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MK2461, a Multitargeted Kinase Inhibitor, Suppresses
the Progression of Pancreatic Cancer by Disrupting

the Interaction Between Pancreatic Cancer
Cells and Stellate Cells
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Objectives: Platelet-derived growth factor receptor beta (PDGFRβ) and
hepatocyte growth factor receptor (MET) expressed on pancreatic stellate
cells (PSCs) are suggested as important components modulating the inter-
actions between pancreatic cancer cells (PCCs) and PSCs. The objective
of this study is to clarify the effect of MK2461, a multikinase inhibitor
targeting METand PDGFRβ, on the interaction between PCCs and PSCs.
Methods: In this study, we profiled the expression of receptor tyrosine ki-
nases (including PDGFRβ and MET) in pancreatic cancer with quantita-
tive targeted absolute proteomics using liquid chromatography tandem
mass spectrometry. In addition, the effect of MK2461 on PCC-PSC interac-
tion was investigated using PSCs prepared from pancreatic cancer tissues.
Results: In PSCs, PDGFRβ and METwere upregulated compared with
other receptor tyrosine kinases. Conditioned medium from PSCs promo-
ted the proliferation of PCCs, and vice versa. Moreover, MK2461 sup-
pressed the effects of conditioned medium on PCCs and PSCs. Finally,
MK2461 significantly inhibited tumor growth in mice coinjected with
PCCs and PSCs.
Conclusions: The PDGFRβ and MET may play a critical role in the in-
teraction between PCCs and PSCs, which was modulated by MK2461.
Therefore, MK2461 may have therapeutic potential in the treatment of
pancreatic cancer.
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P ancreatic cancer is a highly aggressive disease characterized
by an extremely poor prognosis. Despite recent developments

in the diagnosis and therapeutic management of pancreatic cancer,
the overall 5-year survival rate is less than 5%,1 in part because of
the poor response of pancreatic cancer to most chemotherapeutic
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agents and radiotherapy. Therefore, improving our understand-
ing of the development and progression of pancreatic cancer
is essential.2

Pancreatic cancer is characterized by excessive desmoplasia,
which occupies 80% of pancreatic cancer tissue.3 However, most
previous studies have focused on cancer cells themselves, and the
abundant desmoplasia has been largely ignored.4 The desmoplasia
is thought to be essential for the proliferation, invasion, metastasis,
and chemotherapeutic resistance of pancreatic cancer5–10 and has
been shown to be comprised primarily of pancreatic stellate cells
(PSCs), which are observed in the interlobular areas and the
periacinar lesions of the pancreas.11 The PSCs are transformed
from a quiescent state to myofibroblast-like cells in response to
cytokines and growth factors, such as platelet-derived growth fac-
tor (PDGF) and transforming growth factor (TGF) β1, which are
secreted from inflammatory cells and cancer cells. Activated PSCs
are characterized by high expression of α-smooth muscle actin
(SMA), and once PSCs are activated by pancreatic cancer cells
(PCCs), these cells are suggested to remain in the active state
via autonomous signaling loops.4,12,13 Activated PSCs produce
abundant extracellular matrix (ECM), cytokines, and growth fac-
tors, and the production of ECM contributes to excessive fibrosis
thereby leading to interstitial hypertension, inefficient drug deliv-
ery,14–16 and resistance to radiotherapy.17 Furthermore, secreted
growth factors from activated PSCs, such as PDGF and hepato-
cyte growth factor (HGF), promote PCC proliferation, invasion,
and migration, partially through induction of the epithelial-
to-mesenchymal transition.10,18,19 In an in vivo study, PCCs sub-
cutaneously injected with PSCs were shown to grow more rapidly
than PCCs injected alone.20 Moreover, in an orthotopic model,
coinjection of PCCs with PSCs resulted in increased tumor inci-
dence, metastasis, and tumor size.21 In addition, PCC stimulation
increases the secretion of growth factors and ECM components
from PSCs.18 Thus, reciprocal stimulation of PCCs and PSCs is
essential in the progression of pancreatic cancer.

Altered expression of various receptor tyrosine kinases
(RTKs) has been observed in several types of cancer, and the ex-
pression of some RTKs correlates with patient prognosis.22–24

Growth factors mediate their effects by binding to various RTKs.
Thus, profiling the expression of RTKs in both PCCs and PSCs
may lead to identification of growth factors regulating the interac-
tion between PCCs and PSCs.

MK2461 is a multikinase inhibitor that was developed as an
adenosine triphosphate-competitive inhibitor of the activated
HGF receptor (MET). This compound effectively inhibits consti-
tutive or ligand-dependent phosphorylation of MET and signifi-
cantly inhibits several other RTKs. Moreover, MK2461 exerts
significant anti–tumor-effect activities through inhibition of MET,
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Fibroblast growth factor (FGF) receptor 2, and PDGF receptor
(PDGFR) in vitro and in vivo.25 Therefore, MK2461 may have ap-
plications as a potential anticancer agent in pancreatic cancer
through disruption of RTK signaling in PCCs and PSCs.

