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Background: Pancreatic stellate cells (PSCs) promote metastasis as well as local growth of pancreatic cancer. However, the factors
mediating the effect of PSCs on pancreatic cancer cells have not been clearly identified.

Methods: We used a modified Boyden chamber assay as an in vitro model to investigate the role of PSCs in migration of Panc1
and UlaPaCa cells and to identify the underlying mechanisms.

Results: PSC supernatant (PSC-SN) dose-dependently induced the trans-migration of Panc1 and UlaPaCa cells, mainly via
haptokinesis and haptotaxis, respectively. In contrast to poly-L-lysine or fibronectin, collagen I resembled PSC-SN with respect to
its effect on cancer cell behaviours, including polarised morphology, facilitated adhesion, accelerated motility and stimulated
trans-migration. Blocking antibodies against integrin a2/b1 subunits significantly attenuated PSC-SN- or collagen I-promoted cell
trans-migration and adhesion. Moreover, both PSC-SN and collagen I induced the formation of F-actin and focal adhesions in
cells, which was consistent with the constantly enhanced phosphorylation of focal adhesion kinase (FAK, Tyr397). Inhibition of FAK
function by an inhibitor or small interference RNAs significantly diminished the effect of PSC-SN or collagen I on haptotaxis/
haptokinesis of pancreatic cancer cells.

Conclusion: Collagen I is the major mediator for PSC-SN-induced haptokinesis of Panc1 and haptotaxis of UlaPaCa by activating
FAK signalling via binding to integrin a2b1.

Pancreatic cancer ranks as the 4th–5th in developed countries
(Ferlay et al, 2010). The defining feature as well as the histological
hallmark of pancreatic ductal adenocarcinoma (PDAC) is the
profound desmoplastic reaction surrounding the tumour tissue
(Mollenhauer et al, 1987; Bardeesy and DePinho, 2002).

Pancreatic stellate cells (PSCs) have been identified as the key
fibrogenic cells in pancreas (Apte et al, 2004; Bachem et al, 2005).
In normal pancreas, PSCs are quiescent characterised by numerous
perinuclear fat-droplets, a low mitotic index and low synthesis
capacity of extracellular matrix (ECM; Apte et al, 1998; Bachem
et al, 1998). During pancreatic injury, PSCs transform to a
myofibroblast-like phenotype, which are present in the fibrotic

area of injured pancreas, lose retinoid-containing droplets, express
a-smooth muscle actin (a-SMA), have a high mitotic index and a
high capacity to produce ECM proteins, cytokines and growth
factors.

Nowadays, increasing attention is being paid to the interaction
between PSCs and cancer cells in the progression of PDAC. Our
previous work shows that pancreatic cancer cells stimulate the
motility, proliferation and matrix synthesis of PSCs in a paracrine
way, via soluble factors including transforming growth factor-b1
(TGF-b1), fibroblast growth factor-2 and platelet-derived growth
factor (PDGF); vice versa, activated PSCs accelerate cancer cell
proliferation in vitro, induce tumour invasion in CAM assay and

*Correspondence: Professor MG Bachem; E-mail: max.bachem@uniklinik-ulm.de

Received 14 June 2013; revised 27 September 2013; accepted 15 October 2013; published online 7 November 2013

& 2014 Cancer Research UK. All rights reserved 0007 – 0920/14

FULL PAPER

Keywords: pancreatic stellate cells; collagen I; haptotaxis; haptokinesis; pancreatic cancer cells

British Journal of Cancer (2014) 110, 409–420 | doi: 10.1038/bjc.2013.706

www.bjcancer.com |DOI:10.1038/bjc.2013.706 409

mailto:max.bachem@uniklinik-ulm.de
http://www.bjcancer.com


support subcutaneous tumour growth in nude mouse models
(Bachem et al, 2005, 2008; Schneiderhan et al, 2007). In line with
our findings, other groups (Hwang et al, 2008; Vonlaufen et al,
2008) also show that in vitro PSC supernatant (PSC-SN) stimulates
migration, invasion and colony formation of pancreatic cancer
cells, whereas in vivo co-injection of cancer cells with PSCs into
orthotopic murine models results in increased primary tumour
incidence, size, as well as distant metastasis. Xu et al (2010) even
suggest that PSCs are able to accompany cancer cells to metastatic
sites and stimulate angiogenesis. The above findings demonstrate a
reciprocal interaction: PSCs are recruited and activated by
pancreatic cancer cells, which in turn produce a beneficial
environment to promote local tumour growth and metastatic
expansion. However, the precise biological mechanisms involved in
PSC-induced malignancy, in particular in the induction of
metastasis, are still elusive.

