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Background: This study was designed to compare the role of Snail and Slug in pancreatic cancer.
Results: Snail and Slug have differential effects on three-dimensional scattering, motility, adhesion, and Rho signaling.
Conclusion: Snail, but not Slug, promotes motility and scattering in three-dimensional collagen of pancreatic cancer cells.
Significance: Understanding how Snail and Slug modulate pancreatic cancer progression may identify therapeutic targets for
this deadly disease.

The Snail family of transcription factors has been implicated
in pancreatic cancer progression.We recently showed that Snail
(Snai1) promotes membrane-type 1 matrix metalloproteinase
(MT1-MMP)- and ERK1/2-dependent scattering of pancreatic
cancer cells in three-dimensional type I collagen. In this study,
we examine the role of Slug (Snai2) in regulating pancreatic can-
cer cell scattering in three-dimensional type I collagen.
Although Slug increased MT1-MMP expression and ERK1/2
activity, Slug-expressing cells failed to scatter in three-dimen-
sional collagen. Moreover, in contrast to Snail-expressing cells,
Slug-expressing cells did not demonstrate increased collagen I
binding, collagen I-driven motility, or �2�1-integrin expres-
sion. Significantly, inhibiting �1-integrin function decreased
migration and scattering of Snail-expressing cells in three-
dimensional collagen. As Rho GTPases have been implicated
in invasion and migration, we also analyzed the contribution
of Rac1 and Rho signaling to the differential migration and
scattering of pancreatic cancer cells. Snail-inducedmigration
and scattering were attenuated by Rac1 inhibition. In con-
trast, inhibiting Rho-associated kinase ROCK1/2 increased
migration and scattering of Slug-expressing cells in three-
dimensional collagen and thus phenocopied the effects of
Snail in pancreatic cancer cells. Additionally, the increased
migration and scattering in three-dimensional collagen of
Slug-expressing cells following ROCK1/2 inhibition was
dependent on �1-integrin function. Overall, these results
demonstrate differential effects of Snail and Slug in pancre-
atic cancer and identify the interplay between Rho signaling
and �1-integrin that functions to regulate the differential

scattering and migration of Snail- and Slug-expressing pan-
creatic cancer cells.

Pancreatic cancer, which is one of the deadliest of human
malignancies (1–3), is associated with a pronounced collagen
I-rich stromal reaction (4–6). Although collagen I can function
as a barrier to invasion, increased collagen I expression in the
gene signatures of several epithelial cancers is in fact associated
with increased risk of metastasis (7, 8). Moreover, collagen
fibers can facilitate metastasis by directing cancer cells to the
vasculature (9, 10). We have previously shown that pancreatic
cancer cells on encountering collagen I up-regulatemembrane-
type 1 matrix metalloproteinase (MT1-MMP,3 a.k.a. MMP-14)
(11–14), a key proteinase that promotes growth and invasion in
the three-dimensional collagen microenvironment (15, 16).
Recently, we have found that pancreatic cancer cells on
encountering collagen I also up-regulate the transcription fac-
tor Snail (Snai1) (12), one of the main regulators of epithelial-
mesenchymal transition (17, 18). Snail increases MT1-MMP
expression in pancreatic cancer cells, mediated partly through
increased ERK1/2 signaling, to promote scattering and invasion
of cancer cells in the collagen microenvironment (12). Signifi-
cantly, both Snail andMT1-MMP are overexpressed in human
pancreatic tumor specimens (11, 12, 18, 19).
Members of the Rho family of small GTPases have been

shown to be key regulators of cellular invasion andmigration by
their action on actin, microtubules, and actomyosin contractil-
ity (20, 21). For example, Rac1 enhances cellular migration by
promoting lamellipodia formation (22), whereas RhoA signals
to Rho-associated kinases ROCK1/2 to induce actomyosin
contractility (23, 24). There is also significant cross-talk
between the different Rho-GTPase family members. Specifi-
cally, activation of Rac1 signaling can inhibit RhoA function,
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whereas activation of ROCK1/2 can inhibit Rac1 function (25).
The cytoskeletal changes induced by Rho-GTPases can also in
turn affect the function of integrins (26, 27). More importantly,
the Rho proteins are deregulated in tumors and correlate with
disease progression (28). Gene expression profiles have shown
that Rac1 is up-regulated in human pancreatic tumor speci-
mens (29) and that deletion of Rac1 in a mouse model of pan-
creatic cancer prevents tumor development (30). Interestingly,
Rho-GTPases have also been shown tomodulate the expression
and function of Snail family members (31, 32).
Although the Snail-related protein Slug (Snai2) is also over-

