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Abstract
Pancreatic ductal adenocarcinoma (PDAC) is characterized by its hypovascularity, with an

extremely poor prognosis because of its highly invasive nature. PDAC proliferates with

abundant stromal cells, suggesting that its invasive activity might be controlled by intercellu-

lar interactions between cancer cells and fibroblasts. Using four PDAC cell lines and two

pancreas cancer-associated fibroblasts (CAFs), the expression of insulin-like growth factor-

1 (IGF1) and IGF1 receptor (IGF1R) was evaluated by RT-PCR, FACScan, western blot, or

ELISA. Correlation between IGF1R and the hypoxia marker carbonic anhydrase 9 (CA9)

was examined by immunohistochemical staining of 120 pancreatic specimens. The effects

of CAFs, IGF1, and IGF1R inhibitors on the motility of cancer cells were examined by

wound-healing assay or invasion assay under normoxia (20% O2) and hypoxia (1% O2).

IGF1R expression was significantly higher in RWP-1, MiaPaCa-2, and OCUP-AT cells than

in Panc-1 cells. Hypoxia increased the expression level of IGF1R in RWP-1, MiaPaCa-2,

and OCUP-AT cells. CA9 expression was correlated with IGF1R expression in pancreatic

specimens. CAFs produced IGF1 under hypoxia, but PDAC cells did not. A conditioned

medium from CAFs, which expressed αSMA, stimulated the migration and invasion ability

of MiaPaCa-2, RWP-1, and OCUP-AT cells. The motility of all PDAC cells was greater

under hypoxia than under normoxia. The motility-stimulating ability of CAFs was decreased

by IGF1R inhibitors. These findings might suggest that pancreas CAFs stimulate the inva-

sion activity of PDAC cells through paracrine IGF1/IGF1R signaling, especially under hyp-

oxia. Therefore the targeting of IGF1R signaling might represent a promising therapeutic

approach in IGF1R-dependent PDAC.

Introduction
Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal types of cancer, carrying
an extremely poor prognosis because it is highly invasive and shows rapid progression[1–3].
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The overall 5-year survival rate remains less than 5% in all of PDAC patients[4], and ranges
from 10% to 25%[5, 6] in patients who undergo curative surgery. Although the poor prognosis
is due to the high invasive potential of PDAC, the molecular mechanisms responsible for the
invasion activity remains unclear. PDAC is characterized by infiltrating cancer cells with abun-
dant stromal cells[7, 8], which suggests a close interaction between the stromal cells and tumor
cells. Increasing evidence indicates that the interactions between cancer cells and surrounding
stromal fibroblasts play a critical role in invasion and metastasis of solid tumors[9, 10]. Studies
on PDAC have revealed that mesenchymal cells secrete many cytokines such as insulin-like
growth factor-1 (IGF1), hepatocyte growth factor[11], and transforming growth factor-β[12],
which have an impact on disease prognosis[13, 14]. In pancreatic stromal cells, cancer-associ-
ated fibroblasts (CAFs) or myofibroblast-like cells are of particular interest with regard to
PDAC microenvironment[13, 15]. Hypoxia is a common feature of various solid tumors due
to their disorganized vascular system[16]. Pancreatic cancers, in particular, are clinically and
histologically characterized as hypovascular tumors [17], however, little is known about the
interaction between PDAC cells and stromal cells under hypoxic microenvironment[18].

Previous studies have revealed an association between progression of PDAC and overex-
pression of several growth factor receptors[19–21]. Our previous study by immunohistochemi-
cal study found that overexpression of insulin-like growth factor-I receptor (IGF1R) is
associated with poor prognosis in patients with PDAC[22]. In addition, previous investigations
have suggested a role of IGF1 in the intricate relationship between PDAC cells and stromal
cells. However, no information is available regarding the significance of IGF1R in hypoxic
PDAC lesions. IGF/ IGF1R signaling stimulates tumor progression in some types of cancer
[23], suggesting that this system is an attractive therapeutic target. In fact, several antibodies
and small-molecule kinase inhibitors targeting IGF1R are currently under preclinical and clini-
cal development[24, 25]. Because little is known about the complex interaction between the
tumor cell and its surrounding environment[26], the purpose of this study was to evaluate (1)
the effect of pancreas fibroblasts on the invasive activity of PDAC cells under hypoxia; and (2)
the therapeutic efficacy of IGF1R signaling inhibitor against invasion by PDAC with regard to
the tumor–stromal interaction under hypoxia.

Methods

Cell Lines
Four pancreatic carcinoma cell lines, MiaPaCa-2, RWP-1, OCUP-AT, and Panc-1, were used.
MiaPaCa-2, RWP-1, and Panc-1 were provided from JCRB Cell Bank (Osaka, Japan), and
OCUP-AT was established at our department[27]. Each cancer cell line was cultured in 5%
CO2 and 95% air. The culture medium was Dulbecco's modified Eagle medium (DMEM;
Wako, Osaka, Japan) with 10% fetal bovine serum (FBS; Nichirei, Tokyo, Japan), and 0.5 mM
sodium pyruvate (Sigma-Aldrich, Steinheim, Germany). Two human pancreas CAF cell lines,
pCaF-1 and pCaF-2, were respectively isolated from the tumoral pancreas specimens of two
PDAC patients. The pathological diagnoses in both patients were classified as invasive ductal
carcinoma. The CAFs were used in the third through twelfth passage in culture. The primary
culture was initiated as follows: the primary tumor was minced with scissors, and was culti-
vated in the culture medium. When the experimental study was performed, cells were cultured
at 37°C in 20% O2 (normoxia) or 1% O2 (hypoxia). Hypoxic conditions were maintained using
a modular incubator chamber (Hirasawa, Tokyo, Japan) with 5% CO2 and 1% O2 balanced
with N2 gas. This study was approved by the Osaka City University ethics committee. Informed
consent was obtained from the patients prior to the study.
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Growth factor and Compounds
IGF-1 (Sigma, St Louis, MO), anti IGF1R-neutralizing antibody (ab16890, Abcam, Cambridge,
MA), and a small-synthetic phosphorylation inhibitors, picropodophyllin (PPP: IGF1R inhibi-
tor, Calbiochem, Darmstadt, Germany) were used.

Preparation of conditioned medium
We prepared conditioned medium (CM) from CAFs and pancreas cancer cells by seeding into
100 mm plastic dishes with 10 mL DMEM containing 10% FCS and then incubating for 3 days.
To obtain CM, CAFs were washed with PBS and then incubated for an additional 3 days in 3
ml DMEM without FCS. Next, CM was collected from each dish. The supernatant was stored
as CM at -20°C until use. All experiments were performed in medium contain 2% FCS. As a
control, DMEM was used instead of CM.

