) specific for Panc1 cell transfection
was purchased from Lonza. Collagenase (4196) was pur-
chased fromWorthingtonBiochemicalCo.TIMP-1 (cc1062) and
TIMP-2 (cc3327) were purchased from Chemicon International
(Temecula CA).
Cell Culture—Premalignant HPDE cells (HPV16-immortal-

ized normal pancreatic ductal epithelium) were generously
provided by Dr. M. Tsao (Ontario Cancer Institute), whereas
the malignant Panc1, CD18, and AsPC1 cells were purchased
from American Type Culture Collection (Manassas, VA).
These cells were maintained as previously described (14). To
examine the effect of TGF-�1 on Snail expression, equal num-
bers of Panc1 or HPDE cells were plated in serum containing

media, serum-starved overnight, and then treated with 10
ng/ml TGF-�1 for 12 h.
Generation of Pancreatic Cancer Cells Inducibly Expressing

Snail—The Snail gene, which was initially cloned into the
eukaryotic expression vector pEGFP-C1 (7), was subcloned
into pRetroX-Tight-Pur vector, and viral particles were gener-
ated as previously published (18). A similar protocolwas used to
generate viral particles for pTet-On Advanced vector (Clon-
tech). Parental Panc-1, AsPC1, and CD18 cells were first
infected with pTet-On, and stable cells resistant to G418 were
selected followed by infectionwith pTight-Snail, or pTight-Luc
and stable cell lines resistant to bothG418 and puromycin were
selected. The stable cell lines were routinely maintained in
DMEMwithTet SystemApproved FBS (Clontech), puromycin,
and G418. For Snail induction, doxycycline at a final concen-
tration of 2 �g/ml was added to the growth media.
Down-regulation of T�RI, Smad2, Smad3, Smad4, Snail,

MMP-2, and MT1-MMP Expression—T�RI expression was
transiently down-regulated using a predesigned and validated
Silencer siRNA sequences specific for the receptor from
Ambion (siRNA ID 556). Expression of Smad2 and Smad4 was
transiently down-regulated using the following duplex siRNAs:
Smad4 (50 nmol) forward (5�-UGAAGGACAUUCAAUU-
CAAdTdT-3�) and reverse (5�-UUGAAUUGAAUGUCCUU-
CAdTdT-3�) (19); Smad2 (50 nmol) siRNA (S2Si) forward
(5�-GUCCCAUGAAAAGACUUAAdTdT-3�) and reverse (5�-
UUAAGUCUUUUCAUGGGACdTdT-3�) (20). Smad3 and
Snail siRNAswere obtained fromCellogenetics (GLG1108, 100
nmol) and Ambion (siRNA IDs s13186, 50 nmol and s13187, 50
nmol). A validated siRNA for MMP-2 (s8851) and a custom
designed siRNA for MT1-MMP targeted against nucleotides
228–248 (5�-AACAGGCAAAGCTGATGCAGA-3�) (21)were
purchased from Invitrogen. Panc1 cells were transfected with
siRNA for gene of interest or control siRNA using the Nucleo-
fector kit R (Amaxa/Lonza). The transfected cells were allowed
to recover on plastic for 48 h then seeded in collagen or on
plastic for an additional 24 h. Panc1-Snail growing in collagen
gels cells was transfected with siMMP2, siMT1-MMP, or con-
trol siRNA using Trans IT-siQUEST transfection reagent
(MIR2114) fromMirus (Madison, WI).
Quantitative Real Time-PCR Analysis—Reverse transcrip-

tion of RNA to cDNA was performed using Taqman Reverse
Transcription reagents (N808–0234) from Applied Biosys-
tems. Quantitative gene expression was performed for
Snail (Hs00195591_m1) MT1-MMP (Hs00237119_m1) and
GAPDH (Hs99999905_m1)with gene-specific Taqman probes,
TaqMan Universal PCR Master Mix (4324018), and the 7500
Fast Real-time PCR System fromApplied Biosystems. The data
were then quantified with the comparative CT method for rel-
ative gene expression (14).
Immunoblotting—Immunoblotting was done as described

previously (22, 23) and detected by enhanced chemilumines-
cence Western blotting reagents (Pierce).
Zymographic Analysis of MMP-2 Expression—MMP-2 levels

in the conditioned media were determined using SDS-PAGE
gelatin zymography as previously described (23).
Analysis of Collagen Invasion—Invasive activity was quanti-