expressed in human pancreatic tumors (33), it is not known the
extent to which Slug functions to modulate the behavior of
pancreatic cancer cells in the collagen-rich tumor microenvi-
ronment. Both Snail and Slug can increase matrix metallopro-
teinase (MMP) expression and promotemigration and invasion
(34). Slug can increaseMMP-9 expression in pancreatic cancer
cells and oral squamous cell cancer cells to promote invasion
(35, 36). Unlike Snail, which causes single cell migration of oral
cancer cells (37), we have previously shown that Slug does not
cause single cell migration but rather is involved in cohort
migration of oral squamous cancer cells (36). Slug, but not
Snail, also promotes cohort migration of breast cancer cells
(38), suggesting that Snail and Slug can have differing effects on
the behavior of cancer cells.
In this study, we examine the effect of Slug on MT1-MMP

expression and on scattering of pancreatic cancer cells in three-
dimensional collagen gels. Similar to Snail, we have found that
Slug increases MT1-MMP expression and ERK1/2 phosphory-

lation; however, Slug does not increase scattering of pancreatic
cancer cells in three-dimensional collagen. Also in contrast to
Snail, we show that Slug does not increase single cell migration
of pancreatic cancer cells, nor increase �2�1-integrin expres-
sion to enhance migration and scattering in three-dimensional
collagen.We show that Snail-inducedmigration and scattering
are mediated by Rac1, whereas Rho-associated kinase
ROCK1/2 functions to block migration and scattering of Slug-
expressing cells, suggesting that Snail and Slug can differen-
tially modulate Rho GTPases to effect single cell migration and
scattering in three-dimensional collagen.

EXPERIMENTAL PROCEDURES

Materials—General tissue culture materials were obtained
from VWR International (West Chester, PA). Antibodies
against Snail (3879) and phospo-ERK1/2 (9101) and the
MEK1/2 inhibitor U0126 (9903) were purchased fromCell Sig-
naling (Danvers, MA). Antibodies against Slug (sc-1539), �-
tubulin (sc-8035), ROCK2 (sc-5561), �1-integrin (P5D2,
sc-13590 and M106, sc-8978), and �3-integrin (I-19, sc-6592)
were obtained from Santa Cruz Biotechnology (Santa Cruz,
CA). Rac1 (05-389), TIMP-2 (IM11L), �2-integrin (MAB1936
and MAB1950), �3-integrin (MAB1952), and �1-integrin-
blocking (MAB1987z, P4C10 clone) antibodies were obtained
from Millipore. Transferrin receptor (BD612124) and ROCK1
(BD611136) antibodies were obtained from BD Biosciences.
MT1-MMP (ab38971) and HRP-conjugated secondary anti-
bodies were obtained from Abcam (Cambridge, MA) and
Sigma, respectively. Type I collagen (354249), diluted to 2

FIGURE 1. Slug increases MT1-MMP, but does not induce scattering in three-dimensional collagen gels. PDAC (AsPC1 and Panc1) cells were transfected
with pTet-On (Clontech) vector and co-transfected with pTight-Luc, pTight-Snail, or pTight-Slug vector, and cell lines resistant to both G418 and puromycin
were selected (PDAC-Vector, PDAC-Snail, PDAC-Slug). A and B, an equal number of PDAC-Vector, PDAC-Snail, and PDAC-Slug cells were plated on plastic and
treated with doxycycline (2 �g/ml). The expression of Snail and Slug was analyzed at 16 h by Western blot analysis using �-tubulin as normalization control (A).
MT1-MMP expression was analyzed at 24 h by Western blotting (B). C and D, stable PDAC cells were embedded in three-dimensional collagen gels (2 mg/ml),
and doxycycline-containing media were changed every 2 days for 4 – 6 days. The effect of Snail and Slug on colony morphology was examined by phase
contrast microscopy at 4 days for AsPC1 cells and 6 days for Panc1 cells (top), and the percentage of scattered colonies per field was quantified as detailed under
“Experimental Procedures.” (bottom). The results are representative of at least four independent experiments. Error bars in C and D indicate S.E. *, p � 0.05.
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mg/ml according to manufacturer’s protocol, was purchased
from BD Biosciences. MMP inhibitor GM6001 (561206),
ROCK1/2 inhibitor Y27632 (688001), and Rac1 inhibitor
NSC23766were purchased fromCalbiochemandused at a final
concentration of 10 �M. Nucleofector electroporation kit
(VCA-1001) was purchased from Lonza. Collagenase (4196)
was purchased fromWorthington Biochemical.
Generation of Pancreatic Cancer Cells Inducibly Expressing

Snail and Slug—The Snail and Slug genes were subcloned into
pRetroX-Tight-Pur vector, and viral particles were generated
as previously published (12, 36). A similar protocol was used to
generate viral particles for pTet-On advanced vector (Clon-
tech). Parental Panc1 and AsPC1 cells were first infected with
pTet-On, then stable cells resistant to G418 were selected, fol-
lowed by infection with pTight-Snail, pTight-Slug ,or pTight-
Luc, and stable cell lines resistant to both G418 and puromycin
were selected. The stable cell lineswere routinelymaintained in
DMEMwith Tet system approved FBS (Clontech), puromycin,
and G418. For Snail and Slug induction, doxycycline at a final
concentration of 2 �g/ml was added to the growth media.
Down-regulation of Rac1 and ROCK1/2—Rac1 expression

was transiently down-regulated using a pool of three sequences
specific siRNAs (Rac1si) from Santa Cruz Biotechnology (sc-
44325). ROCK1 was down-regulated using the duplex siRNA