Reverse-transcription polymerase chain reaction (RT-PCR)
Real-time RT-PCR was done on the ABI Prism 7000 (Applied Biosystems, Foster City, CA)
using the commercially available gene expression assay for IGF1R(Hs00609566) and IGF1
(Hs01547656). Total cellular RNA was extracted from 4 pancreatic carcinoma cell lines with
Trizol (Life Technologies, Gaithersburg, MD). As internal standard to normalize mRNA levels,
amplification of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used. The threshold
cycle (Ct) values were used for calculation of the relative expression ratios using the formula
described by Pfaffl[28].

Flow cytometric analysis
The expression of IGF1R on PDAC cells was examined using a FACScan (BD LSR II; Becton
Dickinson, San Diego, CA). Cells (2 x 106 cells/mL) were fixed with 2% paraformaldehyde and
incubated in PBS with anti IGF1R antibody (ab16890, Abcam) or mouse IgG1- isotype control
(ab91353, Abcam) for 30 min at 22°C. Cells were subsequently labeled with FITC-conjugated
secondary antibody (1:500; ab96879, Abcam) for 30 minutes at 22°C. The percentage of posi-
tive cells were calculated and compared with isotype-matched control-stained cells.

Western blot analysis
For examining the effect of hypoxia on IGF1R expression, pancreas cancer cells were lysed 48
hours after incubation under normoxic or hypoxic conditions. Total protein (50 μg) was sepa-
rated on polyacrylamide gels and transferred to polyvinylidene difluoride membranes (Milli-
pore, Billerica, MA) with subsequent antibody (anti-IGF1R antibody; ab16890, Abcam, or
anti-β-actin antibody; Cell Signaling Tec, Danvers, CO.), incubation. The bands were detected
using an enhanced chemiluminescence system (Wako). Densitometry quantification was per-
formed using ImageQuant software (Molecular Dynamics, Sunnyvale, CA) on a LAS
4000-mini Image Reader (GE Healthcare UK Ltd, Little Chalfont, UK).

Enzyme-Linked Immunosorbent Assay (ELISA)
IGF1 in conditioned medium was quantified using IGF1 ELISA kit (R&D Systems). The cell
number was counted when the CM was collected, and ELISA data was normalized by 1x106

cells in all cell lines.
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Immunohistochemical staining of primary pancreatic tumors
A total of 120 patients who had undergone resection of a primary pancreatic tumor were
included. The pathologic diagnoses were made according to the UICC Classification of Malig-
nant Tumors[29]. The study protocol conformed to the ethical guidelines of the Declaration of
Helsinki (1975). Sections of paraffin-embedded tissue were prepared. Immunohistochemical
staining for IGF1R and carbonic anhydrase 9 (CA9) was performed using the avidin-biotin-
peroxidase complex method using primary monoclonal antibody against, IGF1R (Abcam) and
CA9 (clone; M75, 1:1000, Novus Biologicals).

Immunohistochemical determination
All slides were examined by two of the authors who were blinded to clinical data. Scores for
IGF1R were given for the staining intensity and the percentage of positive cells as follows: score
of 0, no staining is observed, or is observed in less than 10% of the tumor cells; score of 1+,
weak staining is detected in 10% or more of the tumor cells; score of 2+, moderate staining is
observed in 10% or more of the tumor cells; and score of 3+, strong staining is observed in 10%
or more of the tumor cells. CA-9 immunostaining was scored as 0 for 0%, 1+ for 1–20%, 2+ for
21–50%, and 3+ for>50%, Scores of 0 and 1+ were considered to be negative.

αSMA expression of cancer-associated fibroblasts
CAFs were incubated into Lab-Tek II Chamber Slide System (Nunc, Naperville, IL, USA) for 3
days. After washing with PBS, CAFs were incubated with anti-alpha Smooth Muscle Actin
(αSMA) antibody (Dako, Cambridge, UK) and with biotinylated rabbit anti-mouse immuno-
globulin G (Nichirei Corporation, Tokyo, Japan), treated with streptavidin-peroxidase reagent
(Nichirei Corporation, Tokyo, Japan), and countered with Mayer’s hematoxylin.

Wound healing assay
Pancreas cancer cells were plated on 96-well plates (Essen ImageLock, Essen Instruments, Bir-
mingham, UK) and a single wound per well was scratched with wound scratcher (Wound
Maker, Essen BioScience, MI, USA). Compounds and appropriate controls were added after
wound scratching and wound confluence was monitored with Incucyte Live-Cell Imaging Sys-
tem and software (Essen Instruments). Each pancreatic carcinoma cell lines were resuspended
to a final concentration of 1.0x105 cells/ml in DMEM with 2% FBS. One hundred microliters
of cancer cell suspension and 100 μl of DMEM with 2% FBS with IGF1 (10 ng/ml), and CM in
the absence or presence of IGF1R antibody (2 μg/ml) and PPP (0.25 μM) were added. Wound
closure was observed every 3 hours for 24 h. Wound closure was determined as a percentage of
wound confluence. The mean of 4 fields was calculated as the sample value.

Invasion assay
The in vitro invasiveness was measured by two-chamber matrigel invasion assay, as previously
reported[30]. We used the chemotaxis chambers with a 8 μm-pore membrane filter (Kubota,
Osaka, Japan) coated with 50 μg of matrigel in a 24-well culture plate. Pancreas cancer cells
(2x103 cells/chamber) were seeded in upper chambers, and CM in the absence or presence of
IGF1R antibody (2 μg/ml) and PPP (0.25 μM) were added. After 24 h incubation, cancer cells
that invaded through a filter coated with matrigel to the lower surface of the membrane were
manually counted under a microscope.
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Statistical analysis
Data were analyzed using Student's t test. The correlation between the expression level of
IGF1R and CA-9 was analyzed by Spearman's rank correlation analysis using SPSS 13.0 (SPSS
Inc, Chicago). A P value less than 0.05 was considered statistically significant.