fied using a BD Biocoat filter (8-�m pore, from BD Biosciences
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(354578) coated with 7.5 �g of type I collagen. Panc1-vector or
Panc1-Snail cells (2 � 105) were added in 800 �l of serum-free
medium in the upper chamber and 1 ml of serum containing
medium supplemented with doxycycline. To examine the role
for protease or ERK signaling in Snail-mediated invasion, the
MMP inhibitor GM6001 or the MEK1/2 inhibitor U0126 was
added to themedium. The cells were allowed to invade for 30 h,
and the nonmigrating cells were removed from the upper
chamber using a cotton swab. The filters were fixed and stained
with a Diff-Quik staining kit (B4132-1A, VWR), and migrating
cells adherent to the underside of the filter were quantified
using an inverted microscope and counting a minimum of five
high-powered fields. Data are expressed as relative two-dimen-
sional invasion (number of cells/field).
Embedding and Examination of Cells in Three-dimensional

Type I Collagen Gels—A collagen mixture (2 mg/ml) was made
by adding the appropriate volumes of sterile water, 10�
DMEM, and NaOH and kept on ice until needed (24). 1 � 105
Panc1 or HPDE cells were then suspended in the collagen solu-
tion and allowed to gel for 30 min at 37 °C. Regular media was
then added on top of the gel and incubated for 24 h. For RNA
extraction, the gel-containing cells were processed using an
Qiagen RNeasy extraction kit (74106) to extract RNA for qRT-
PCR analysis. For protein analyses, cells were extracted out of
the gels using collagenase and lysed. For morphological exam-
ination of Snail-expressing cells, 2 � 104 cells were suspended

in collagen, the resulting cell colonies were examined using a
Zeiss Axiovert 40 CFL microscope, and pictures were taken
with a Nikon Coolpix 4500 camera. Relative colony scattering
was quantified by counting the average number of scattered
colonies (loosely arranged, elongatedwith projections) per field
from a minimum of 5 different fields at a 100� magnification.
Human PDAC Tissue Analysis—Pancreatic tissue was ob-

tained from patients with pancreatic adenocarcinoma on an
institutional review board-approved protocol. Using de-identi-
fied human pancreatic tissue specimens, RNA was isolated
from human PDAC tumors and the adjacent matched normal
pancreas previously stored in RNAlater and analyzed by qRT-
PCR. Snail and MT1-MMP expression in PDAC tumors (n �
11) was normalized to the levels present in the matched adja-
cent normal pancreas, which was arbitrarily set at 1.0, and
analyzed using Spearman’s correlation.
Statistical Analysis—All statistical analyses were done using

GraphPad Instat 3 (San Diego, CA).

RESULTS

Collagen-induced Snail Expression Is Mediated by TGF-�
Signaling—We had previously shown that type I collagen,
a major component of human pancreatic tumors (9), can

FIGURE 1. Collagen-induced Snail expression is mediated by TGF-� sig-
naling. A, Panc1 and HPDE cells were grown on tissue culture plastic or in
three-dimensional type I collagen gels (2 mg/ml) for 24 h, and Snail mRNA
expression was analyzed by qRT-PCR using the Comparative CT method. The
-fold change in Snail expression relative to plastic was determined using
GAPDH as normalization control. *, p � 0.05. B, Panc1 cells were plated on
tissue culture plastic, serum-starved overnight, then treated with TGF-�1 (10
ng/ml) for 12 h. The cell lysates were analyzed for Snail protein expression by
Western blot analysis using �-tubulin as normalization control. C, HPDE and
Panc1 cells were grown in three-dimensional collagen in the presence of T�RI
kinase inhibitor SB431542 (SB, 10 �M) or DMSO (DM, vehicle control) for 24 h,
and then the expression of Snail was analyzed by qRT-PCR. *, p � 0.05.
D, Panc1 cells were transfected with a control siRNA (si ctl) or T�RI specific
siRNA (si T�RI), allowed to recover, and after 48 h plated on tissue culture
plastic or in three-dimensional collagen gels for 24 h. The knockdown of the
T�RI protein was analyzed by Western blot analysis using �-tubulin as nor-
malization control (top). The effect of T�RI knockdown on collagen-induced
Snail expression was examined using qRT-PCR (bottom). The results are rep-
resentative of at least three independent experiments.