(ROCK1Si) forward 5-GCCAAUGACUUACUUAGGAdTdT-3
and reverse 5-UCCUAAGUAAGUCAUUGGCdTdT-3, whereas
ROCK2 was down-regulated using the duplex siRNA (ROCK2Si)
forward 5-GCAAAUCUGUUAAUACUCGdTdT-3 and reverse
5-CGAGUAUUAACAGAUUUGCdTdT-3 (39). Pancreatic can-
cer cells were transfected with siRNA for the gene of interest or
control siRNA using the Nucleofector kit R (Amaxa/Lonza) (12).
Embedding and Examination of Cells in Three-dimensional

Type ICollagenGels—Collagenmixture (2mg/ml)wasmade by
adding the appropriate volumes of sterile water, 10� DMEM,
and NaOH and kept on ice until needed (40). Cells were then
suspended in the collagen solution and allowed to gel for 20min
at 37 °C. For RNA extraction, the gel containing cells was pro-
cessed using the Qiagen RNeasy extraction kit (74106) to
extract RNA for quantitative RT-PCR analysis. For protein
analyses, cells were extracted out of the gels using collagenase
and lysed. Formorphological examination of cells, 5� 103 cells
were suspended in collagen; the resulting cell colonies were
examined using a Zeiss Axiovert 40 CFL microscope, and pic-
tures were taken with a Nikon Coolpix 4500 camera. The per-
centage of colony scattering was quantified by counting the
average number of scattered colonies, (loosely arranged, elon-
gated with projections) per field, from a minimum of five dif-
ferent fields at 100� magnification.

FIGURE 2. Effect of Snail and Slug on TIMP-2 levels. A and B, stable PDAC cells were grown in three-dimensional collagen gels (2 mg/ml) and doxycycline
together with DMSO (vehicle control) or GM6001 (10 �M) added every 2 days for 4 – 6 days. The effect on colony morphology was examined by phase contrast
microscopy (A), and the percentage of scattered colonies per field was quantified (B). Stable PDAC cells were embedded in three-dimensional collagen gels (2
mg/ml), and doxycycline-containing media were changed every 2 days for 4 – 6 days. C and D, the conditioned media surrounding the cells in the collagen gel
were collected, concentrated, and analyzed for TIMP-2 levels by Western blotting, and the lysates of cells in the collagen gel were analyzed for �-tubulin by
Western blotting. E and F, the effect of Snail and Slug on TIMP-2 mRNA expression was analyzed by quantitative RT-PCR using GAPDH as normalization control.
Error bars in E and F indicate S.E. *, p � 0.05. The results are representative of at least three independent experiments.
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Motility Assay—Haptotactic motility was assessed as
described previously with some modification (11, 36, 41). One
thousand cells were plated onto thin-layer type I collagen over-
laid with colloidal gold. Cells were allowed to migrate, and
phagokinetic tracks were monitored by visual examination
using a Zeiss microscope and photographed using a Nikon
camera.
AdhesionAssay—Cells were seeded onto tissue culture plates

precoated with type I collagen. Cells were allowed to adhere at
37 °C for 10 min, washed once with PBS, and then fixed and
stained (40, 41). Cells were imaged using a Zeiss microscope,
photographed using a Nikon camera, and counted using the
ImageJ software.
DQ-Collagen I Assay—Glass bottom culture dishes (P35GC-

1.5-14-C, MatTek Corp., Ashland, MA) were coated with 50 �l
of Matrigel containing 25 �g/ml DQ-collagen I (D12060,
Molecular Probes) at 37 °C for 20 min, and then pancreatic
cancer cells were plated onto the coated surfaces. The cellswere
then imaged 24 h later using Zeiss LSM 510 META confocal
microscope (42).
Flow Cytometric Analysis—Cells (3 � 105) were treated with

monoclonal anti�2-,�3-, or�1-integrin (1:100) for 1 h at room
temperature with gentle shaking. Cells were stained with sec-
ondary antibody conjugated to Alexa Fluor 488 (1:200) for 30
min at room temperature, washed twice with PBS, and resus-
pended in PBS for analysis with Summit software 4.3 on a Beck-
man Coulter fluorescence-activated cell sorter (39).
Cell Surface Biotinylation—Doxycycline-treated pancreatic

cancer cells were grown to confluence in a 6-well plate, washed
with ice-cold phosphate-buffered saline, and incubated at 4 °C

for 30 min with 0.5 mg/ml cell-impermeable Sulfo-NHS-LC-
Biotin in ice-cold phosphate-buffered saline followed by wash-
ing with 100 mM glycine to quench free biotin (39, 43–45). To
isolate biotinylated cell surface proteins, equal amounts of pro-
tein from each sample were incubated with streptavidin beads
at 4 °C for 14 h followed by centrifugation. After boiling in
Laemmli sample dilution buffer to dissociate streptavidin bead-
biotin complexes, the biotin-labeled samples were analyzed by
SDS-PAGE (7.5% gels) and immunoblotted for integrins.
Quantitative Real Time-PCR Analysis—Reverse transcrip-