Results

Effects of hypoxia on IGF1R expression in PDAC cells
ThemRNA expression level of IGF1R was significantly higher in RWP-1, OCUP-AT, and Mia-
PaCa-2 (p<0.01) than in in Panc-1. The expression level of IGF1R in Panc-1, RWP-1, OCU-
P-AT, and MiaPaCa-2 significantly increased under hypoxia compared with that under
normoxia (Fig 1A). Cell surface expression of IGF1R was assessed by FACScan and western
blot analysis. In normoxia, IGF1R expression of Panc-1, RWP-1, OCUP-AT, and MiaPaCa-2

Fig 1. Effects of hypoxia onmRNA expression of IGF1R and IGF1, and production of IGF1 in cancer cells. (A) IGF1RmRNA expression was
significantly higher in RWP-1, MiaPaCa-2, and OCUP-AT cells than in Panc-1 cells. The mRNA expression level of IGF1R was increased under hypoxia in all
four cancer cell lines. (B) Cell surface expression of IGF1R by FACScan analysis. IGF1R expression level of Panc-1, RWP-1, OCUP-AT, and MiaPaCa-2
cells was higher in hypoxia than that in normoxia. (C) Western blot analysis. Three independent experiments were performed. IGF1R bands was calculated
by β-actin as internal standard to normalize expression levels IGF1R level under hypoxia was high in 3 of four pancreas cancer cell lines, Panc-1, OCUP-AT,
and RWP-1, in comparison with that under normoxia, while Panc-1 did not significantly increase under hypoxia. (D) IGF1 mRNA expression was significantly
increased under hypoxia in both pCaF-1 and pCaF-2 cells. (E) The concentration of IGF1 in conditioned medium from pCaF-1 and pCaF-2 cells was 380 and
253 pg/ml under hypoxia. IGF1 production in PDAC cells was not detected.

doi:10.1371/journal.pone.0159912.g001
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cells was 14.2%, 6.5%, 18.3%, and 41.7%, respectively. In hypoxia, IGF1R expression of Panc-1,
RWP-1, OCUP-AT, and MiaPaCa-2 cells was1 31.4%, 38.0%, 64.4%, and 86.2%, respectively
(Fig 1B). IGF1R bands was calculated by β-actin as internal standard to normalize expression
levels (S1 Fig). IGF1R expression level in hypoxia were quantified relative to that in normoxia.
IGF1R level of pancreas cancer cells, RWP-1, OCUP-AT, and MiaPaCa-2 cells, were signifi-
cantly high in hypoxia, in compared with that in normoxia, but that of Panc-1 did not signifi-
cantly increase under hypoxia (Fig 1C).

IGF1 mRNA expression and production
IGF1 expression and production in CAFs was affected by hypoxia. The expression level of
IGF1 mRNA was significantly increased under hypoxia in pancreatic fibroblast (pCaF-1
and pCaF-2) cells (Fig 1D). IGF1 production from pCaF-1 and pCaF-2 cells under
hypoxia was 381 and 253 pg/ml, respectively, whereas IGF1 concentration in PDAC cells
was within the cutoff value (7 pg/ml) in Panc-1, RWP-1, OCUP-AT, and MiaPaCa-2 cells
(Fig 1E).

Association between expression of IGF1R and CA9 in 120 pancreatic
specimens
Fig 2A and 2B shows representative picture of CA9 staining and IGF1R staining of PDAC cells.
Of 120 patients with PDAC, 41 (34%) were positive for CA9 expression and 54 (45%) were posi-
tive for IGF1R overexpression. A significant correlation was found between IGF1R and CA9
immunoreactivity in PDAC cells (p< 0.01, rs = 0.649; Spearman’s rank sum test) (Fig 2C).

αSMA expression in cancer-associated fibroblasts
αSMA expression was found in both pCaF-1 and pCaF-2 cells. The percentage of αSMA-posi-
tive fibroblasts was about 60% in both pCaF1 and pCaF2 cells, respectively (S2 Fig).

Effect of conditioned medium from pancreas cancer-associated
fibroblasts on motility of PDAC cells
Fig 3A shows a representative phase contrast photograph of in vitro wound healing assay
under hypoxia. Representative pictures for the calculation of the wound confluence were
described in S3 Fig. The motility of cancer cells was examined under both normoxia and in
hypoxia. Under hypoxia, the number of migrating RWP-1, MiaPaCa-2, OCUP-AT, and Panc-
1 cells was significantly increased by CM from pancreas CAFs, in comparison with the control
in DMEM. Under normoxia, in contrast to that of OCUP-AT or Panc-1, the migratory activity
of RWP-1 and MiaPaCa-2 cells was significantly increased by CM from pancreas CAFs (Fig
3B, 3C and 3D).

Effect of IGF1 on motility of PDAC cells
IGF1 significantly increased the number of migrating RWP-1, MiaPaCa-2, OCUP-AT, and
Panc-1 cells under hypoxia. Under normoxia, the migratory activity of RWP-1, OCUP-AT,
and MiaPaCa-2 cells was significantly increased by IGF1, but that of Panc-1 was not (Fig 3B,
3C and 3D).
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Effect of signaling inhibitors on migration-stimulating activity of CM from
pancreas cancer-associated fibroblasts
The migration-stimulating ability of CM was inhibited by the IGF1R inhibitor, PPP, in RWP-
1, MiaPaCa-2, OCUP-AT, and Panc-1 cells under hypoxia. In contrast, PPP significantly
decreased the migration-stimulating activity of CM only in MiaPaCa-2 cells under normoxia
(Fig 3B, 3C and 3D). Under hypoxia, IGF1R-neutralizing antibody decreased the migration-
stimulating activity of CM from fibroblasts in RWP-1, MiaPaCa-2, OCUP-AT, and Panc-1
cells. Under normoxia, the migration-stimulating activity of fibroblasts was decreased by anti-
IGF1R antibody only in MiaPaCa-2 cells.

Effect of signaling inhibitors on invasion-stimulating activity of CM from
fibroblasts
Fig 4A is a representative phase contrast photograph of Panc-1 cells that have invaded into a
8-μm pore membrane filter. The number of invading Panc-1 cells was significantly increased
in the presence of CM from pCaF-1 when compared to the control. The invasion-stimulating

Fig 2. IGF1R and CA9 expression in PDAC. (A) Representative staining of CA9 cells quantified on a scoring system of 0–3 according to staining intensity
(original magnification ×200). CA9 was mainly expressed in the cell membrane of PDAC cells. (B) IGF1R was mainly expressed in the cytoplasm of PDAC
cells. (C) Association between IGF1Rexpression and CA9 expression in 120 pancreas cancer. A significant correlation was found between IGF1R
expression level was significantly correlated with CA9 expression in PDAC cells (p < 0.01, rs = 0.649; Spearman’s rank sum test). The size of circle indicates
the number of PDAC patients.

doi:10.1371/journal.pone.0159912.g002
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activity of CM was decreased in the presence of IGF1R-neutralizing antibody or PPP. CM from
pCaF-1 significantly stimulated the invasion ability of all 4 pancreas cancer cell lines. IGF1R
inhibitor, IGF1R-neutralizing antibody and PPP, significantly inhibited invasion-stimulating
activity of CM from fibroblasts (Fig 4B).