FIGURE 2. Smad3, but not Smad2, regulates collagen-induced Snail
expression. A, Panc1 cells were plated on tissue culture plastic (PL) or in
three-dimensional collagen gels (2 mg/ml, COL) for 24 h in the presence of
DMSO or U0126 (10 �M). The lysates were then analyzed for ERK1/2 phosphor-
ylation and �-tubulin by Western blot analysis (top). The cell lysates were also
analyzed for Snail expression by qRT-PCR using GAPDH as normalization con-
trol (bottom). B–D, Panc1 cells were transfected with control siRNA (si ctl),
siRNA against Smad4 (si Sd4, B), Smad2 (si Sd2, C) or Smad3 (si Sd3, D) (50 nM).
After 48 h the transfected cells were plated on plastic or in three-dimensional
collagen for 24 h. The specific down-regulation of each of the Smad proteins
was analyzed by Western blot analysis using �-tubulin as normalization con-
trol (top). The effect of knockdown of each of the Smad on collagen-induced
Snail mRNA expression was analyzed by qRT-PCR using GAPDH as normaliza-
tion control (bottom). *, p � 0.05. The results are representative of at least
three independent experiments.
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increase the motility and invasion of human pancreatic cancer
cells (14). As Snail is a key regulator of EMT that has also been
shown to increasemotility and invasion (1, 2), we examined the
extent to which collagen modulated Snail levels in pancreatic
cells. Panc1 and HPDE cells were plated onto tissue culture
plastic or in three-dimensional type I collagen gels for 24 h, and
mRNA was extracted and analyzed for Snail by quantitative
real-time PCR. As shown in Fig. 1A, cells plated in collagen
demonstrated a 2–3-fold increase in Snail levels comparedwith
cells plated onto tissue culture plastic. Consistent with the

increase in Snail expression, there was repression of E-cadherin
and an increase in vimentin in cells grown in three-dimensional
collagen (data not shown). Because we had previously pub-
lished that pancreatic cells demonstrate increased TGF-�1 sig-
naling on encountering type I collagen (14) and because
TGF-�1 can induce Snail (Ref. 25, Fig. 1B, and supplemental
Fig. S1A), we examined the role of TGF-� signaling in collagen-
driven Snail expression by blocking the TGF-� T�RI. Panc1
and HPDE cells were plated onto tissue culture plastic or in
three-dimensional type I collagen gels in the presence ofDMSO

FIGURE 3. Snail promotes MMP-dependent two-dimensional collagen invasion and induces MMP-dependent scattering in three-dimensional colla-
gen gels. A, Panc1 cells were transfected with pTet-On (Clontech) vector and co-transfected with pTight-Luc or pTight-Snail and cell lines resistant to both
G418 and puromycin selected (Panc1-vector, Panc1-Snail). Equal number of Panc1-vector and Panc1-Snail cells were plated on plastic and treated with or
without doxycycline (2 �g/ml) for 16 h. The expression of Snail was analyzed by Western blot analysis using �-tubulin as normalization control. B and C,
Panc1-vector and Panc1-Snail cells (2 � 105) were added in 800 �l of serum-free medium to the upper chamber of BD Biocoat porous polycarbonate filters (8
�m pore) coated with 7.5 �g of type I collagen, and 1 ml of serum-containing medium supplemented with doxycycline was added to the lower chamber. The
cells were allowed to invade over 30 h, and the non-invading cells were removed from the upper chamber. The filters were then fixed, stained, and photo-
graphed (B), and the relative invasion was quantified (C). D and E, Panc1-vector and Panc1-Snail cells were embedded in three-dimensional collagen gels (2
mg/ml), and doxycycline-containing media was changed every 2 days for 6 days. The effect of Snail on colony morphology was examined by phase contrast
microscopy (D), and the number of scattered colonies per field was quantified as detailed under “Experimental Procedures” (E). F and G, Panc1-vector and
Panc1-Snail cells were grown in three-dimensional collagen gels (2 mg/ml) and doxycycline with DMSO (vehicle control) or GM6001 (10 �M) added every 2 days
for 6 days. The effect on colony morphology in at least five fields was examined by phase contrast microscopy (F), and the average number of scattered colonies
per field was quantified (G). H, the effect of GM6001 on invasion of Panc1-vector and Panc1-Snail cells through type I collagen-coated membrane was also
determined. *, p � 0.05. The results are representative of at least three independent experiments.
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or SB431542, a well characterized inhibitor of T�RI activity
(26), and the effect on Snail expression was determined. As
shown in Fig. 1C, SB431542 attenuated the effect of collagen on
Snail expression. Additionally, Panc1 cells were transfected
with control siRNA or siRNA against T�RI, allowed to recover,
and then plated on tissue culture plastic or in three-dimen-
sional type I collagen gels. The T�RI siRNA successfully
knocked down T�RI protein expression and blocked collagen-
induced Snail expression (Fig. 1D). Overall, these experiments
demonstrate that collagen-induced Snail expression is medi-
ated by TGF-� signaling.
Smad3, but Not Smad2, Regulates Collagen-induced Snail