tion of RNA to cDNA was performed using TaqMan reverse
transcription reagents (N808-0234) from Applied Biosystems.
Quantitative gene expression was performed for TIMP-2
(Hs00234278_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 compara-
tive CT method for relative gene expression (11, 37, 46).
Immunoblotting—Immunoblotting was done as described

previously (43, 44), and integrins were detected by enhanced
chemiluminescence using Western blotting reagents (Pierce
Biotechnology).
Statistical Analysis—All statistical analyses were done using

Microsoft Excel.

RESULTS

Slug Increases MT1-MMP but Does Not Induce Scattering in
Three-dimensional Collagen—We recently showed that Snail
inducesMT1-MMP in pancreatic cancer cells to promote scat-
tering in three-dimensional collagen gels (12). Although the

FIGURE 3. Snail and Slug increase ERK1/2 phosphorylation in PDAC cells. A and B, AsPC1-vector, AsPC1-Snail, and AsPC1-Slug cells were suspended in
three-dimensional collagen 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 4 days. The effect on colony morphology was examined by phase contrast microscopy (A), and the percentage of scattered colonies per field
was quantified (B). C and D, stable PDAC cells were serum-starved for 24 h and induced with doxycycline (2 �g/ml) for 12 h, and the lysates were analyzed for
phospho-ERK1/2 (p-ERK) and �-tubulin expression by Western blotting. The results are representative of at least three independent experiments. Error bars in
B indicate S.E. *, p � 0.05.
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Snail-related protein Slug is up-regulated in human pancreatic
cancer and contributes to tumor progression (33, 35), Snail and
Slug can have differing effects on the behavior of cancer cells.
Thus, to better understand the role of Snail and Slug in pancre-
atic cancer, we created Panc1 and AsPC1 cells expressing Snail
or Slug protein using a doxycycline-inducible system. Treat-
ment with doxycycline resulted in robust expression of Snail
and Slug in both AsPC1 and Panc1 cells (Fig. 1A). Initially, we
examined the effect of Snail and Slug on MT1-MMP, a key
proteinase that is required for invasion of cancer cells in the
collagen-rich tumor microenvironment. As we recently
showed that Snail increases MT1-MMP in Panc1 cells (12),
Snail also increases MT1-MMP in AsPC1 cells (Fig. 1B). We
also found that Slug increasesMT1-MMP to levels comparable
with those induced by Snail in both AsPC1 and Panc1 cells (Fig.
1B). We next examined the effect of expressing Snail and Slug
on the behavior of AsPC1 and Panc1 cells grown in three-di-
mensional collagen gels. Expression of Snail, which we have
shown causes a scattering phenotype in Panc1 cells (12), also
causes scattering of AsPC1 cells in three-dimensional collagen
(Fig. 1C). However, Slug failed to induce a scattering phenotype
in either AsPC1 or Panc1 cells (Fig. 1, C and D). These results
suggest that up-regulation of MT1-MMP is not sufficient to
induce scattering of Slug-expressing cells in three-dimensional
collagen.

Effect of Snail and Slug on TIMP-2 Levels and ERK1/2
Phosphorylation—Because the Snail-induced scattering phe-
notype of Panc1 cells requires MMP activity (12), we examined
whether the phenotype in AsPC1 cells was also dependent on
MMP activity. AsPC1 cells in three-dimensional collagen were
grown in the presence of the broad spectrum MMP inhibitor
GM6001 or DMSO as vehicle control. As shown in Fig. 2,A and
B, Snail-induced scattering of AsPC1 cells also requires MMP
activity. We next evaluated the effect of Snail and Slug on
TIMP-2, an endogenous inhibitor of MT1-MMP activity that
blocks Snail-induced scattering in three-dimensional collagen
(12). Snail and Slug cells were grown in three-dimensional col-
lagen, and TIMP-2 protein levels in the conditionedmedia sur-
rounding the cells in three-dimensional collagen were exam-
ined byWestern blotting. Expression of Snail and Slug reduced
TIMP-2 protein levels in the conditioned media from both
AsPC1 and Panc1 cells (Fig. 2, C andD). We also examined the
effect of Snail and Slug on TIMP-2 mRNA levels by real time
PCR. Snail and Slug did not affect TIMP-2 mRNA levels in
AsPC1 cells (Fig. 2E), but decreased TIMP-2 mRNA levels to a
similar extent in Panc1 cells (Fig. 2F). Thus, the difference in the
scattering phenotype between Snail- and Slug-expressing pan-
creatic cancer cells in three-dimensional collagen cannot be
due to changes in TIMP-2 levels. In addition, we examined the
effect of Snail and Slug on pericellular proteolytic activity using