Discussion
PDAC is clinically characterized as hypovascular tumors, and these cells are continuously
exposed to hypoxia. Intraoperatively Koong et al. measured tumor oxygenation in cases of
PDAC, and revealed that a significant proportion of these cells were hypoxic[17]. Thus, PDAC
cells can survive in hypoxia, as evidenced by the fact that PDAC cell lines were grown under
hypoxia (1% O2) in vitro in this study. Hypoxia increased the expression level of IGF1R in

Fig 3. Effect of conditionedmedium, IGF1, and IGF1R inhibitors onmotility of PDAC cells. (A) Representative images of cell density in wound-healing
assay. The number of PDAC cells migrating across the wound (broken line) was increased by conditioned medium (CM) from pancreas CAFs compared with
that in control. IGF1 increased the number of migrating cancer cells. The IGF1R inhibitor picropodophyllin (PPP) and anti-IGF1R neutralizing antibody
downregulated migration-stimulating activity by fibroblast CM. (B, C, D) CM from pancreas fibroblasts significantly stimulated the migratory activity of RWP-1
and MiaPaCa-2 cells, but not OCUP-AT, and Panc-1, under normoxia. Under hypoxia, the number of migrating cancer cells was significantly increased in all
four cancer cell lines by CM from pancreas CAFs, and the migration-stimulating ability of CM in PDAC cells was inhibited by IGF1R inhibitors. Data are
presented as mean ± SD.

doi:10.1371/journal.pone.0159912.g003
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PDAC cells in comparison with that under normoxia. CA9, a hypoxia-associated endogenous
protein, is considered as a cellular biomarker of hypoxic regions in solid tumors[31, 32]. It has
been reported that IGF1 is upregulated in PDAC tissues, but not in surrounding noncancerous
tissues[33]. IGF1R is phosphorylated solely in PDAC tissues. In this histological study, the
expression of CA9 was closely correlated with IGF1R expression. Using immunohistochemical

Fig 4. IGF1R inhibitor inhibits invasion-stimulating activity of CM from fibroblasts. (A), Representative pictures of invading pancreas cancer cells,
Panc-1. The number of invaded cells into pore membrane filter was increased in the presence of CM from pCaF-1 in compared to the control. IGF1R-
neutralizing antibody and PPP inhibited the invasion induced by CM. (B), CM from pCaF-1 significantly stimulated the invasive behavior of pancreas cancer
cells. IGF1R inhibitor, IGF1R-neutralizing antibody and PPP, significantly inhibited the invasion seen in these cells.

doi:10.1371/journal.pone.0159912.g004
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investigation, we previously reported that PDAC patients with IGF1R overexpression had poor
survival rates [22], suggesting that IGF1R signaling might be correlated with tumor aggres-
siveness in this cancer. These findings suggest that a hypoxic tumor microenvironment might
affect the aggressiveness characteristics of PDAC cells via the IGF1R signaling system.

Fibroblasts have the ability to produce certain cytokines that influence neighboring cells,
including malignant cells[34]. PDAC often has abundant stroma, which suggests that interac-
tions between PDAC cells and stromal cells may play a critical role in the progression of this
cancer[7, 35]. There is increasing evidence that activated fibroblasts play a pivotal role in the
development of PDAC[36, 37]. In the cancer microenvironment, fibroblasts are transformed
(“activated”) from their quiescent phenotype into myofibroblast-like cells which express
αSMA[36, 38, 39]. In the present study, two human pancreatic CAF cell lines, pCaF-1 and
pCaF-2, were established from PDAC specimens, and αSMA expression was evaluated in both
these cell lines. These findings suggest that both pCaF-1 and pCaF-2 are activated fibroblasts.
To clarify whether hypoxia affects cancer cell–stromal cell interaction with regard to the migra-
tory ability of pancreatic cells, using pCaF1 and pCaF2 cell lines, we examined the effect of CM
from pancreas CAFs. We observed that CM from pancreas CAFs stimulated the motility of
MiaPaCa-2, RWP-1, and OCUP-AT cells under normoxia, and the migration-stimulating
activity of fibroblasts on PDAC cells was greater under hypoxia than under normoxia. These
findings suggest that hypoxia markedly enhances the migration-stimulating activity of pan-
creas CAFs on PDAC cells. We then analyzed the mechanisms responsible for this migration-
stimulating activity.

Previous studies revealed that increased production of several growth factors in human stro-
mal cells under hypoxia plays a key role in the invasiveness of cancer cells[18, 34, 40]. Pancreas
CAFs produced IGF1, and its level increased under hypoxia. The invasion-stimulating ability
of CM was decreased by the IGF1R inhibitor PPP and anti-IGF1R-neutralizing antibody, but
not by PDGF-neutralizing antibody and TGFβ-neutralizing antibody (data not shown). IGF1
is produced from CAFs, but not from PDAC cells. These findings suggest that IGF1R signaling
in PDAC cells under hypoxia may respond to IGF1 in a paracrine manner. Altogether, hypoxia
increased the IGF1 expression level of pancreas CAFs, suggesting that hypoxia stimulates not
only IGF1R in PDAC cells but also the IGF1 expression level of pancreas CAFs, which could
result in the synergistic stimulation of migratory activity in PDAC cells in paracrine IGF1/
IGF1R signaling. To our knowledge, this is the first study to find an association for IGF1/
IGF1R signaling in PDAC cell-stromal cell interaction in a hypoxic cancer microenvironment.

The migration-stimulating activity of conditioned medium from fibroblasts in PDAC cells
was partly inhibited by neutralizing IGF1R antibody. Not only IGF1 but also other factor(s)
might affect on the hypoxia-induced migration in PDAC cells. In future studies, it will be nec-
essary to examine other factors from fibroblasts which can affect on the migration of PDAC
cells in hypoxia.

In this study, PPP and IGF1R antibody suppressed the motility of PDAC cells. Conse-
quently, multiple phase 1–2 clinical trials testing IGF1R inhibitors in a diverse number of epi-
thelial cancers, including PDAC, are currently ongoing. IGF1R inhibitors are available and
some are undergoing phase trials[41, 42]. These findings suggest that IGF1R-targeted therapy
may be useful with regard to its inhibitory effects on the motility of pancreatic tumor cells. Tar-
geting of the pancreatic tumor hypoxic microenvironment may, therefore, represent a promis-
ing therapeutic approach in PDAC.