Expression—We next characterized the signaling downstream
of T�RI involved in collagen-induced Snail expression. Because
ERK1/2 has been shown to regulate Snail expression (25, 27),
we initially evaluated the contribution of ERK1/2 signaling to
collagen-induced Snail expression. Panc1 cellswere plated onto
tissue culture plastic or in three-dimensional type I collagen in
the presence ofDMSOor theMEK1/2 inhibitorU0126 for 24 h.
The cells were then extracted out of the collagen gels using
collagenase and analyzed for ERK1/2 phosphorylation and
Snail expression. Although U0126 blocked collagen-induced
ERK1/2 phosphorylation, it did not affect collagen-induced
Snail expression (Fig. 2A), indicating that collagen does not
signal through ERK1/2 to regulate Snail in pancreatic cancer
cells. As Smads are canonicalmediators of TGF-� signaling (15,
16), we next examined their contribution to collagen regulation
of Snail in pancreatic cells. Panc1 and HPDE cells were trans-
fected with control siRNA or siRNA against the requisite co-
Smad Smad4, allowed to recover, and then plated onto tissue
culture plastic or grown in three-dimensional type I collagen
gels. As shown in Fig. 2B and supplemental Fig. S1, B and C,
knocking down Smad4 attenuated collagen-induced Snail
expression in PDAC cells. We also evaluated the relative con-
tribution of Smad2 and Smad3 to collagen-induced Snail
expression. Even though siRNA against Smad2 effectively
knocked down Smad2 protein expression (Fig. 2C), it failed to
block collagen-induced Snail expression. In contrast, the
siRNAs against Smad3 blocked collagen-induced Snail expres-
sion (Fig. 2D). These results demonstrate that collagen signals
through Smad3 to regulate collagen-induced Snail expression
in pancreatic cancer cells.
Snail Promotes MMP-dependent Two-dimensional Collagen

Invasion and Induces MMP-dependent Scattering in Three-di-
mensional Collagen Gels—To understand the role of Snail in
pancreatic cancer progression, we generated Panc1 cell lines
expressing Snail protein using a tet-on system (18). In the
absence of doxycycline there was minimal Snail protein,
whereas with the addition of doxycycline there was robust Snail
expression (Fig. 3A). To examine the effect of Snail expression
on invasion, Panc1-vector and Panc1-Snail cells were plated in
Boyden chambers overlaid with type I collagen to create a bar-
rier to invasion. As shown in Fig. 3, B and C, Snail-expressing
cells demonstrated a �2.5-fold increased two-dimensional
invasion through collagen-coated transwell chambers. Impor-
tantly, Snail expression in Panc1 cells did not affect prolifera-
tion on collagen-coated tissue culture plates. In addition, we
examined the effect of Snail on pancreatic cancer cells grown in

three-dimensional collagen gels. Compared with control cells,
which grew as compact spheroids, Panc1 cells expressing Snail
grew as less compact colonies and showed evidence of serpen-
tine growth in three-dimensional collagen gels, which we clas-
sified as “scattered colonies” (Fig. 3D). Quantifying these
changes, there was a �5-fold increase in the number of scat-
tered colonies in the Snail-expressing cells compared with con-
trol Panc1 cells (Fig. 3E). To determine whether the increased
numbers of scattered colonies were not as a result of Snail pro-
moting proliferation in three-dimensional, Panc1 cells were
extracted by collagenase digestion of the gel and counted. Snail
did not affect Panc1 cell numbers in three-dimensional, indi-
cating that the Snail-induced phenotypic changes are not due to
increased proliferation. Because MMPs mediate growth and
invasion in three-dimensional collagen gels (28), we treated the
Snail-expressing cells with the broad-spectrumMMP inhibitor
GM6001. As shown in Fig. 3, F andG, Snail-induced changes in
three-dimensional colonies were blocked by GM6001. More-
over, Snail-induced two-dimensional collagen invasion was
also blocked by GM6001 (Fig. 3H), indicating that Snail