FIGURE 4. Snail, but not Slug, increases pancreatic cancer cell collagen I binding, collagen I-driven motility, and �2�1-integrin expression. A and B,
stable AsPC1 cells were induced with doxycycline (2 �g/ml) for 24 h and then plated onto tissue culture plates coated with thin-layer collagen, allowed to
adhere at 37 °C for 10 min, washed, and then stained. Adherent cells were photographed (A) and counted (B). C and D, AsPC1 cells were induced with
doxycycline (2 �g/ml) for 24 h, plated onto thin-layer type I collagen matrix overlaid with colloidal gold, and allowed to migrate for 24 h, and the tracks were
photographed (C) and quantified (D). E, equal numbers of AsPC1 cells were induced with doxycycline for 24 h, surface-labeled with biotin, and lysed, and cell
lysates were immunoprecipitated with streptavidin and analyzed for �2-, �3-, and �1-integrin and transferrin receptor (loading control) by Western blotting.
Error bars in B and D indicate S.E. The results are representative of at least three independent experiments. *, p � 0.05.
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DQ-collagen I substrate and found no difference in the collagen
proteolytic activity between Snail- and Slug-expressing pancre-
atic cancer cells (supplemental Fig. S1).
Because Snail-induced scattering of Panc1 cells in three-di-

mensional collagen requires ERK1/2 activity (12), we examined
whether the increased scattering of AsPC1-Snail cells also
requires ERK1/2 and whether there is differential activation of
ERK1/2 signaling by Snail and Slug in pancreatic cancer cells.
As shown in Fig. 3, A and B, Snail-induced scattering of AsPC1
cells in three-dimensional collagen requires ERK1/2 signaling.
However, there is no difference in the relative activation of
ERK1/2 signaling in the Snail- and Slug-expressing AsPC1 and
Panc1 cells (Fig. 3,C andD). Moreover, there was no difference
in the expression of ERK1/2 in the Snail- and Slug-expressing
AsPC1 and Panc1 cells (supplemental Fig. S2A). These results
suggest that despite the fact that Slug increases ERK1/2 activity,
it is not sufficient to induce scattering of Slug-expressing cells
in three-dimensional collagen.
Snail, butNot Slug, Increases Pancreatic CancerCell Collagen

I Binding, Collagen I-driven Motility, and �2�1-Integrin
Expression—Because the interaction of the cells with the sur-
rounding extracellular matrix can also affect the ability of cells
to invade and scatter (47), we examined the effect of Snail and
Slug on adhesion of pancreatic cancer cells to type I collagen.
AsPC1 cells were treated with doxycycline for 24 h to induce
Snail and Slug expression, trypsinized, and plated onto colla-
gen-coated tissue culture plates for 10 min for the cells to
adhere and thenwashedwith PBS to remove nonadherent cells.
As shown in Fig. 4,A and B, Snail-expressing cells demonstrate
increased adhesion to collagen. We also examined the effect of

Snail and Slug on single cell migration of AsPC1 cells using a
colloidal gold assay. As shown in Fig. 4, C and D, AsPC1 cells
migrate on collagen-coated plates as demonstrated by the
tracks generated by individual cells, with AsPC1-Snail cells
demonstrating increased migration when compared with
AsPC1-vector or AsPC1-Slug cells. Similar to the increased
scattering of AsPC1-Snail cells in three-dimensional collagen
(Fig. 3), the increased migration of AsPC1-Snail cells also
required ERK1/2 signaling (supplemental Fig. S3).

We next evaluated the effect of Snail and Slug on the expres-
sion of�2- and�1-integrins, whichmediate binding to collagen
I (48, 49). As a control, we also examined the effect of Snail and
Slug on �3-integrin expression. AsPC1 cells were treated with
doxycycline for 24 h to induce Snail and Slug expression and
surface-labeled with biotin. The lysates were then immunopre-
cipitated with streptavidin, and the effect on integrin expres-
sion was determined byWestern blotting. As shown in Fig. 4E,
Snail significantly increases cell surface �2- and �1-integrin
expression without affecting cell surface �3-integin levels.
Moreover, flow cytometric analysis revealed that Snail also
increases �2- and �1-integrin expression in Panc1 cells (sup-
plemental Fig. S4).

�1-Integrin Mediates Snail-driven Three-dimensional Scat-
tering and Collagen I-driven Motility—We next examined
whether the �1-integrin expression mediates three-dimen-
sional scattering and motility of AsPC1 cells. AsPC1 cells were
treated with doxycycline for 24 h to induce Snail and Slug
expression, trypsinized, and preincubated with control IgG or
function-blocking �1-integrin antibody (clone P4C10) and
then suspended in three-dimensional collagen gels or plated