In this study, we applied a modified Boyden chamber assay as
an in vitro model to investigate the effect of PSCs on trans-
migration of pancreatic cancer cells. Basically, four forms of cell
locomotion could be characterised in this assay. Chemotaxis is
induced by adding soluble chemokines to the lower chamber,
chemokinesis by adding to both upper and lower chambers,
haptotaxis by coating the underside of membrane with substratum-
bound factors while haptokinesis is by coating both sides of the
membrane (Klominek et al, 1993; Douglas-Escobar et al, 2012).
Pancreatic stellate cells produce excessive amounts of ECM
proteins (fibronectin, collagen I, III) as well as multiple soluble
chemokines. Each type of locomotion described above might be
induced in pancreatic cancer cells. We demonstrate that the
haptotaxis/haptokinesis of cancer cells, rather than the chemotaxis/
chemokinesis, was induced by PSCs and identify collagen I as the
crucial mediator of this process. These data define a novel
mechanism underlying PSC-promoted progress of pancreatic
cancer.

MATERIALS AND METHODS

Reagents. Reagents were purchased from the following sources:
DMEM/Ham’s F12, L-glutamine with penicillin/streptomycin,
Trypsine/EDTA (1� ), bovine serum albumin (BSA) were from
PAA (Pasching, Austria); fetal bovine serum (FBS) was from
Invitrogen (Paisley, UK); anti-paxillin, anti-focal adhesion kinase
(FAK), anti-integrin a1, anti-integrin a2, anti-integrin b1, anti-
integrin a2b1 were from Millipore (Temecula, CA, USA); ant-
phospho-FAK (Tyr397) was from BD (Bedford, MA, USA); rabbit
anti-mouse IgG-Alexa 594, Alexa Fluor 488-phalloidin were from
Molecular Probes (Eugene, OR, USA); horseradish peroxidase
(HRP) swine anti-rabbit, HRP rabbit anti-mouse were from Dako
(Glostrup, Denmark); FAK inhibitor II (PF-573228) was from
Calbiochem (Billerica, MA, USA); Hoechst 33258, anti-b-tubulin,
laminin, poly-L-lysine hydrobromide were from Sigma (St Louis,
MO, USA); collagen AP1 was from Matrix BioScience (Morlenbach,
Germany); fibronectin was from EMP Genetech (Ingolstadt,
Germany); H-Arg-Gly-Asp-OH peptide (RGD) was from Bachem
AG (Bubendorf, Switzerland); small interference RNA (siRNA) and
HiPerFect Transfection Reagent were from Qiagen (Germantown,
MD, USA).

Cell isolation and culture. Human PSCs were isolated by out-
growth method (Bachem et al, 1998). Cell purity was assessed by
morphology (490% cells were stellate-like with cytoplasmic
extensions; others were spindle shaped), and cytofilament stainings
of a-SMA (495%), vimentin (100%) and desmin (20–40%).
Pancreatic stellate cells between 3 and 8 passages were used for the
experiments.

Pancreatic cancer cell lines Panc1, MiaPaCa-2 and AsPC-1 were
purchased from American Type Culture Collection (ATCC,
Manassas, VA, USA). UlaPaCa cells were established in our own
lab from a peritoneal metastasis of a 71-year-old female patient
with PDAC (Haag et al, 2011). Both PSCs and cancer cells were
cultured in DMEM/Ham’s F12 medium containing 10% FBS,
L-glutamine (2mmol l–1), 1% penicillin/streptomycin and 1.25mgml–1

amphotericin B, at 37 1C in a humidified 5% CO2 incubator.

Preparation of PSC-conditioned medium. Subconfluent PSCs in
75 cm2 flasks were washed twice with phosphate-buffered saline
(PBS). Then, 10ml of DMEM/Ham’s F12 free of FBS was added
and conditioned for 48 h. The conditioned supernatant from PSCs
(PSC-SN) was collected, centrifuged at 2000 r.p.m., 4 1C for 10min
and stored at � 20 1C. In the following experiments, PSC-SN was
diluted with serum-free medium (SFM) as indicated to evaluate the
effect of PSC secretions on the biology of cancer cells.

Gene silencing by siRNA. Panc1 cells growing in normal culture
medium at 40–50% confluence were transfected with siRNA
against human FAK (50-CCGGTCGAATGATAAGGTGTA-30)
using HiPerFect Transfection Reagent according to the manufac-
turer’s instructions. Two FAK siRNAs were applied separately and
a non-silencing siRNA was used as a negative control for
nonspecific silencing events. The final concentration of siRNA
was 40 nM. After 48 h, transfected cells were maintained in fresh
medium containing 1% FBS for additional 18 h before further
experimentation. To confirm the inhibition of FAK expression as
well as the decreased level of phosphorylated-FAK, a time-course
western blot was used. The silencing effect became significant 66 h
after siRNA transfection (data not shown).

Cell adhesion assay. Cells were seeded (4� 104 per well) in a
24-well plates, which was filled with SFM or medium containing 10%
FBS or 50% PSC-SN. After 1-h incubation, non-adherent cells were
removed by washing twice with PBS, whereas adhered cells were
fixed with 4% paraformaldehyde for 20min at room temperature
and then stained with Hoechst 33258 (2mgml–1) for 3min. Nine
random fields from each well were taken for digital images and the
number of adherent cells was counted at � 100 magnification.