In this study, we sought to identify novel candidate targets for
improving the therapeutic management of pancreatic cancer. To
this end, we measured the expression levels of 15 RTKs by quan-
titative targeted absolute proteomics (QTAP) and analyzed the
roles of these RTKs in pancreatic cancer. In addition, we exam-
ined the effects of MK2461 on the PCC-PSC interaction.

MATERIALS AND METHODS

Cell Culture
PANC-1 cells were obtained fromRIKENBioResource Cen-

ter Cell Bank (Tsukuba, Japan). Capan-2, HPAF-II, BxPC-3,
SW1990, and AsPC-1 cells were purchased from American Type
Culture Collection (Manassas, Va). SUIT-2, KLM-1, PK-1, and
PK-8 cells were obtained from the Cell Resource Center for Bio-
medical Research, Tohoku University (Sendai, Japan). Cells were
maintained in Dulbecco's Modified Eagle's Medium (DMEM)
(Nichirei Pharmaceutical, Tokyo, Japan) containing 10% fetal bo-
vine serum (FBS)with 4.5 g/L glucose, 1.5 g/LNaHCO3, 70 μg/mL
penicillin, 100 μg/mL streptomycin, and 2.5 μg/mL amphotericin
at 37°C in a humidified atmosphere of 5% CO2.

Reagents and Antibodies
All of the standard peptides and stable isotope-labeled

peptides used for QTAP were synthesized by Thermo Fisher
Scientific (Ulm, Germany). Sequencing-grade modified trypsin
(Promega, Madison, Wis) was used for trypsin digestion of the
targeted proteins.MK2461was purchased fromSelleck (Houston,
Tex). All other reagents were commercial products of analytical
grade unless specifically described. The antibodies used in this
study included anti–phospho-MET (Tyr1234/Tyr1235), anti-AKT,
anti–phospho-AKT (Ser473), anti-extracellular signal–regulated
kinase 1/2 (ERK1/2), anti–phospho-ERK1/2 (Thr202/Tyr204), anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH),anti-PDGFRβ,
and antivimentin from Cell Signaling Technology (Danvers, Mass);
anti-METand anti–α-SMA from Abcam (Cambridge, Mass); anti–
phospho-PDGFRβ (Tyr1021) and anti–cytokeratin 19 from Santa
Cruz Biotechnology (Santa Cruz, Calif); anti–Ki-67 from Nichirei
Biosciences (Tokyo, Japan); and Alexa Fluor 488–conjugated
anti–rabbit IgG, Alexa Fluor 555–conjugated anti–mouse
IgG, horseradish peroxidase–linked anti–rabbit IgG, and
horseradish peroxidase–conjugated anti–mouse IgG from Cell
Signaling Technology.

Human Samples
The pancreatic tissue blocks used in this study were obtained

from patients undergoing surgery at the Tohoku University Hospital.
All patients were diagnosed with pancreatic cancer by biopsy before
surgery. The samples were obtained in accordance with the policies
and practices of the ethics committee of the TohokuUniversityGrad-
uate School of Medicine, and patients provided informed consent.

Primary Culture of PSCs
The PSCs were prepared from pancreatic cancer tissues by

the outgrowth method, as previously described.20 The purity of
the cells was determined by the immunofluorescence for α-SMA
and vimentin as well as morphology (spindle-shaped cells with
cytoplasmic extensions).26 In this study, all of the established
PSCs were used at passages 3 to 6.
558 www.pancreasjournal.com
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Immunofluorescence Staining of PSC
The PSCs were fixed in 4% paraformaldehyde and blocked

with 5% normal goat serum and 0.3% Triton X-100 (Sigma-
Aldrich, St. Louis, Mo) in phosphate buffered saline. The PSCs
were incubated with primary antibodies at 4°C overnight and were
then incubated with secondary antibodies. The antibodies were
diluted in phosphate buffered saline containing 1% bovine serum
albumin and 0.3% Triton X-100 according to the manufacturer's
instructions. The PSCs were mounted with ProLong antifade
with 4′, 6-diamidino-2-phenylindole (DAPI) (Life Technologies,
Waltham, Mass). Staining was observed using a confocal laser-
scanning microscope (C2si, Nikon, Japan).
Preparation of Conditioned Medium
Conditioned medium (CM) was prepared to evaluate the

PCC-PSC interaction.21,27 Briefly, cells were grown to 70% to
80% confluence in DMEM containing 10% FBS. The medium
was then changed to serum-free medium (SFM), which was col-
lected after 24 to 48 hours and concentratedwith a 3-kDa ultrafiltra-
tion membrane (Millipore, Billerica, Mass). Protein concentrations
were determined by the Lowry method (Bio-Rad, Hercules, Calif ).
The QTAP Using Liquid Chromatography Tandem
Mass Spectrometry