FIGURE 5. �1-Integrin mediates Snail-driven three-dimensional scattering and collagen-driven motility. AsPC1-vector, AsPC1-Snail, and AsPC1-Slug
cells were induced with doxycycline (2 �g/ml) for 24 h, trypsinized, and incubated with a function-blocking �1-integrin antibody (P4C10) or isotype-matched
control IgG antibody for 30 min. A and B, the cells were then suspended in three-dimensional collagen gel (2 mg/ml), and fresh serum-containing medium
supplemented with doxycycline and �1-integrin-blocking antibody or control antibody was added every 2 days for 4 days. The effect on colony morphology
was examined by phase contrast microscopy (A), and the percentage of scattered colonies per field was quantified (B). C and D, cells were also plated onto
thin-layer type I collagen matrix overlaid with colloidal gold and allowed to migrate for 24 h, and the tracks were photographed (C) and quantified (D). Error bars
in B and D indicate S.E. The results are representative of at least four independent experiments. *, p � 0.05.
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onto thin-layer type I collagen matrix overlaid with colloidal
gold. As shown in Fig. 5, A and B, Snail-expressing cells dem-
onstrate a scattered phenotype in three-dimensional collagen,
which is significantly attenuated in the presence of the �1-in-
tegrin-blocking antibody. Similarly, the �1-integrin-blocking
antibody also significantly attenuates Snail-induced motility of
AsPC1 cells (Fig. 5, C and D).
Rac1 Mediates Snail-induced Scattering and Motility,

whereas ROCK1/2 Blocks Scattering and Motility of Slug
Cells—Members of the Rho family of GTPases have been impli-
cated in migration and invasion in three-dimensional collagen
matrices, with Rac1 and RhoA-ROCK1/2 signaling having dif-
fering effects on migration and invasion (25). Thus, we exam-
ined the effect of blocking Rac1 or ROCK1/2 signaling in
AsPC1-Snail and AsPC1-Slug cells using well defined small
molecule inhibitors of Rac1 and ROCK1/2. Stable AsPC1 cells
were suspended in three-dimensional collagen and treatedwith
the Rac1 inhibitor NSC23766 or the ROCK1/2 inhibitor
Y27632 (50, 51). Although Snail and Slug did not affect expres-
sion of Rac1 or ROCK1/2 (supplemental Fig. S2, B and C), the
Rac1 inhibitor significantly decreased the number of scattered
colonies seen in AsPC1-Snail cells (Fig. 6,A and B). In contrast,
the ROCK1/2 inhibitor caused the generation of scattered col-
onies in all AsPC1 cells.We also examined the effect of the Rac1
andROCK1/2 inhibitors on collagen-drivenmotility. As shown
in Fig. 6, C and D, inhibiting Rac1 decreases the motility of

AsPC1-Snail cells, whereas inhibiting ROCK1/2 increases
motility of AsPC1-Slug cells.
To further demonstrate the role of Rac1 in regulating Snail-

induced scattering phenotype and motility, AsPC1-Snail cells
were transfected with control siRNA or siRNA against Rac1.
The cells were then suspended in three-dimensional collagen
gels or plated onto collagen matrix overlaid with colloidal gold.
The Rac1 siRNA significantly decreased Rac1 protein expres-
sion (Fig. 7B, inset), decreased the number of scattered colonies
(Fig. 7, A and B), and attenuated the collagen-driven motility
(Fig. 7, C and D). Similarly, the effect of siRNA against
ROCK1/2 on the behavior of Slug cells was also examined. The
siRNA successfully decreased ROCK1 and ROCK2 protein
expression (Fig. 7F, inset), resulting in increased scattering in
three-dimensional collagen (Fig. 7, E and F) and increased col-
lagen-driven motility of Slug cells (Fig. 7, G and H).
Y27632- andROCK1/2 siRNA-driven Scattering andMotility

of Slug Cells Are Mediated by �1-Integrin—Because Snail-in-
duced scattering and motility are dependent on �1-integrin
(Fig. 5), we next examinedwhether the increased scattering and
motility of Slug cells following Y27632 treatment were also
dependent on �1-integrin. AsPC1-Slug cells were treated with
doxycycline for 24 h, trypsinized, and incubated with control
IgG antibody or �1-integrin-blocking antibody for 30min. The
cells were then suspended in three-dimensional collagen gels or
plated atop collagen matrix overlaid with colloidal gold. As

FIGURE 6. Rac1 inhibitor blocks Snail-induced scattering and motility, whereas ROCK1/2 inhibitor promotes scattering and motility of Slug cells.
AsPC1-vector, AsPC1-Snail, and AsPC1-Slug cells were induced with doxycycline (2 �g/ml) for 24 h. A and B, the cells were then suspended in three-dimensional
collagen gel (2 mg/ml), and fresh serum-containing medium supplemented with doxycycline and ROCK1/2 inhibitor Y27632 (10 �M) or Rac1 inhibitor
NSC23766 (10 �M) was added every 2 days for 4 days. The effect on colony morphology was examined by phase contrast microscopy (A), and the percentage
of scattered colonies per field was quantified (B). C and D, cells were also plated onto thin-layer type I collagen matrix overlaid with colloidal gold and allowed
to migrate for 24 h, and the tracks were photographed (C) and quantified (D). Error bars in B and D indicate S.E. The results are representative of at least three
independent experiments. *, p � 0.05. NS, not significant.
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shownpreviously in Fig. 6A, AsPC1-Slug cells plated in collagen
and treated with Y27632 demonstrate increased projection in
the presence of control IgG antibody. In contrast, the function-
blocking �1-integrin antibody blocks Y27632-induced pheno-
type of AsPC1-Slug cells in three-dimensional collagen (Fig. 8,
A and B). Similarly, the �1-integrin antibody blocks Y27632-
induced motility of AsPC1-Slug cells (Fig. 8, C and D). We also
examined whether the ROCK1/2 siRNA-induced scattering
and motility of AsPC1-Slug cells could be blocked with the
function-blocking�1-integrin antibody. AsPC1-Slug cells were