FIGURE 4. Snail increases MT1-MMP expression in pancreatic cancer cells.
A and B, Panc1- vector and Panc1-Snail cells were induced with doxycycline (2
�g/ml) for 24 h, and the lysates were analyzed for Snail, MT1-MMP, and �-tu-
bulin protein expression by Western blotting (A) and MT1-MMP and GAPDH
mRNA expression by qRT-PCR (B). C and D, doxycycline-treated Panc1-Snail
cells were transfected with control siRNA (si ctl) or MT1-MMP-specific siRNA (si
MT1-MMP), allowed to recover for 24 h, and added to type I collagen-coated
transwell chambers as detailed in Fig. 3 and allowed to invade. The knock
down of MT1-MMP was determined after 48 h by Western blotting using
�-tubulin as loading control (D, inset). A representative figure of the invading
cells after 24 h (C) and the quantification of the relative invasion from 4 inde-
pendent experiments are shown (D). E and F, the transfected Panc1-Snail cells
were also seeded in three-dimensional collagen gels (2 mg/ml), doxycycline-
containing media supplemented with control siRNA or MT1-MMP-specific
siRNA was changed every 2 days for 6 days, the effect on colony morphology
was examined by phase microscopy (E), and the average number of scattered
colonies was quantified (F). The results are representative of at least three
independent experiments. *, p � 0.05.
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increases MMP expression or function in pancreatic cancer
cells.
Snail Increases MT1-MMP Expression in Pancreatic Cancer

Cells—Wehad previously shown that collagen invasion by pan-
creatic cancer cells is mediated by MT1-MMP (14), a key pro-
teinase that also promotes growth in the collagen-rich tumor
microenvironment (28). Thus, we examined the effect of Snail
on MT1-MMP levels in pancreatic cancer cells. Panc1-vector
andPanc1-Snail cells were plated onto tissue culture plastic and
treated with doxycycline to induce Snail. As shown in Fig. 4, A
and B, expression of Snail in Panc1 cells increased MT1-MMP
at both themRNAandprotein levels. Snail also increasedMT1-
MMP expression in CD18 and AsPC1 pancreatic cancer cell
lines (supplemental Fig. S2). We next examined the effect of
down-regulating MT1-MMP on Snail-induced two-dimen-
sional collagen invasion and three-dimensional scattering.
Panc1-Snail cells were transfected with control siRNA or
siRNA against MT1-MMP, allowed to recover, and then plated
onto collagen-coated transwell chambers or grown in three-
dimensional collagen gels. Cells transfectedwith siRNA against
MT1-MMP, which decreased MT1-MMP protein levels (Fig.
4D, inset), demonstrated significant reduction in two-dimen-
sional collagen invasion (Fig. 4, C and D). The MT1-MMP
siRNA also significantly decreased the number of scattered col-
onies induced by Snail expression in three-dimensional colla-
gen gels (Fig. 4, E and F). We also examined the effect of
blocking MT1-MMP function using TIMP-2, a well defined
endogenous inhibitor of MT1-MMP activity (29), on Panc1-
Snail cells grown in three-dimensional collagen gels. Unlike
untreated cells or cells treated with TIMP-1, which does not

block MT1-MMP activity (30, 31), TIMP-2 significantly
decreased the number of Snail-induced scattered colonies
observed in three-dimensional collagen gels (Fig. 5, A and B).
Because MMP-2 has also been shown to play a role in invasion
of cancer cells and to act in concert with MT1-MMP (32), we
examined whetherMMP-2 was involved in Snail-induced scat-
tering in three-dimensional using siRNA to silence its expres-
sion. The siRNA decreased MMP-2 mRNA by � 90% and
decreased MMP-2 protein levels (Fig. 5C). However, the
MMP-2 siRNA did not significantly decrease the number of
scattered colonies induced by Snail expression in three-dimen-
sional collagen gels (Fig. 5,D and E). Overall, these results indi-
cate that the scattering phenotype induced by Snail in three-
dimensional collagen is mediated by MT1-MMP.
ERK1/2 Mediates Snail-induced MT1-MMP Expression and

Collagen Invasion—As Snail was previously shown to increase
ERK1/2 phosphorylation (6), we examined the role of ERK1/2
in Snail-mediatedMT1-MMPup-regulation and collagen inva-
sion by pancreatic cancer cells. Initially, we examined the effect
of Snail on ERK1/2 phosphorylation. As shown in Fig. 6A,
induction of Snail enhanced ERK1/2 phosphorylation. We
next examined the effect of MEK1/2 inhibitor U0126 on MT1-
MMP expression and Snail-mediated collagen invasion. Panc1-
vector and Panc1-Snail cells were treated with vehicle control
(DMSO) or U0126 and co-treated with doxycycline to induce
Snail. As shown in Fig. 6B, Snail-induced ERK1/2 phosphory-
lation was blocked byU0126. Snail increasedMT1-MMP in the
presence of DMSO; however, Snail-induced MT1-MMP
expression was attenuated in the presence of U0126. We also
examined the effect of U0126 on Snail-induced invasion