Cell migration assay. Cell migration was assayed by using
modified Boyden chambers (Corning incorporation, Corning,
NY, USA) with 8 mm pore polycarbonate membrane. Lower
chambers were filled with 650 ml SFM or medium containing
10% FBS or 50% PSC-SN, the inserts were then placed into these
media-containing chambers and pre-incubated at 37 1C for at least
20min. Afterward, cells (1� 105 per well) in 200 ml SFM were
seeded into the inserts, and allowed to trans-migrate for 18 h at
37 1C in 5% CO2 atmosphere. Non-migratory cells on the upper
side of the membrane were scraped off with wet cotton swabs.
Migrated cells on the underside of the membrane were fixed in 4%
paraformaldehyde and stained with Hoechst 33258. Fluorescence
photographs were taken in seven random fields at � 100
magnification.

Single-cell tracking assay. Cells (2� 104 per well) were seeded in
a 12-well plate, which was filled with SFM or medium containing
10% FBS or 50% PSC-SN. After 1-h adhesion, the culture plate was
placed into a temperature and CO2-controlled incubator (37 1C,
5% CO2) on the stage of an inverted microscope (Olympus,
Hamburg, Germany). Time-lapse images were acquired (� 64
magnification) every 15–30min for 24 h under the control of Cell
R Imaging software (Olympus Biosystems, Planegg, Germany).
Time-lapse movie was taken thereafter. For each movie, at least 30
single cells were randomly selected and manually tracked using
ImageJ 1.44m (National Institutes of Health, Bethesda, MD, USA).
Cell velocity, defined as the length of migration trajectory divided
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by time, was calculated from the trace of each cell and analysed in
Excel.

Preparation of coated surfaces. To coat culture plates, poly-L-lysine
(22 mgml–1), collagen I (1 mgml–1 or 10 mgml–1) or fibronectin
(10 mgml–1) diluted with PBS were added into each well and
incubated for 1 h at 37 1C. Afterward, the coated surfaces were
thoroughly rinsed with PBS and ddH2O twice, respectively, and
were air-dried before adding medium or cells.

For haptotaxis in modified Boyden chamber, the insert was
filled with 100 ml PBS and floated in the lower chamber containing
650 ml poly-L-lysine, collagen I or fibronectin in PBS. After 1-h
incubation at 37 1C, the insert was rinsed with PBS and ddH2O on
both sides, air-dried, and placed in another free chamber so that
the underside of the membrane with higher concentration of
protein faced the lower chamber. For haptokinesis, the insert was
filled with the same coating solution as in the lower chamber so
that both sides of the membrane were coated with the same
concentration of protein, then followed by the other steps as for
haptotaxis.

In one experiment (Figure 4B), the polycarbonate membrane
was coated with PSC-SN 1 h before cell seeding. The insert was
filled with 100 ml SFM (for haptotaxis) or 50% PSC-SN (for
haptokinesis) and floated in the lower chamber containing 650 ml
50% PSC-SN. After 1-h incubation at 37 1C, the insert was rinsed
with SFM on both sides and then directly applied to the
experiment.

Western blot analysis. Cell lysates were prepared as described
before (Zhou et al, 2004). In all, 20–30 mg proteins were separated
on 6% or 8% SDS-PAGE and then transferred to polyvinylidene
difluoride membranes (Immobilon-P, Millipore, Bedford, MA,
USA). Nonspecific binding was blocked with 5% BSA in 0.1%
PBST for 30min at room temperature. The blots were probed
with following antibodies: integrin a1, integrin a2, integrin b1,
b-tubulin, phospho-FAK (Tyr397) overnight at 4 1C, followed by
incubation with HRP-conjugated second antibodies for 45min.
Detection of the proteins was performed with an enhanced
chemiluminescence kit (Thermo, Rockford, IL, USA).

Fluorescence microscopy. Cells were seeded on glass coverslips
(with or without pre-coating of adhesive molecules), and in the
presence of SFM or medium containing 10% FBS or 50% PSC-SN.
After 3 h, non-adherent cells were washed away by PBS, whereas
adherent cells were fixed with 4% paraformaldehyde in PBS for
20min at room temperature. After permeabilisation of cells with
0.2% Triton X-100/PBS for 10min, nonspecific binding was
blocked with a buffer containing 0.1 M Tris-HCl pH 7.5, 0.15 M

NaCl, 0.5% BSA for 30min. The cells were then incubated with
anti-paxillin (1 : 100) or anti-pFAK (Tyr397; 1 : 50) for 1 h,
followed by rabbit-anti-mouse IgG-Alexa 594 (1 : 100, 45min).
Thereafter, F-actin was labelled with phalloidin-Alexa 488 (1 : 200)
for 30min. The nuclei were counter stained with Hoechst 33258.
Each incubation step was followed by washing with 0.05%
PBST three times for 15min. Digital fluorescence images were
obtained by epifluorescence microscopy (Carl Zeiss, Oberkochen,
Germany).

Statistical analysis. The data were presented as means±s.e.m.
Statistical significances were analysed by two-tailed Student’s t-test
or one-way ANOVA with a Fisher’s LSD post hoc test. Significant
difference was defined as Po0.05.