transfected with control siRNA or siRNAs against ROCK1 and
ROCK2, allowed to recover overnight, trypsinized, and incu-
bated with control IgG antibody or �1-integrin-blocking anti-
body for 30 min. The cells were then grown in three-dimen-
sional collagen gels or plated atop collagenmatrix overlaid with
colloidal gold. As shown in Fig. 9, A and B, the function-block-
ing�1-integrin antibody blocksROCK1/2 siRNA-inducedphe-
notype of AsPC1-Slug cells in three-dimensional collagen. The
�1-integrin antibody also blocks ROCK1/2 siRNA-induced
motility of AsPC1-Slug cells (Fig. 9, C and D). Overall, these

FIGURE 7. Rac1 siRNA blocks Snail-induced scattering and motility, whereas ROCK1/2 siRNA promotes scattering and motility of Slug cells. A–D,
AsPC1-Snail cells transfected with control siRNA (ctl si) or Rac1 siRNA (Rac1 si) were suspended in three-dimensional collagen gels and allowed to grow for 3
days in media supplemented with doxycycline (A) or plated onto thin-layer type I collagen matrix overlaid with colloidal gold and allowed to migrate over 24 h
(C). The percentage of scattered colonies per field (B) and the tracks generated by motile cells were quantified (D). Rac1 expression was analyzed by Western
blotting using �-tubulin as loading control (B, inset). E–H, AsPC1-Slug cells transfected with control siRNA or a mixture of ROCK1 and ROCK2 siRNA were
suspended in three-dimensional collagen gels and allowed to grow for 3 days (E) or plated onto thin-layer type I collagen matrix overlaid with colloidal gold and
allowed to migrate over 24 h (G). The percentage of scattered colonies per field (F) and the tracks generated by motile cells were quantified (H). ROCK1 and
ROCK2 expression was analyzed by Western blotting using �-tubulin as loading control (F, inset). Error bars in B, D, F, and H indicate S.E. The results are
representative of at least three independent experiments. *, p � 0.05.
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results demonstrate the interplay between Rho signaling and
�1-integrin that functions to control scattering and motility of
Snail- and Slug-expressing pancreatic cancer cells.

DISCUSSION
There is increasing evidence thatmembers of the Snail family

of transcription factors can have both similar and differing roles
in cancer progression (17). Both Snail and Slug have been asso-
ciated with proteinase expression and invasion (52, 53). We
have previously shown that both proteins increase expression
of MMP-9 in oral cancer cells (36, 37), and in this study, we
show that both Snail and Slug both increaseMT1-MMP in pan-
creatic cancer cells. We also show that Snail and Slug both
repress TIMP-2 protein levels in pancreatic cancer cells. It has
previously been shown that Snail and Slug can increase invasion
of breast, squamous, and pancreatic cancer cells (35–38). We
have found that Snail also increases invasion and scattering of
pancreatic cancer cells in three-dimensional collagen (12);
however, expression of Slug in pancreatic cancer cells does not
result in increased scattering of pancreatic cancer cells in three-
dimensional collagen. We also show that Snail and Slug have
differing effects on single cell migration of pancreatic cancer
cells. This is consistent with what we have previously found in
oral cancer cells. Snail enhanced single cell migration of oral
cancer cells, whereas Slug promoted cohort migration of oral

cancer cells (36, 37). Moreover, Slug-expressing breast tumors
appear to invade as a cohesive group of cells, whereas Snail-
expressing tumors showmore individual invasion of cancerous
cells into the surrounding stroma (38).
We also show that Snail and Slug have differing effects on cell

adhesion and integrin expression. In contrast to Slug, Snail
increases adhesion and enhances expression of collagen-binding
�2�1integrins to promote motility. Blocking �1-integrin attenu-
ates Snail-driven motility and invasion of pancreatic cancer cells.
Snail has previously been shown tomodulate integrin expression.
Snail increases expression of �5-integrin and represses �3-, �6-,
and �4-integrin expression in Madin-Darby canine kidney cells
andA431 cells (54). Thus, Snail increases binding ofMadin-Darby
canine kidney cells and A431 cells to fibronectin and decreases
attachment to basementmembrane proteins (54). However, Snail
was recently showntorepress�5-,�2-, and�1-integrinexpression
in ARCaP and LNCaP prostate cancer cells and consequently was
associated with decreased adhesion to fibronectin and collagen
(55). Although we found that Slug does not affect �2-, �3-, or
�1-integrin expression in pancreatic cancer cells, Slug represses
�3-, �1-, and �4-integrin expression in keratinocytes to decrease
attachment to laminin-5matrix (56).These results suggest that the
effects of Snail and Slug on integrin expression dependon the type
and the nature of tumor cells.