FIGURE 5. TIMP-2 blocks Snail-induced scattering in three-dimensional. A and B, Panc1-Snail cells were grown in three-dimensional collagen gels (2 mg/ml)
with TIMP-1 (5 �g/ml) or TIMP-2 (5 �g/ml)-co-polymerized. The doxycycline-containing media supplemented with TIMP-1 or TIMP-2 was changed every 2 days
for 6 days, the effect on colony morphology was examined by phase microscopy (A), and the average number of scattered colonies quantified (B). *, p � 0.05.
C, Panc1-Snail cells were transfected with control siRNA (si ctl) or MMP-2-specific siRNA (si MMP2) and allowed to recover for 24 h. The cells were then
serum-starved for 24 h, and the conditioned media were analyzed for MMP-2 expression by gelatin zymography. D and E, the transfected Panc1-Snail cells were
also seeded in three-dimensional collagen gels (2 mg/ml), the doxycycline-containing media supplemented with control siRNA or MMP-2-specific siRNA were
changed every 2 days for 6 days, the effect on colony morphology was examined by phase microscopy (D), and the average number of scattered colonies was
quantified (E). The results are representative of at least three independent experiments.
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through collagen-coated transwell chambers. Snail promoted
two-dimensional collagen invasion by �3-fold; however, in the
presence of U0126, Snail-induced collagen invasion was abro-
gated (Fig. 6C). The effect of U0126 on Snail-induced scattering
of Panc1 colonies in three-dimensional collagenwas also deter-
mined. As shown in Fig. 6,D and E, there was significant reduc-
tion in the number of scattered colonies after U0126 treatment.
Collagen-induced MT1-MMP Expression Involves Snail—

We had previously shown that collagen induces MT1-MMP to
regulate pancreatic cancer invasion (14). Given the above find-
ings that Snail can increase MT1-MMP in PDAC cells, we
examined the extent to which Snail mediates collagen-induced
MT1-MMP expression. Panc1 cells were transfected with con-
trol siRNA or siRNA against Snail, allowed to recover, and then
plated in three-dimensional type I collagen gels. The Snail-spe-
cific siRNA blocked Snail protein levels in Panc1 (Fig. 7A) cells
and partially attenuated collagen-induced MT1-MMP expres-
sion (Fig. 7B), indicating that Snail contributes to collagen-in-
duced MT1-MMP expression. We also examined the effect of
down-regulating Snail on collagen invasion. Panc1 cells trans-
fected with control siRNA or siRNA against Snail were plated
onto collagen-coated transwell chambers and allowed to invade
over 30 h. Cells transfected with siRNA against Snail demon-
strated significant reduction in collagen invasion (Fig. 7, C and
D). Finally, we examined whether there was any relationship
between expression of MT1-MMP and that of Snail in human
PDAC tumor tissue. RNA isolated from de-identified human
PDAC tumor samples was analyzed for MT1-MMP and Snail

by qRT-PCR and normalized to the adjacent matched normal
pancreas. As shown in Fig. 7E, tumor samples with increased
Snail demonstrated increased MT1-MMP levels, with a Spear-
man correlation coefficient of 0.92 (p � 0.0002).

DISCUSSION

The desmoplastic reaction, a hallmark of human pancreatic
ductal adenocarcinomas, is composed of collagen-rich extra-
cellular matrix together with proliferating stromal cells (9).
Besides functioning as a barrier to invasion type I collagen, the
major extracellular matrix in the desmoplastic reaction, has
also been shown to enhance tumor progression. The collagen
fibers can act as highways for migration and facilitate metasta-
sis by directing cancer cells to the vasculature (33, 34).
Increased expression of type I collagen is detected in gene
expression signatures associated with increased risk of metas-
tasis (11, 12). Previously, we had shown that the type I collagen,
the major extracellular matrix in the desmoplastic reaction,
affected PDAC cellular behavior by increasing cellular motility
and promoting expression ofMT1-MMP (14). In this report we
demonstrate that collagen can also increase expression of Snail,
a key regulator of EMT (4, 5), in human pancreatic ductal cells
and in cancer cells. Previous studies have shown that there is a
direct relationship between Snail expression and the invasive
phenotype (35, 36). Consistent with those reports, we now
show that human PDAC tumors with increased Snail also dem-
onstrate increasedMT1-MMPexpression.Wewere also able to
show that Snail can increase expression of MT1-MMP in