RESULTS

PSC-SN induces trans-migration of pancreatic cancer cells
mainly by promoting cell adhesion and haptokinesis/haptotaxis.
PSC-SN dose-dependently induced trans-migration of Panc1 and

UlaPaCa cells (Figure 1A). This effect of PSC-SN was significant
already at a concentration of 25%. A maximum effect was observed
by 75% PSC-SN, which was comparable to that induced by 10%
FBS. In all, 50% PSC-SN was mainly used in the following
experiments.

To examine the effect of PSC-SN on the major events involved
in cell trans-migration, the adhesion and random motility of
cancer cells were studied by adhesion and single-cell tracking
assays, respectively.

As shown in Figure 1B, 50% PSC-SN facilitated adhesion of
both cell lines on plastic tissue culture plates. Compared with SFM,
the number of adherent cells was 2.2-fold higher for Panc1
(Po0.05) and 1.8-fold higher for UlaPaCa (Po0.05) in the
presence of 50% PSC-SN.

Two approaches in single-cell tracking assays were used
(Figure 1C, middle), which resulted in different effects of PSC-SN
on random cancer cell motility. Figure 1C–left shows that PSC-SN
slightly stimulated the random motility of both cell lines (relative
to SFM: 1.9-fold increase in Panc1, 1.6-fold in UlaPaCa). However,
the effect of PSC-SN was significantly smaller (Po0.05) compared
with the stimulation from 10% FBS (relative to SFM: 4.2-fold
increase in Panc1, 4.0-fold in UlaPaCa). Figure 1C–right shows
that PSC-SN significantly accelerated the velocity of both cell lines
(Po0.05 compared with SFM: 7.2-fold increase in Panc1, 6.1-fold
increase in UlaPaCa). Moreover, the stimulatory effect of PSC-SN
was comparable to that of 10% FBS.

As the essential difference between the two protocols, cell
adhesion is mediated by 10% FBS in protocol a whereas by PSC-SN
in protocol b. In protocol a, PSC-SN was used as a pure ‘motility-
stimulator’ of cells already adherent. In protocol b, the addition of
PSC-SN to cells was concomitant with cell seeding, so that PSC-SN
affected both the adhesion and motility. The tremendously
increased velocity of cancer cells in protocol b suggests that
PSC-SN-mediated adhesion was crucial for its subsequent effect on
motility. Acceleration of cell motility by PSC-SN appears to be
critically dependent on specific adhesive molecules (e.g., matrix
proteins) rather than soluble factors (e.g., cytokines).

Next, we designed an experimental setting to further define the
role of adhesive molecules in PSC-SN (Figure 2A, left panel):
Group i insert was pre-incubated in SFM or 10% FBS or 50% PSC-SN
for 1 h while group ii was placed immediately before cell seeding
without pre-treatment with the media. As shown in Figure 2A
(right panel), a considerable number of Panc1 and UlaPaCa cells in
both groups trans-migrated towards 10% FBS, which was used as a
positive chemoattractant. In group i, 50% PSC-SN-induced cancer
cell trans-migration at a comparable level to 10% FBS. However,
PSC-SN showed only a minor effect in group ii. Thus, (1) the pre-
coating of inserts with adhesive molecules in PSC-SN is required
for PSC-SN-promoted cell trans-migration; and (2) soluble factors
in PSC-SN are less efficient compared with those in 10% FBS to
induce cancer cell chemotaxis. The next set of experiment was
performed to further verify these findings.

Inserts were placed into lower chambers in the presence of SFM
or 50% PSC-SN, and incubated for 1 h (Figure 2B, left panel). The
lower chambers were subsequently exchanged in order to separate,
to some degree, adhesive molecules and soluble factors in PSC-SN
into two chamber systems. There was significant cell trans-
migration through the PSC-SN-coated inserts towards SFM
(Figure 2B, right panel). In contrast, without coating of the inserts,
few cells trans-migrated towards PSC-SN used as a chemo-
attractant. This observation suggests a strong haptokinetic/
haptotactic effect but a poor chemotactic effect of PSC-SN on
cancer cells.

Collagen I is as effective as PSC-SN in promoting haptokinesis/
haptotaxis of pancreatic cancer cells. Next, we aimed to identify
the adhesive molecule(s) responsible for PSC-SN-induced cancer
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cell hapto-migration (haptokinesis/haptotaxis). Collagen I and
fibronectin, the most abundant ECM proteins produced by PSCs in
PDAC (Apte et al, 2004; Bachem et al, 2005), appeared to be the
most promising mediators in PSC-SN.

After coating culture wells with collagen I, cancer cell adhesion
in the presence of SFM or 10% FBS or 50% PSC-SN was all
improved and comparable to each other (Figure 3A). Improved
adhesion was most significant for cells in SFM adherent on
collagen I (Po0.05). In contrast, fibronectin showed no further
stimulatory effect (Figure 3A), and neither did laminin (data not
shown). In addition, both collagen I- and PSC-SN-mediated cell
adhesion were not affected by a RGD peptide (Figure 3B), which
contains the integrin-recognition sequence presented in ECM
proteins such as fibronectin and vitronectin but not collagens
(Humphries et al, 2006; Barczyk et al, 2010). The doses of RGD we
used did inhibit the attachment of a melanoma cell line on
fibronectin (data not shown). These data demonstrate that collagen
I, but not fibronectin, appeared to be mainly involved in PSC-SN-
induced adhesion of pancreatic cancer cells.