A high incidence of somatic K-rasmutations is found in some types of cancer including
PDAC[43, 44]. It has been reported that K-rasmutation is predictive of a very poor response
to signal inhibitors which inhibit the downstream effector pathways of K-ras, such as the mito-
gen-activated protein kinase (MAPK) and phosphoinositide 3-kinase (PI3K) signaling
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pathways in colorectal cancer[45–48]. Although all four PDAC cell lines used in this study
have K-rasmutation at codon 12[49], the efficacy of IGF1R inhibitors against pancreatic carci-
noma is independent of K-rasmutation status, and thus IGF1R inhibitors might be clinically
useful in PDAC patients irrespective of K-ras status in PDAC patients. We observed a signifi-
cantly higher expression level of IGF1R in RWP-1, MiaPaCa-2, and OCUP-AT cells than in
Panc-1 cells, in which migratory activity was not increased by CM from pancreas fibroblasts.
These findings indicate that aberrant IGF1R signaling may be involved in PDAC progression,
and the expression level of IGF1R in PDAC may represent a predictive biomarker for response
to IGF1R inhibitors. Because IGF1R represents a key molecule in the hypoxic tumor microen-
vironment, IGF1R inhibitors appear therapeutically promising in PDAC characterized by
IGF1R overexpression.

In conclusion, we identified a motility-stimulating role of pancreas CAFs in hypoxic PDAC
cells through the paracrine IGF1/IGF1R pathway. Targeting IGF1R signaling may represent a
promising therapy against the progression of pancreatic carcinoma.

Supporting Information
S1 Fig. Western blot analysis. Three western pictures from 3 independent experiments were
shown.
(TIF)

S2 Fig. Immunohistochemical staining for αSMA. Both pCaF1 and pCaF2 cells contain
αSMA-positive cells (asterisks) and αSMA-negative cells (arrows).
(TIF)

S3 Fig. Representative pictures for the wound-healing assay. Pictures shows initial wound
mask at 0 hours (yellow) and wound mask at 12 or 24 hours (blue). Relative wound confluence
(%) was calculated as 100 x wound closure area at each time (blue) /wound area at time 0 (yel-
low).
(TIF)

Acknowledgments
This study is partially founded by KAKENHI (Grant-in-Aid for Scientific Research, Nos.
22390262, 23390329, and 26293307), and by Priority Research Fund of Osaka City University.

Author Contributions

Conceived and designed the experiments:MY KH.

Performed the experiments: T. Hirakawa MY YD HK.

Analyzed the data: T. Hirakawa MY TM TF T. Hasegawa.

Contributed reagents/materials/analysis tools: KK RA.

Wrote the paper: T. Hirakawa MY.

References
1. Jemal A, Siegel R, Xu J, Ward E. Cancer statistics, 2010. CA Cancer J Clin. 2010; 60(5):277–300.

Epub 2010/07/09. doi: 10.3322/caac.20073 PMID: 20610543.

Fibroblasts Stimulate the Motility of Pancreatic Cancer

PLOS ONE | DOI:10.1371/journal.pone.0159912 August 3, 2016 11 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159912.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159912.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0159912.s003
http://dx.doi.org/10.3322/caac.20073
http://www.ncbi.nlm.nih.gov/pubmed/20610543


2. Hidalgo M. New insights into pancreatic cancer biology. Ann Oncol. 2012; 23 Suppl 10:x135–8. Epub
2012/09/26. doi: 10.1093/annonc/mds313 PMID: 22987949.

3. Bramhall SR, AllumWH, Jones AG, Allwood A, Cummins C, Neoptolemos JP. Treatment and survival
in 13,560 patients with pancreatic cancer, and incidence of the disease, in theWest Midlands: an epide-
miological study. Br J Surg. 1995; 82(1):111–5. Epub 1995/01/01. PMID: 7881926.

4. Cho K, Ishiwata T, Uchida E, Nakazawa N, Korc M, Naito Z, et al. Enhanced expression of keratinocyte
growth factor and its receptor correlates with venous invasion in pancreatic cancer. Am J Pathol. 2007;
170(6):1964–74. PMID: 17525264.

5. Cleary SP, Gryfe R, Guindi M, Greig P, Smith L, Mackenzie R, et al. Prognostic factors in resected pan-
creatic adenocarcinoma: analysis of actual 5-year survivors. J Am Coll Surg. 2004; 198(5):722–31.
PMID: 15110805.

6. Sohn TA, Yeo CJ, Cameron JL, Koniaris L, Kaushal S, Abrams RA, et al. Resected adenocarcinoma of
the pancreas-616 patients: results, outcomes, and prognostic indicators. J Gastrointest Surg. 2000; 4
(6):567–79. PMID: 11307091.

7. Kloppel G, Lingenthal G, von Bulow M, Kern HF. Histological and fine structural features of pancreatic
ductal adenocarcinomas in relation to growth and prognosis: studies in xenografted tumours and clin-
ico-histopathological correlation in a series of 75 cases. Histopathology. 1985; 9(8):841–56. Epub
1985/08/01. PMID: 2997015.

8. Korc M. Pancreatic cancer-associated stroma production. Am J Surg. 2007; 194(4 Suppl):S84–6. Epub
2007/12/06. doi: 10.1016/j.amjsurg.2007.05.004 PMID: 17903452; PubMed Central PMCID:
PMC2094116.

9. Kang N, Gores GJ, Shah VH. Hepatic stellate cells: partners in crime for liver metastases? Hepatology.
2011; 54(2):707–13. Epub 2011/04/27. doi: 10.1002/hep.24384 PMID: 21520207; PubMed Central
PMCID: PMC3145026.

10. Camps JL, Chang SM, Hsu TC, Freeman MR, Hong SJ, Zhau HE, et al. Fibroblast-mediated accelera-
tion of human epithelial tumor growth in vivo. Proc Natl Acad Sci U S A. 1990; 87(1):75–9. Epub 1990/
01/01. PMID: 2296606; PubMed Central PMCID: PMC53202.

11. Nakamura T, Matsumoto K, Kiritoshi A, Tano Y. Induction of hepatocyte growth factor in fibroblasts by
tumor-derived factors affects invasive growth of tumor cells: in vitro analysis of tumor-stromal interac-
tions. Cancer Res. 1997; 57(15):3305–13. Epub 1997/08/01. PMID: 9242465.