Plasma membrane fractions were extracted, and the absolute
quantity ofmembrane protein was quantified using amultiplex se-
lected reaction monitoring/multiple reaction monitoring (SRM/
MRM) method, as described previously.28–30

In the SRM/MRM analysis, the peptide for each target pro-
tein was monitored using 4 types of SRM/MRM transitions spe-
cific for that peptide. The quantitative value was calculated from
the peak area ratio of the analyte and the stable isotope-labeled
peptide in each SRM/MRM transition. Unless otherwise men-
tioned, at least 3 of 4 SRM/MRM transitions were required to be
measurable for a proteotypic peptide to be judged as confirmed
and for a quantitative value to be assigned. The value of the quan-
tification limit of each protein (femtomoles per microgram of pro-
tein) was determined as described previously.29 Peptide sequences
for targeted proteins and MRM transitions (m/z values) are shown
in Supplemental Table 1, http://links.lww.com/MPA/A582.
Proliferation Assay
SUIT-2 and PANC-1 cells were seeded at 3000 cells/well,

and PSCs were seeded at 5000 cells/well in 96-well plates. Cells
were incubated overnight in DMEM containing 10% FBS, after
which the medium was changed to SFM. Then, different concen-
trations of CM (0, 0.1, or 0.5 mg/mL) and MK2461 (0, 0.1, 1, or
3 μM) were added, and cells were incubated for 48 hours. The
SFM was added to control wells. After incubation, proliferation
was measured using a Cell Counting Kit-8 (Dojindo, Kumamoto,
Japan) according to the manufacturer's instructions. Each assay
was performed using triplicate wells and repeated twice. Data
are shown as percentage change compared with the control.

Invasion Assay
Invasion assays were performed with 24-well BD BioCoat

Matrigel Invasion Chambers (BD Biosciences, Franklin Lakes,
NJ). SUIT-2 and PANC-1 cells (2 � 104) were resuspended in
500 μL of SFM and seeded in the upper chambers. Lower cham-
bers contained 750 μL of CM (0, 0.1, or 0.5mg/mL) andMK2461
(0, 0.1, or 1 μM) in SFM. Cells were incubated for 48 hours at
© 2017 Wolters Kluwer Health, Inc. All rights reserved.
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37°C per 5% CO2, and cells that had invaded through the pores
to the lower surface were fixed and stained with Diff-Quick rea-
gent (Sysmex International Reagents, Kobe, Japan). Invaded
cells were counted in 8 random adjacent fields using a microscope
(BZ-9000; Keyence, Tokyo, Japan). Each experiment was re-
peated 3 times.

Migration Assay
Migration assays were performed in 24-well transwell cham-

bers (BD Biosciences). SUIT-2 and PANC-1 cells (2� 104) were
seeded in the upper chambers of the transwells in 500 μL of SFM.
Treatments were as described for the invasion assays, and analyses
were performed as described for the invasion assays at 24 hours
after treatment. Each experiment was repeated 3 times.

In Vivo Experiments
To evaluate the effects of MK2461 on the PCC-PSC interac-

tion in vivo, animal experiments were performed as previously de-
scribed.17,18 All animal experiments were reviewed and approved
by the Tohoku University Institutional Animal Care and Use
Committee. Seven-week-old male nude mice (BALB/cAJcl-nu/
nu) were obtained from CLEA Japan (Tokyo, Japan). Mice were
acclimated to the animal housing facility for 1 week before stud-
ies. SUIT-2 cells and PSCswere resuspended in 100 μL of DMEM
containing 20% Matrigel (BD Biosciences), and SUIT-2 cells
(1 � 106) and PSCs (1 � 106) were subcutaneously coinjected
into the right flanks, whereas SUIT-2 cells (1 � 106) alone were
injected into the left flanks. One week later, mice were randomly
divided into 2 groups (n = 7 per group) and administered either
vehicle or MK2461 (20 mg/kg) twice daily for 20 days by oral ga-
vage. MK2461 was diluted in 0.9% saline containing 30% poly-
ethylene glycol400, 1% dimethyl sulfoxide, and 1% Tween-80.
Tumor sizes were determined with calipers, and tumor volumes
were calculated using the formula, π/6 � (L �W2), where L in-
dicates the largest tumor diameter and W indicates the smallest
tumor diameter. When the experiment was terminated, subcuta-
neous tumors were excised and weighed.