The effect of collagen I on cell motility was assessed by single-
cell tracking assays. Compared with non-coated conditions,
collagen I coating significantly accelerated cancer cell motility in
SFM (Panc1: 10.5 vs 23.4 mmh–1; UlaPaCa: 10.5 vs 23.5 mmh–1;
Po0.05), as well as in medium containing 10% FBS (Panc1: 27.3 vs
54.9 mmh–1; UlaPaCa: 26 vs 46 mmh–1; Po0.05). However,
collagen I coating showed no further stimulation in the presence
of PSC-SN, although the motility was still significantly higher than
that in SFM with coating (Figure 3C). Thus, (1) collagen I alone is
sufficient to stimulate cancer cell motility by providing a
substratum; (2) collagen I presented in PSC-SN is sufficient to

stimulate cell motility; and (3) besides collagen I, other factors in
PSC-SN act synergistically to promote cell motility.

To further evaluate the specificity and efficiency of collagen I on
pancreatic cancer cell migration, fibronectin and poly-L-lysine were
applied. As a nonspecific adhesive molecule, poly-L-lysine (22 mg
ml–1) was as effective as 50% PSC-SN in improving cancer cell
adhesion, but did not affect the motility (data not shown).
Figure 3D shows that the velocity of cancer cells moving on
fibronectin, as well as on poly-L-lysine, was significantly slower
than that on collagen I. Thus, collagen I facilitates cell adhesion,
and specifically and effectively promotes the motility. Indeed, in
contrast to other adhesive molecules, collagen I was as effective as
PSC-SN in stimulating hapto-migration of pancreatic cancer cells
(Figure 4A). Furthermore, both collagen I- and PSC-SN-induced
cell trans-migration were not affected by a RGD peptide (data not
shown).

To evaluate cell directionality during trans-migration and
differentiate haptokinesis from haptotaxis, Boyden chamber inserts
were coated with collagen I or PSC-SN either on both sides or on
the underside and the lower chambers were filled with SFM.
Figure 4B shows that compared with uncoated inserts (images a
and f), coating the inserts with collagen I or PSC-SN on both sides
(images b, d, g and i) significantly induced trans-migration of
Panc1 and UlaPaCa. This indicates that haptokinesis of both cell
lines was stimulated. Further stimulation of cell trans-migration
was observed when the underside of inserts was coated with
collagen I or PSC-SN (images c, e, h and j). This additional
stimulation represents cell haptotaxis. Quantification of trans-
migrated cells is shown in Figure 4C. In Panc1 cells, haptokinesis
accounted for 77% and 54% of collagen I- and PSC-SN-induced
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trans-migration, respectively. In UlaPaCa cells, haptotaxis was
responsible for 60% and 80% of collagen I- and PSC-SN-induced
trans-migration, respectively. In conclusion, PSC-SN or collagen I
mainly promotes haptokinesis of Panc1, but haptotaxis of
UlaPaCa cells.

The effect of collagen I in PSC-SN on pancreatic cancer cells is
mediated via integrin a2b1. Pancreatic stellate cell-supernatant
and collagen I not only showed similar effect on cell adhesion and
migration, but also induced similar morphology. As observed in
the adhesion assays (Figure 5A), both PSC-SN and collagen I
efficiently promoted cell spreading, whereas cells seeded in SFM or
on poly-L-lysine were merely small and round. Moreover,
compared with cancer cells in FBS, which were circumferential
or polygonal, cells in the presence of PSC-SN or on collagen I were
polarised exhibiting lamellipodia.

The major receptors mediating ECM-cell interactions are
integrins, a family of heterodimeric trans-membrane proteins
composed of non-covalently associated a and b subunits (Hynes,
2002). Integrin ligand specificity is determined by the a subunit,
whereas the b subunit is connected to cytoskeleton and initiates
intracellular signalling pathways (Humphries et al, 2006). Among
the 24 different a–b combinations, collagens are recognised by
integrins a1b1, a2b1, a10b1 and a11b1, with the former two most
widely studied (Hynes, 2002; Barczyk et al, 2010). Western blot was
used to analyse integrin expression in Panc1, UlaPaCa, MiaPaCa-2
and AsPC-1 cells. Panc1 and UlaPaCa cells expressed both a2 and
b1 subunits; MiaPaCa-2 expressed less a2; AsPC-1 presented a
very faint band of b1 subunit (Figure 5B). In accordance with the
data of Grzesiak and Bouvet (2006), none of the tested cells
expressed the a1 subunit (Figure 5B). Thus, integrin a2b1

represents the major collagen I receptor on Panc1 and UlaPaCa
cells.

Indeed, adhesion of both cell lines on collagen I was completely
blocked by an anti-integrin a2b1 antibody (Figure 5C). Furthermore,
cell adhesion in the presence of PSC-SN was markedly attenuated
(59% decrease in Panc1 and 66% in UlaPaCa), indicating that
collagen I is the major mediator for PSC-SN-promoted cell
adhesion via integrin a2b1.