12. Bhowmick NA, Chytil A, Plieth D, Gorska AE, Dumont N, Shappell S, et al. TGF-beta signaling in fibro-
blasts modulates the oncogenic potential of adjacent epithelia. Science. 2004; 303(5659):848–51.
Epub 2004/02/07. doi: 10.1126/science.1090922 PMID: 14764882.

13. Li X, Ma Q, Xu Q, DuanW, Lei J, Wu E. Targeting the cancer-stroma interaction: a potential approach
for pancreatic cancer treatment. Curr Pharm Des. 2012; 18(17):2404–15. Epub 2012/03/01. PMID:
22372501; PubMed Central PMCID: PMC3414722.

14. Kikuta K, Masamune A, Watanabe T, Ariga H, Itoh H, Hamada S, et al. Pancreatic stellate cells promote
epithelial-mesenchymal transition in pancreatic cancer cells. Biochem Biophys Res Commun. 2010;
403(3–4):380–4. Epub 2010/11/18. doi: 10.1016/j.bbrc.2010.11.040 PMID: 21081113.

15. Omary MB, Lugea A, Lowe AW, Pandol SJ. The pancreatic stellate cell: a star on the rise in pancreatic
diseases. J Clin Invest. 2007; 117(1):50–9. Epub 2007/01/04. doi: 10.1172/JCI30082 PMID:
17200706; PubMed Central PMCID: PMC1716214.

16. Vaupel P, Thews O, Hoeckel M. Treatment resistance of solid tumors: role of hypoxia and anemia. Med
Oncol. 2001; 18(4):243–59. Epub 2002/03/29. doi: 10.1385/MO:18:4:243 PMID: 11918451.

17. Koong AC, Mehta VK, Le QT, Fisher GA, Terris DJ, Brown JM, et al. Pancreatic tumors show high lev-
els of hypoxia. Int J Radiat Oncol Biol Phys. 2000; 48(4):919–22. Epub 2000/11/10. PMID: 11072146.

18. Kitajima Y, Ide T, Ohtsuka T, Miyazaki K. Induction of hepatocyte growth factor activator gene expres-
sion under hypoxia activates the hepatocyte growth factor/c-Met system via hypoxia inducible factor-1
in pancreatic cancer. Cancer Sci. 2008; 99(7):1341–7. Epub 2008/04/22. doi: 10.1111/j.1349-7006.
2008.00828.x PMID: 18422749.

19. Hirakawa T, Nakata B, Amano R, Kimura K, Shimizu S, Ohira G, et al. HER3 overexpression as an
independent indicator of poor prognosis for patients with curatively resected pancreatic cancer. Oncol-
ogy. 2011; 81(3–4):192–8. Epub 2011/11/10. doi: 10.1159/000333825 PMID: 22067729.

20. Komoto M, Nakata B, Nishii T, Kawajiri H, Shinto O, Amano R, et al. In vitro and in vivo evidence that a
combination of lapatinib plus S-1 is a promising treatment for pancreatic cancer. Cancer Sci. 2010; 101
(2):468–73. Epub 2009/11/21. doi: 10.1111/j.1349-7006.2009.01405.x PMID: 19925494.

21. Komoto M, Nakata B, Amano R, Yamada N, Yashiro M, Ohira M, et al. HER2 overexpression correlates
with survival after curative resection of pancreatic cancer. Cancer Sci. 2009; 100(7):1243–7. Epub
2009/05/13. doi: 10.1111/j.1349-7006.2009.01176.x PMID: 19432892.

Fibroblasts Stimulate the Motility of Pancreatic Cancer

PLOS ONE | DOI:10.1371/journal.pone.0159912 August 3, 2016 12 / 14

http://dx.doi.org/10.1093/annonc/mds313
http://www.ncbi.nlm.nih.gov/pubmed/22987949
http://www.ncbi.nlm.nih.gov/pubmed/7881926
http://www.ncbi.nlm.nih.gov/pubmed/17525264
http://www.ncbi.nlm.nih.gov/pubmed/15110805
http://www.ncbi.nlm.nih.gov/pubmed/11307091
http://www.ncbi.nlm.nih.gov/pubmed/2997015
http://dx.doi.org/10.1016/j.amjsurg.2007.05.004
http://www.ncbi.nlm.nih.gov/pubmed/17903452
http://dx.doi.org/10.1002/hep.24384
http://www.ncbi.nlm.nih.gov/pubmed/21520207
http://www.ncbi.nlm.nih.gov/pubmed/2296606
http://www.ncbi.nlm.nih.gov/pubmed/9242465
http://dx.doi.org/10.1126/science.1090922
http://www.ncbi.nlm.nih.gov/pubmed/14764882
http://www.ncbi.nlm.nih.gov/pubmed/22372501
http://dx.doi.org/10.1016/j.bbrc.2010.11.040
http://www.ncbi.nlm.nih.gov/pubmed/21081113
http://dx.doi.org/10.1172/JCI30082
http://www.ncbi.nlm.nih.gov/pubmed/17200706
http://dx.doi.org/10.1385/MO:18:4:243
http://www.ncbi.nlm.nih.gov/pubmed/11918451
http://www.ncbi.nlm.nih.gov/pubmed/11072146
http://dx.doi.org/10.1111/j.1349-7006.2008.00828.x
http://dx.doi.org/10.1111/j.1349-7006.2008.00828.x
http://www.ncbi.nlm.nih.gov/pubmed/18422749
http://dx.doi.org/10.1159/000333825
http://www.ncbi.nlm.nih.gov/pubmed/22067729
http://dx.doi.org/10.1111/j.1349-7006.2009.01405.x
http://www.ncbi.nlm.nih.gov/pubmed/19925494
http://dx.doi.org/10.1111/j.1349-7006.2009.01176.x
http://www.ncbi.nlm.nih.gov/pubmed/19432892


22. Hirakawa T, Yashiro M, Murata A, Hirata K, Kimura K, Amano R, et al. IGF-1 receptor and IGF binding
protein-3 might predict prognosis of patients with resectable pancreatic cancer. BMC Cancer. 2013; 13
(1):392. Epub 2013/08/22. doi: 10.1186/1471-2407-13-392 PMID: 23962053; PubMed Central PMCID:
PMC3765100.

23. Samani AA, Yakar S, LeRoith D, Brodt P. The role of the IGF system in cancer growth and metastasis:
overview and recent insights. Endocr Rev. 2007; 28(1):20–47. Epub 2006/08/26. doi: 10.1210/er.2006-
0001 PMID: 16931767.