FIGURE 8. Y27632-driven scattering and motility of Slug cells is mediated by �1-integrin. AsPC1-Slug cells were induced with doxycycline (2 �g/ml) for
24 h, trypsinized, and incubated with control IgG antibody or function-blocking �1-integrin antibody (P4C10) for 30 min. A and B, the cells were then suspended
in three-dimensional collagen gel (2 mg/ml), and fresh serum-containing medium supplemented with doxycycline and ROCK1/2 inhibitor Y27632 was added
for 2 days. The effect on colony morphology was examined by phase contrast microscopy (A), and the percentage of scattered colonies per field was quantified
(B). C and D, cells were also plated onto thin-layer type I collagen matrix overlaid with colloidal gold and allowed to migrate for 24 h, and the tracks were
photographed (C) and quantified (D). Error bars in B and D indicate S.E. The results are representative of at least three independent experiments. *, p � 0.05.
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We show that Snail and Slug have a similar effect on MT1-
MMP and TIMP-2 levels and on pericellular proteolytic activ-
ity. Interestingly, the effect of Snail and Slug on TIMP-2 is pri-
marily at the protein level instead of at the mRNA level. It has
previously been shown that TIMP-2 can be regulated at the
post-transcriptional level by an MT1-MMP-dependent endo-
cytic degradation process (43, 44, 57, 58). TIMP-2 is recruited
to the cell surface by MT1-MMP, endocytosed via an MT1-
MMP-dependent process, and subsequently degraded in the
lysosomes (43, 44, 57, 58). Although we have previously shown
that MT1-MMP is required for Snail-mediated invasion and
scattering in three-dimensional collagen (12), our results based
on the differential effect of Snail and Slug on two-dimensional
collagen migration and scattering in three-dimensional colla-
gen suggest thatMT1-MMP induction is not sufficient for inva-
sion of Slug-expressing cells in three-dimensional collagen.
This is in agreement with findings in cervical cancer cells where
expression of MT1-MMP was also not sufficient to promote
invasion (59). TheMT1-MMP-expressing cervical cells became
invasive only following treatment with epidermal growth factor
(59). Previously, it was shown thatMT1-MMPand�1-integrins
coordinately regulate migration and invasion in three-dimen-
sional collagen. MT1-MMP participates and cooperates with
�1-integrin to regulate migration of endothelial cells on colla-
gen and fibronectin (60). Fibrosarcoma and breast cancer cells
have been shown to coordinately utilizeMT1-MMP and�1-in-
tegrin to remodel collagen necessary formigration and invasion

in three-dimensional collagen (61, 62).We also show that Snail-
induced migration and scattering are regulated by �1-integrin,
which suggests that MT1-MMP and �1-integrin likely cooper-
ate in the collagen microenvironment to promote migration
and invasion of pancreatic cancer cells.
It is now well established that cell migration involves Rho

GTPases, which can control the interplay between integrins
and the cytoskeleton to regulate migration and invasion (20,
21). Significantly, our results suggest that Snail and Slug can
have differing effects on Rac and Rho signaling to regulate
migration and invasion. We show that inhibiting Rac1 attenu-
ates Snail-driven motility and scattering, whereas inhibiting
ROCK1/2 signaling promotes Slug-driven motility and inva-
sion. It has also been shown that inhibiting Rho signaling using
a dominant negative Rho mutant or ROCK1/2 inhibitors
enhances migration of squamous cell cancer cells on collagen I
(63). ROCK1/2 inhibitors also enhance invasion of gastric can-
cer cells through Matrigel (64). Rac1 and ROCK1/2 signaling
have also been demonstrated to have an antagonistic effect on
each other’s cellular behavior (65). For example, mesenchymal
cell movement, which is characterized by elongated cellular
morphology, is driven by activation of Rac1 and decreased Rho
signaling mediated by Rac1 activation of WAVE2 (25). Con-
versely, Rho-kinase signaling can activate the Rac GAP ARH-
GAP22 to suppress mesenchymal movement by inactivating
Rac (25). The increased invasion of gastric cancer cells follow-
ing treatment with ROCK1/2 inhibitors can be blocked with a
Rac1 inhibitor (64), further demonstrating significant cross-
talk between Rac1 and ROCK1/2 signaling. Overall, our results
demonstrate the differential effects of Snail and Slug in pancre-
atic cancer and identify the interplay between Rho signaling
and�1-integrin that functions to regulate scattering andmigra-
tion of pancreatic cancer cells by Snail and Slug.
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