To further examine whether collagen I was responsible for PSC-
SN-induced cancer cell trans-migration, a2 and/or b1 subunit
blocking antibodies were used in modified Boyden chamber assays.
The anti-integrin a2 antibody abolished UlaPaCa haptotaxis
induced by collagen I, but showed a limited blocking effect against
stimulation by PSC-SN (Figure 5D). In contrast, anti-integrin b1
antibody significantly inhibited PSC-SN-induced UlaPaCa hapto-
taxis. This inhibition was even more obvious upon combination of
anti-integrin a2 and b1 antibodies. Although the involvement of
other molecules in PSC-SN should not be excluded, these data
support that collagen I is the major component in PSC-SN that
mediates the stimulation via integrin a2b1.

FAK signalling is involved in PSC-derived, collagen I-induced
haptokinesis /haptotaxis of pancreatic cancer cells. Cancer cell
migration on culture plates in the presence of PSC-SN or pre-
coated collagen I followed the common multistep cycle, which
began with the protrusion of membrane at cell front, followed by
translocation of cell body, and finally the release and traction of cell
rear (Supplementary Material Movie 1 and 2). To figure out the
intracellular mechanisms underlying cell haptokinesis, fluorescence
microscopy of F-actin, phospho-FAK (pFAK) and paxillin was
performed. After stimulation with PSC-SN or collagen I, a strong
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formation of F-actin in the cell body and actin polymerisation in
the lamellipodia were clearly observed in Panc1 (Figure 6) and
UlaPaCa cells (data not shown). Moreover, pFAK and paxillin, two
of the major scaffold proteins in focal adhesions (Schlaepfer et al,
2004), were significantly distributed on cell periphery. In cells in
SFM (data not shown) or on poly-L-lysine, however, pFAK and
paxillin were aggregated within the cytoplasm, and focal adhesions
were hardly observed. These data imply that PSC-SN and collagen
I initiate the coordinated and dynamic regulation of focal
adhesions and cytoskeleton networks, which is required for
efficient migration of pancreatic cancer cells.

To investigate the involvement of FAK activity in cancer cell
haptokinesis, cell lysates were collected at various time points after
cell seeding in SFM with or without pre-coated collagen I or poly-
L-lysine, or medium containing 50% PSC-SN. Phosphorylation of
FAK (Tyr397) was examined by western blot. Just 10min after
seeding (Figure 7A), FAK in Panc1 cells stimulated by PSC-SN or
collagen I was strongly phosphorylated, and this activity remained
at a significantly higher level compared with cells in SFM. For cells
seeded on poly-L-lysine, FAK phosphorylation was also increased
within 10min but returned to a low level thereafter, indicating a
transient stimulation by mechanical performance. UlaPaCa cells
showed similar results to Panc1 cells (Supplementary Figure S1).
Interestingly, the enhanced and sustained phosphorylation of FAK
corresponds to the constantly higher cell motility induced by PSC-
SN or collagen I in single-cell tracking assays (Figure 7B).

To further examine whether FAK activity is essential for cancer
cell haptokinesis, the FAK inhibitor PF-537228 was applied, which
inhibits FAK Tyr397 phosphorylation. In Boyden chamber assays
(Figure 7C), PSC-SN- or collagen I-induced haptokinesis of
Panc1 and haptotaxis of UlaPaCa was significantly inhibited,
whereas FBS-stimulated chemotaxis of both cell lines was
unaffected. As essential steps involved in trans-migration, cell
motility accelerated by PSC-SN or collagen I was significantly
attenuated by PF-573228 (Figure 7D), whereas adhesion was
somewhat decreased (Supplementary Figure S2). Next, siRNA-
mediated gene silence of FAK was performed in Panc1 cells. After
transfection with either of the two FAK siRNAs, the expression of
FAK as well as the level of phosphorylated-FAK was decreased
(Figure 7E). Consequently, both PSC-SN- and collagen I-stimu-
lated haptokinesis and random motility were significantly inhibited
by siRNA treatment (Figure 7E).

In conclusion, the obtained data demonstrate that PSC-SN-
induced hapto-migration of pancreatic cancer cells is based on
collagen I-integrin a2b1-FAK signalling pathway.

DISCUSSION

Activated PSCs synthesise multiple cytokines and growth factors.
Connective tissue growth factor (Eguchi et al, 2012), stromal
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cell-derived factor-1 (Li et al, 2012) and activin (Lonardo et al, 2012)
are addressed in PSC-induced migration or invasion of pancreatic
cancer cells. Besides, PSCs produce PDGF (Vonlaufen et al, 2008),
VEGF (Xu et al, 2010), TGF-b1 (Shek et al, 2002), monocyte
chemotactic protein-1 (Masamune et al, 2002) and COX-2
(Yoshida et al, 2005), which may potentiate cancer cell migration.
In our experimental system, however, the conditioned medium
from PSCs induced haptokinesis or haptotaxis of pancreatic cancer
cells rather than chemokinesis or chemotaxis. This conclusion is
based on two major findings: (1) PSC-SN-mediated cell adhesion
was a prerequisite for the strong stimulation of random motility of
Panc1 and UlaPaCa cells. As a chemokinetic stimulator, PSC-SN
was much less efficient compared with 10% FBS in accelerating cell