24. Bauer TW, Somcio RJ, Fan F, Liu W, Johnson M, Lesslie DP, et al. Regulatory role of c-Met in insulin-
like growth factor-I receptor-mediated migration and invasion of human pancreatic carcinoma cells. Mol
Cancer Ther. 2006; 5(7):1676–82. Epub 2006/08/08. doi: 10.1158/1535-7163.MCT-05-0175 PMID:
16891453.

25. Pollak MN, Schernhammer ES, Hankinson SE. Insulin-like growth factors and neoplasia. Nat Rev Can-
cer. 2004; 4(7):505–18. Epub 2004/07/02. doi: 10.1038/nrc1387 PMID: 15229476.

26. Hwang RF, Moore T, Arumugam T, Ramachandran V, Amos KD, Rivera A, et al. Cancer-associated
stromal fibroblasts promote pancreatic tumor progression. Cancer Res. 2008; 68(3):918–26. Epub
2008/02/05. doi: 10.1158/0008-5472.CAN-07-5714 PMID: 18245495; PubMed Central PMCID:
PMC2519173.

27. Doi Y, Yashiro M, Yamada N, Amano R, Noda S, Hirakawa K. VEGF-A/VEGFR-2 signaling plays an
important role for the motility of pancreas cancer cells. Ann Surg Oncol. 2012; 19(8):2733–43. Epub
2011/12/31. doi: 10.1245/s10434-011-2181-6 PMID: 22207048.

28. Pfaffl MW. A newmathematical model for relative quantification in real-time RT-PCR. Nucleic Acids
Res. 2001; 29(9):e45. Epub 2001/05/09. PMID: 11328886; PubMed Central PMCID: PMCPmc55695.

29. Sobin LH. TNM, sixth edition: new developments in general concepts and rules. Semin Surg Oncol.
2003; 21(1):19–22. PMID: 12923912.

30. Yashiro M, Chung YS, Nishimura S, Inoue T, SowaM. Establishment of two new scirrhous gastric can-
cer cell lines: analysis of factors associated with disseminated metastasis. Br J Cancer. 1995; 72
(5):1200–10. Epub 1995/11/01. PMID: 7577468; PubMed Central PMCID: PMC2033934.

31. Saarnio J, Parkkila S, Parkkila AK, Haukipuro K, Pastorekova S, Pastorek J, et al. Immunohistochemi-
cal study of colorectal tumors for expression of a novel transmembrane carbonic anhydrase, MN/CA IX,
with potential value as a marker of cell proliferation. Am J Pathol. 1998; 153(1):279–85. PMID:
9665489.

32. Kato Y, Yashiro M, Noda S, Kashiwagi S, Matsuoka J, Fuyuhiro Y, et al. Expression of a hypoxia-asso-
ciated protein, carbonic anhydrase-9, correlates with malignant phenotypes of gastric carcinoma.
Digestion. 2010; 82(4):246–51. Epub 2010/07/01. doi: 10.1159/000297208 PMID: 20588040.

33. Bergmann U, Funatomi H, Yokoyama M, Beger HG, Korc M. Insulin-like growth factor I overexpression
in human pancreatic cancer: evidence for autocrine and paracrine roles. Cancer Res. 1995; 55
(10):2007–11. Epub 1995/05/15. PMID: 7743492.

34. Yashiro M, Hirakawa K. Cancer-stromal interactions in scirrhous gastric carcinoma. Cancer Microen-
viron. 2010; 3(1):127–35. Epub 2011/01/07. doi: 10.1007/s12307-010-0036-5 PMID: 21209779;
PubMed Central PMCID: PMC2990484.

35. Ohuchida K, Mizumoto K, Murakami M, Qian LW, Sato N, Nagai E, et al. Radiation to stromal fibroblasts
increases invasiveness of pancreatic cancer cells through tumor-stromal interactions. Cancer Res.
2004; 64(9):3215–22. Epub 2004/05/06. PMID: 15126362.

36. Hamada S, Masamune A, Takikawa T, Suzuki N, Kikuta K, Hirota M, et al. Pancreatic stellate cells
enhance stem cell-like phenotypes in pancreatic cancer cells. Biochem Biophys Res Commun. 2012;
421(2):349–54. Epub 2012/04/19. doi: 10.1016/j.bbrc.2012.04.014 PMID: 22510406.

37. Xu Z, Vonlaufen A, Phillips PA, Fiala-Beer E, Zhang X, Yang L, et al. Role of pancreatic stellate cells in
pancreatic cancer metastasis. Am J Pathol. 2010; 177(5):2585–96. Epub 2010/10/12. doi: 10.2353/
ajpath.2010.090899 PMID: 20934972; PubMed Central PMCID: PMC2966814.

38. Erkan M, Adler G, Apte MV, BachemMG, Buchholz M, Detlefsen S, et al. StellaTUM: current consen-
sus and discussion on pancreatic stellate cell research. Gut. 2012; 61(2):172–8. Epub 2011/11/26. doi:
10.1136/gutjnl-2011-301220 PMID: 22115911; PubMed Central PMCID: PMC3245897.

39. Fuyuhiro Y, Yashiro M, Noda S, Kashiwagi S, Matsuoka J, Doi Y, et al. Upregulation of cancer-associ-
ated myofibroblasts by TGF-beta from scirrhous gastric carcinoma cells. Br J Cancer. 2011; 105
(7):996–1001. Epub 2011/08/25. doi: 10.1038/bjc.2011.330 PMID: 21863023; PubMed Central
PMCID: PMC3185946.

40. Berger AP, Kofler K, Bektic J, Rogatsch H, Steiner H, Bartsch G, et al. Increased growth factor produc-
tion in a human prostatic stromal cell culture model caused by hypoxia. Prostate. 2003; 57(1):57–65.
Epub 2003/07/30. doi: 10.1002/pros.10279 PMID: 12886524.