FIGURE 6. ERK1/2 mediates Snail-induced MT1-MMP expression and collagen invasion. A, Panc1-vector and Panc1-Snail cells were induced with
doxycycline (2 �g/ml) for 24 h, and the lysates were analyzed for Snail, p-ERK1/2, and �-tubulin expression by Western blot analysis. B, Panc1-vector and
Panc1-Snail cells were induced with doxycycline (2 �g/ml) for 24 h in the presence of DMSO or MEK1/2 inhibitor U0126 (10 �M). The lysates were
analyzed for Snail, p-ERK1/2, MT1-MMP, and �-tubulin expression by Western blotting. C, Panc1-vector and Panc1-Snail cells (2 � 105) in 800 �l of
serum-free medium were added to the upper chamber of BD Biocoat porous polycarbonate filters (8 �m pore) coated with 7.5 �g of type I collagen and
1 ml of serum containing medium supplemented with doxycycline, and either DMSO or U0126 (10 �M) was added to the lower chamber. The cells were
allowed to invade for 30 h, and the non-invading cells were removed from the upper chamber, membranes were fixed, and the relative invasion was
quantified. D and E, Panc1-vector or Panc1-Snail cells were suspended in three-dimensional gel (2 mg/ml), and fresh serum-containing medium
supplemented with doxycycline and either DMSO or U0126 (10 �M) was added every 2 days for 6 days. The effect on colony morphology was examined
by phase contrast microscopy (D), and the average number of scattered colonies per field was quantified (E). The results are representative of at least
three independent experiments. *, p � 0.05.
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PDAC cells to regulate invasion in the three-dimensional
microenvironment. Significantly, only MT1-MMP, the pri-
mary regulator of interstitial collagenolysis, confers a three-
dimensional growth advantage by removing matrix confines
necessary to drive proliferative responses (37).
We show that collagen-induced Snail expression was medi-

ated by TGF-�1 signaling. TGF-�1 is a well defined inducer of
Snail in a variety of cell lines, including human pancreatic can-
cer cells (7, 25, 38). Treatment with the highly specific inhibitor
of T�RI or siRNA against T�RI blocked collagen-induced Snail
expression. Previously, we had shown that PDAC cells increase
TGF-�1 levels and demonstrate increased Smad phosphoryla-
tion upon encountering collagen (14). Clinically, human pan-
creatic tumor samples also demonstrate increased TGF-�1 sig-
naling in areas of fibrosis (14). Recently, it was shown that
collagen also signals through the integrin-linked kinase to reg-
ulate Snail expression (39, 40). Importantly, integrins and integ-
rin-associated proteins have been shown to regulate various
growth factor signaling pathways including TGF-� signaling
(41, 42). The collagen integrin receptor �2�1, which associates
with integrin-linked kinase (43), has been shown to interact
with the T�RI-T�RII heterodimeric complex to modulate
Smad signaling (44, 45). It is, therefore, possible that collagen
promotes a higher order structure involving the TGF-� recep-
tors, integrins, and integrin-linked kinase to activate Smad sig-
naling and subsequent Snail expression.

Although TGF-�1 can signal via MAPK signaling pathways
to regulate Snail expression (25), we found that collagen-in-
duced Snail expression does not involve ERK1/2 but involves
Smad signaling. Knocking down Smad4 abrogated collagen-in-
duced Snail expression in our model system. Interestingly,
mutations in Smad4 are seen in about 50% of human PDAC
tumors (9, 10). Although Smad4 has tumor-suppressive effects
early in tumorigenesis, transgenic mouse models have shown
that Smad4 in fact can be tumor-promoting in advanced pan-
creatic tumors (46, 47). For example, loss of Smad4 in combi-
nation with activated KrasG12D in mouse pancreas results in
tumor growth, but the tumors that develop are well differenti-
ated in nature (46). In contrast, tumors with intact Smad4 show
evidence of EMT, have poorly differentiated phenotype, and
even show TGF-�-dependent growth in a subset of advanced
tumors (46).
Although TGF-�1 can signal through both Smad2 and

Smad3 to regulate Snail expression (38), we show a differential
role of Smad2 and Smad3 in collagen-induced Snail expression.
Collagen-induced Snail expression involves Smad3 but not
Smad2 in pancreatic cancer cells. Interestingly, knock-out
mouse studies have shown that Smad3 and Smad2 have varying
roles in development (48). Smad2-null embryos die in utero
(49, 50), although Smad3-null embryos are viable and fertile,
although the mice are smaller and demonstrate immune dys-
function compared with wild-type control littermates (51).