motility. (2) Pre-incubation of inserts in PSC-SN was necessary
and sufficient to induce trans-migration of Panc1 and UlaPaCa
cells in modified Boyden chamber assays. Upon depletion of
adhesive molecules, PSC-SN as a pure chemoattractant only weakly
induced cell trans-migration. Thus, it is reasonable to deduce that
PSC-SN-promoted trans-migration of cancer cell by providing
adhesive molecule(s) to the interface of inserts, which in turn
facilitated cell adhesion and then accelerated the motility. This type
of migration, which is associated with the substrate-bound
molecules, closely resembles the biology of haptokinesis/haptotaxis.

In breast cancer, haptotactic guidance from interstitial scaffolds
is now considered to be one of the important mechanisms for
cancer cell invasion (Gritsenko et al, 2012). The combined use of
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multiphoton and second-harmonic imaging shows that metastatic
mammary cells migrate rapidly in vivo and are closely associated
with collagen-containing fibres (Wang et al, 2002). Pancreatic
ductal adenocarcinoma is a particularly stroma-rich cancer. Instead
of a mere bystander, PSCs together with the extensive ECM have a
critical role in PDAC progression (Apte et al, 2012; Feig et al,
2012). Recent in vivo studies demonstrate that PSCs promote not
only the local tumour growth (Bachem et al, 2005), but more
strikingly metastasis of PDAC (Vonlaufen et al, 2008). Our data,
indicating that PSC-SN stimulate cell haptokinesis/haptotaxis,
unravel one possible mechanism involved in pancreatic cancer
metastasis. The implication of this mechanism is important when
considering that PSCs may accompany cancer cells during
dissemination (Xu et al, 2010) and provide tumour-favourable
substratum to support cell survival and migration.

Collagen I is the major adhesive molecule in PSC-SN inducing
haptokinesis of Panc1 and haptotaxis of UlaPaCa. This is proven
by four points: (1) collagen I is as effective as PSC-SN in promoting
adhesion, random motility and trans-migration of Panc1 and

UlaPaCa. This stimulatory effect was not induced by other matrix
proteins (fibronectin, laminin) secreted from PSCs. (2) In contrast
to poly-L-lysine, a nonspecific substratum, collagen I specifically
stimulated cancer cell migration besides its well-known effect on
cell adhesion. Cells stimulated by PSC-SN and collagen I showed a
similar motile phenotype characterised by the polarised morpho-
logy. (3) Blocking antibodies against integrin a2b1, the primary
receptor for collagen I on Panc1 and UlaPaCa cells, significantly
attenuated the stimulatory effects of PSC-SN. However, the RGD
peptide, as a competitive inhibitor for fibronectin, did not affect
PSC-SN-induced cell adhesion or migration. (4) UlaPaCa trans-
migration was markedly accelerated only in the presence of a
concentration gradient of pre-coated collagen I or PSC-SN,
indicating haptotaxis is its major motile response. In Panc1 cells,
a strong stimulation was observed even in the absence of such a
gradient, suggesting haptokinesis is mainly responsible for the
induced trans-migration.

In other cancers with strong desmoplasia (breast, prostate,
lung cancer and so on), collagen I is shown to be the key
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component of stroma in both primary and metastatic sites
(Egeblad et al, 2010), and has a vital role in the development and
progression of cancers (Shintani et al, 2008; Cheng and Leung,
2011; Cox et al, 2013). In PDAC, collagen I is more frequently
associated with epithelial-to-mesenchymal transition (EMT; Koenig
et al, 2006; Shintani et al, 2006; Imamichi et al, 2007), which is
proposed to be a critical mechanism for the acquisition of
malignant phenotypes by epithelial cancer cells (Thiery, 2002).
However, EMT is a time-consuming cellular process, which
consists of multiple biochemical events, such as activation of
transcription factors, expression of specific cell-surface proteins,
reorganisation and expression of cytoskeletal proteins, and changes
in the expression of specific microRNAs (Kalluri and Weinberg,
2009). Our study shows that after a rather short stimulation
by collagen I or PSC-SN (o1 h), cell adhesion, spreading and
migration were significantly initiated, indicating a distinct
mechanism rather than EMT is involved in the pro-migratory
effect of collagen I and PSC-SN.

One study (Grzesiak and Bouvet, 2006) also showed in eight
pancreatic cell lines that collagen I promoted the strongest
adhesion, proliferation and migration compared with other
substrates tested. Consistent with their data, we identify collagen
I as a major component responsible for PSC-induced adhesion and
migration of pancreatic cancer cells. This is most relevant to the
in vivo environment where PSCs are in close proximity to cancer
cells and promote tumour progress via a paracrine pathway.
Actually, the locomotive activation elicited by collagen I reflects a
primary function of PSCs–to produce a scaffold that promotes cell

movement. Thus, it is plausible that through de novo synthesis and
deposition of collagen I, PSCs accompany and favour pancreatic
cancer cell metastasis by providing trails of least resistance for cells
to adhere and migrate.