Fibroblasts Stimulate the Motility of Pancreatic Cancer

PLOS ONE | DOI:10.1371/journal.pone.0159912 August 3, 2016 13 / 14

http://dx.doi.org/10.1186/1471-2407-13-392
http://www.ncbi.nlm.nih.gov/pubmed/23962053
http://dx.doi.org/10.1210/er.2006-0001
http://dx.doi.org/10.1210/er.2006-0001
http://www.ncbi.nlm.nih.gov/pubmed/16931767
http://dx.doi.org/10.1158/1535-7163.MCT-05-0175
http://www.ncbi.nlm.nih.gov/pubmed/16891453
http://dx.doi.org/10.1038/nrc1387
http://www.ncbi.nlm.nih.gov/pubmed/15229476
http://dx.doi.org/10.1158/0008-5472.CAN-07-5714
http://www.ncbi.nlm.nih.gov/pubmed/18245495
http://dx.doi.org/10.1245/s10434-011-2181-6
http://www.ncbi.nlm.nih.gov/pubmed/22207048
http://www.ncbi.nlm.nih.gov/pubmed/11328886
http://www.ncbi.nlm.nih.gov/pubmed/12923912
http://www.ncbi.nlm.nih.gov/pubmed/7577468
http://www.ncbi.nlm.nih.gov/pubmed/9665489
http://dx.doi.org/10.1159/000297208
http://www.ncbi.nlm.nih.gov/pubmed/20588040
http://www.ncbi.nlm.nih.gov/pubmed/7743492
http://dx.doi.org/10.1007/s12307-010-0036-5
http://www.ncbi.nlm.nih.gov/pubmed/21209779
http://www.ncbi.nlm.nih.gov/pubmed/15126362
http://dx.doi.org/10.1016/j.bbrc.2012.04.014
http://www.ncbi.nlm.nih.gov/pubmed/22510406
http://dx.doi.org/10.2353/ajpath.2010.090899
http://dx.doi.org/10.2353/ajpath.2010.090899
http://www.ncbi.nlm.nih.gov/pubmed/20934972
http://dx.doi.org/10.1136/gutjnl-2011-301220
http://www.ncbi.nlm.nih.gov/pubmed/22115911
http://dx.doi.org/10.1038/bjc.2011.330
http://www.ncbi.nlm.nih.gov/pubmed/21863023
http://dx.doi.org/10.1002/pros.10279
http://www.ncbi.nlm.nih.gov/pubmed/12886524


41. Huang ZQ, Saluja AK, Dudeja V, Vickers SM, BuchsbaumDJ. Molecular targeted approaches for treat-
ment of pancreatic cancer. Curr Pharm Des. 2011; 17(21):2221–38. Epub 2011/07/23. PMID:
21777178; PubMed Central PMCID: PMC3422746.

42. Wittman M, Carboni J, Attar R, Balasubramanian B, Balimane P, Brassil P, et al. Discovery of a (1H-
benzoimidazol-2-yl)-1H-pyridin-2-one (BMS-536924) inhibitor of insulin-like growth factor I receptor
kinase with in vivo antitumor activity. J Med Chem. 2005; 48(18):5639–43. Epub 2005/09/02. doi: 10.
1021/jm050392q PMID: 16134929.

43. Almoguera C, Shibata D, Forrester K, Martin J, Arnheim N, Perucho M. Most human carcinomas of the
exocrine pancreas contain mutant c-K-ras genes. Cell. 1988; 53(4):549–54. Epub 1988/05/20. PMID:
2453289.

44. Yashiro M, Nishioka N, Hirakawa K. K-ras mutation influences macroscopic features of gastric carci-
noma. J Surg Res. 2005; 124(1):74–8. Epub 2005/03/01. doi: 10.1016/j.jss.2004.09.020 PMID:
15734482.

45. Hofmann I, Weiss A, Elain G, Schwaederle M, Sterker D, Romanet V, et al. K-RASmutant pancreatic
tumors show higher sensitivity to MEK than to PI3K inhibition in vivo. PLoS One. 2012; 7(8):e44146.
Epub 2012/09/07. doi: 10.1371/journal.pone.0044146 PMID: 22952903; PubMed Central PMCID:
PMC3432074.

46. Spreafico A, Tentler JJ, Pitts TM, Tan AC, Gregory MA, Arcaroli JJ, et al. Rational combination of a
MEK inhibitor, selumetinib, and the Wnt/calcium pathway modulator, cyclosporin A, in preclinical mod-
els of colorectal cancer. Clin Cancer Res. 2013; 19(15):4149–62. Epub 2013/06/13. doi: 10.1158/1078-
0432.CCR-12-3140 PMID: 23757356.

47. Shimizu T, Tolcher AW, Papadopoulos KP, BeeramM, Rasco DW, Smith LS, et al. The clinical effect of
the dual-targeting strategy involving PI3K/AKT/mTOR and RAS/MEK/ERK pathways in patients with
advanced cancer. Clin Cancer Res. 2012; 18(8):2316–25. Epub 2012/01/21. doi: 10.1158/1078-0432.
CCR-11-2381 PMID: 22261800.

48. Deschoolmeester V, Baay M, Specenier P, Lardon F, Vermorken JB. A review of the most promising
biomarkers in colorectal cancer: one step closer to targeted therapy. Oncologist. 2010; 15(7):699–731.
Epub 2010/06/30. doi: 10.1634/theoncologist.2010-0025 PMID: 20584808; PubMed Central PMCID:
PMC3228001.

49. Yasuda K, Yashiro M, Sawada T, Ohira M, Hirakawa K. ERas oncogene expression and epigenetic reg-
ulation by histone acetylation in human cancer cells. Anticancer Res. 2007; 27(6B):4071–5. Epub
2008/01/30. PMID: 18225573.

Fibroblasts Stimulate the Motility of Pancreatic Cancer

PLOS ONE | DOI:10.1371/journal.pone.0159912 August 3, 2016 14 / 14

http://www.ncbi.nlm.nih.gov/pubmed/21777178
http://dx.doi.org/10.1021/jm050392q
http://dx.doi.org/10.1021/jm050392q
http://www.ncbi.nlm.nih.gov/pubmed/16134929
http://www.ncbi.nlm.nih.gov/pubmed/2453289
http://dx.doi.org/10.1016/j.jss.2004.09.020
http://www.ncbi.nlm.nih.gov/pubmed/15734482
http://dx.doi.org/10.1371/journal.pone.0044146
http://www.ncbi.nlm.nih.gov/pubmed/22952903
http://dx.doi.org/10.1158/1078-0432.CCR-12-3140
http://dx.doi.org/10.1158/1078-0432.CCR-12-3140
http://www.ncbi.nlm.nih.gov/pubmed/23757356
http://dx.doi.org/10.1158/1078-0432.CCR-11-2381
http://dx.doi.org/10.1158/1078-0432.CCR-11-2381
http://www.ncbi.nlm.nih.gov/pubmed/22261800
http://dx.doi.org/10.1634/theoncologist.2010-0025
http://www.ncbi.nlm.nih.gov/pubmed/20584808
http://www.ncbi.nlm.nih.gov/pubmed/18225573