FIGURE 7. Collagen-induced MT1-MMP expression involves Snail. A and B, Panc1 cells were transfected with control siRNA (si ctl) or a combination of two
different Snail specific siRNAs (si Sn), allowed to recover for 48 h, and then plated on tissue culture plastic or in collagen gels for 24 h. The specific knockdown
of Snail protein was determined by Western blotting using �-tubulin as normalization control (A), and the effect of Snail siRNA on collagen-induced MT1-MMP
was analyzed by qRT-PCR using GAPDH as normalization control (B). The results are representative of at least three independent experiments. *, p � 0.05. C and
D, Panc1 cells were transfected with control siRNA or specific siRNAs, allowed to recover for 24 h, added to type I collagen-coated transwell chambers as
detailed in Fig. 3, and allowed to invade. A representative figure of the invading cells after 24 h (C) and the quantification of the relative invasion from 4
independent experiments are shown (D). *, p � 0.05. E, using de-identified human pancreatic tissue specimens (n � 11) obtained on an institutional review
board-approved protocol, RNA was isolated from human PDAC tumors and the adjacent matched normal pancreas and analyzed by qRT-PCR. Snail and
MT1-MMP expression in PDAC tumors was normalized to the levels present in the matched adjacent normal pancreas, which was arbitrarily set at 1.0, and
analyzed using Spearman’s correlation.
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Gene expression studies have also shown that Smad2 and
Smad3 differentially regulate TGF-�1-target genes (17, 52).
Studies using mouse-embryonic fibroblasts (MEFs) from
Smad2-null and Smad3-null mice show that compared with
wild-typeMEFs, therewas no difference in the number of genes
deregulated in Smad2-null MEFS after TGF-�1 treatment (17).
In contrast, there was a 17-fold difference in the number of
genes affected by TGF-�1 treatment between wild-type MEFs
and Smad3-nullMEFs (17). In addition to the differential role of
Smad2 and Smad3 during development, there is also evidence
to suggest the differing roles of Smad2 and Smad3 in adult tis-
sue. Liver specific knock-down of Smad3 or Smad2 in adult
mice showed that Smad3, but not Smad2, is required for TGF-
�-stimulated EMT and growth arrest (53). Similarly, TGF-�1-
mediated repression of E-cadherin in kidney epithelial cells
required Smad3 and not Smad2 (54, 55). These latter reports
clearly demonstrate that Smad3 may have a more significant
role in regulating EMT than Smad2.
Snail expression dramatically increased invasion of pancre-

atic cancer cells in a two-dimensional microenvironment and
induced scattering in a three-dimensional microenvironment.
Snail increased ERK1/2 phosphorylation and blocking ERK1/2
activation using U0126 inhibited Snail-induced collagen inva-
sion. Although the mechanism is unclear, work from our labo-
ratory and others has shown that Snail can increase ERK1/2
phosphorylation (6, 7). Snail via ERK1/2 increased expression
of MT1-MMP, and blocking MT1-MMP with TIMP-2 or
siRNA also attenuated Snail-induced invasion. Previously, it
was shown that stable transfection of Snail in liver cancer cells
increased MT1-MMP expression (56). Recently, inducible
expression of Snail in MCF7 breast cancer cells also increased
MT1-MMP levels to promote growth and invasion in a chick
chorioallantoic membrane assay (36). Also, conditional knock-
out of Snail in fibroblasts resulted in decreased MT1-MMP
levels and attenuation of invasion in the collagenmicroenviron-
ment (8). Consistent with these reports, we also show that Snail
siRNAcan also attenuate collagen-inducedMT1-MMPexpres-
sion and decrease invasion of pancreatic cancer cells.
In summary, we demonstrate that pancreatic cancer cells on

encountering type I collagen, which is the most pronounced
extracellular matrix protein in human PDAC tumors, induce
Snail expression through increased TGF-�1 signaling. Snail in
turn promotes invasion of pancreatic cancer cells through
increased MT1-MMP expression. These findings clearly dem-
onstrate that the interplay between Snail and collagen results in
tumor progression. Overall, this work increases our under-
standing of the tumor-promoting activity of the prominent col-
lagen-rich stroma present in pancreatic cancer.
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