Extracellular matrix proteins induce intracellular signals in large
part through integrin receptors (Hynes, 1992). Not only does ECM
serve as a biochemical ligand for integrins, the topography and
stiffness of ECM also regulates integrin expression and function
(Jean et al, 2011) and affects cell movement (Lo et al, 2000).
Increased stroma stiffness has been associated with the tumour
formation and progression in breast cancer (Keely, 2011).
In PDAC, the expression of integrin profile is modulated on cancer
cells in accordance with the ECM modification. The expression of
a1, a2, a3 and a6 subunits is upregulated in vivo; whereas a2, a3,
a5, a6, av and b1 are expressed on most pancreatic cancer cell lines
(Grzesiak et al, 2007). Besides, expressions of integrin a6b1
(Weinel et al, 1995; Vogelmann et al, 1999) and avb3 (Hosotani
et al, 2002) in pancreatic cancer cell lines and tissues are associated
with invasion.

In our study, integrin a2b1 is identified as the motility-
promoting receptor for haptokinesis of Panc1 and haptotaxis of
UlaPaCa cells. Utilisation of blocking antibody against integrin
a2b1 significantly attenuated the stimulatory effect of PSC-SN
and collagen I. Integrin-targeted therapy has revealed
promising results in both preclinical and clinical studies in
breast cancer, melanoma, glioblastoma and other solid tumours
(for review, see Desgrosellier and Cheresh, 2010). In PDAC,
inhibition of b1 integrin with monoclonal antibody strongly

Col PSC-SNPLL

pF
A

K
F

-a
ct

in
P

ax
ill

in
F

-a
ct

in

Figure 6. Fluorescence stainings of pFAK, paxillin and F-actin in Panc1 cells. Glass coverslips were placed in six-well plates and coated with poly-L-
lysine (PLL) or collazgen I (Col). Panc1 cells were allowed to adhere in SFM (with PLL/Col coating) or medium containing 50% PSC-SN (w/o coating)
for 3 h. The cells were then stained with anti-pFAK (Tyr397) or anti-paxillin (red) and rhodamine-phalloidin (green). Nuclei were stained with
Hoechst 33258 (blue). In each image, the boxed region is shown magnified in the insert. Arrows indicate representative focal adhesions, and
asterisks indicate representative lamellipodia. Scale bars: 40mm.

Pancreatic stellate cells taxi cancer cells BRITISH JOURNAL OF CANCER

www.bjcancer.com |DOI:10.1038/bjc.2013.706 417

http://www.bjcancer.com


blocked cancer cell migration and invasion in vitro (Arao et al,
2000; Ryschich et al, 2009). In vivo, knockdown of b1 integrin
reduced primary tumour growth by 50% and completely
inhibited spontaneously occurring metastasis (Grzesiak et al, 2011).
Consistently, our data provide additional insights to the combined
blockage of integrin a2 and b1 subunits as a potential intervention
in PDAC.

Integrin signalling functions are mediated by a variety of
intracellular proteins, which are associated with integrin cytoplas-
mic domains (Liu et al, 2000). Focal adhesion kinase is one of the
crucial proteins to transduce signals initiated by ECM–integrin
interactions (Schlaepfer et al, 2004). Besides, recent studies
delineate FAK as a mechanosensor for the regulation of cell
responses to ECM stiffness (Alexander et al, 2008; Plotnikov et al,
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2012). Our data reveal that FAK signalling has a vital role in the
haptokinetic and haptotactic response of pancreatic cancer cells.
In the time-course western blot, PSC-SN and collagen I constantly
enhanced the phosphorylation of FAK at Tyr397 in Panc1 and
UlaPaCa cells. Inhibition of FAK, either by the phosphorylation
inhibitor PF-573228 or by siRNA-mediated gene silencing,
significantly attenuated PSC-SN- and collagen I-promoted migra-
tion of pancreatic cancer cells. Focal adhesion kinase is increasingly
accepted as a potential anticancer target (for review, see Li and
Hua, 2008). Both in vivo and in vitro studies suggest that inhibition
of FAK resulted in decreased growth, metastasis and chemoresis-
tance of PDAC (Duxbury et al, 2004; Hochwald et al, 2009;
Huanwen et al, 2009; Stokes et al, 2011; Ucar et al, 2011).
Moreover, a recent phase I trial of a FAK inhibitor in advanced
solid tumours confirms its clinical safety and supports further
investigation in cancer therapy (Infante et al, 2012).

In summary, we demonstrate here that PSCs promote migration
of pancreatic cancer cells mainly via the haptokinetic or haptotactic
mechanisms. Collagen I secreted from PSCs, in large part, mediates
cell hapto-migration by enhancing a2b1 integrin-FAK signalling
pathway. Considering the interaction between PSCs and cancer
cells in vivo, our data present a novel mechanism underlying the
highly motile and early metastatic behaviours of pancreatic cancer
cells, and suggest that integrin a2b1 and FAK are potential targets
for preventing PDAC progression.
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