Statistical Analysis
Data are shown as the mean ± SEM. Comparisons of paired

data were analyzed by 2-tailed Student's t-tests, and comparisons
of 3 or more groups were analyzed by 1-way analysis of variance
with the Tukey-Kramer multiple comparisons test. Differences
with P values of less than 0.05 were considered significant. Sta-
tistical analyses were performed using JMP Pro 11 software
(SAS Institute, Cary, NC).
RESULTS

Isolation and Identification of PSCs
The PSCs were derived from fresh human pancreatic adeno-

carcinoma surgical specimens by the outgrowth method, and their
identities were confirmed by immunofluorescence staining for α-
SMA or vimentin (Fig. 1A). The isolated cells were stained with
α-SMA, a marker of activated PSCs, and expressed vimentin, a
marker of mesenchymal cells, indicating that they were not PCCs.
In addition, these cells exhibited a spindle-shaped morphology
with cytoplasmic extensions, characteristic of myofibroblasts.
The PSCs were isolated from 3 patients individually and named
PSCI, PSCII, and PSCIII, respectively. Interestingly, α-SMA ex-
pression was increased in PSCs compared with TIG-1-20 cells,
© 2017 Wolters Kluwer Health, Inc. All rights reserved.
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a normal fibroblast cell line, indicating that the isolated PSCswere
in an activated state (Fig. 1B).

Role of the PCC-PSC Interaction in
Cell Proliferation

To investigate the effects of PSC-CM on PCCs, proliferation
assays were performed. Three conditioned media derived from
PSCI, PSCII, and PSCIII promoted the proliferation of SUIT-2
andPANC-1 cells as comparedwith the serum-free control (Fig. 1C).
For all assays, PCC proliferation was increased after exposure to
PSC-CM (0.5 mg/mL) as compared with the serum-free control.

Reciprocally, the CM from both SUIT-2 and PANC-1 cells sig-
nificantly increased PSCI and PSCII proliferation comparedwith the
serum-free controls in a concentration-dependent manner (Fig. 1D).

Comparison of Cell Proliferation Induced by
Paracrine and Autocrine Secretions

To elucidate whether paracrine or autocrine effects modu-
lated PCC proliferation in our experiment, we performed prolifer-
ation assays using CM from PCCs or PSCs. SUIT-2 and PANC-2
cell proliferation rates were significantly increased in the presence of
PSCI-CM as compared with SUIT-2 or PANC-1–CM at 0.5 mg/mL,
respectively (Supplemental Fig. 1A, http://links.lww.com/MPA/
A583). Furthermore, SUIT-2 and PANC-1–conditioned media (0.1
or 0.5 mg/mL) significantly accelerated the proliferation of PSCIs
compared with PSCI-CM (Supplemental Fig. 1B, http://links.
lww.com/MPA/A583). Therefore, paracrine signaling was more
effective at inducing proliferation in both PCCs and PSCs.

Expression Levels of Membrane RTKs in Pancreatic
Cancer Cell Lines, PSCs, and Pancreatic
Cancer Tissues

Next, we analyzed the expression levels of 15 RTKs by
QTAP in plasma membrane fractions from 10 human pancreatic
cancer cell lines (Supplemental Table 2, http://links.lww.com/
MPA/A584), 3 primary cultured PSCs (PSCI, PSCII, and PSCIII)
(Supplemental Table 3, http://links.lww.com/MPA/A585), pancre-
atic cancer tissues obtained from patients 1 to 17 (PT1-17) (Sup-
plemental Table 4, http://links.lww.com/MPA/A586), and 3
normal pancreatic tissues obtained from normal noncancerous le-
sions of surgical specimens from patients 1 to 3 (NT1-3) (Supple-
mental Table 3, http://links.lww.com/MPA/A585). The epidermal
growth factor receptor (EGFR) and METwere detected in all of
the pancreatic cancer cell lines, whereas EGFR, PDGFRβ, and
MET were detected in the 3 PSCs. Moreover, EGFR and
PDGFRβ were detected in all 17 pancreatic cancer tissues, and
MET was detected in 11 pancreatic cancer tissues (64.7%). In
the 3 noncancerous tissues, only EGFR was detected. Na+/K+

ATPase was detected in all of the samples.
EGFR expression was approximately 10- to 20-fold higher in

most pancreatic cancer cell lines than in PSCs and pancreatic can-
cer tissues (Fig. 2A). In 8 pancreatic cancer cell lines, the expres-
sion levels of PDGFRβ were under the detection limit; however,
this RTKwas detected in all of the PSCs and pancreatic cancer tis-
sues (Fig. 2A). Expression levels of PDGFRβwere equivalent be-
tween PSCs and pancreatic cancer tissues. The MET expression
levels in pancreatic cancer cell lines were higher than those in
PSCs and pancreatic cancer tissues (Fig. 2A).

Next, we compared the expression levels of RTKs bet-
ween pancreatic cancer tissues (PT1-3) and noncancerous tis-
sues (NT1-3). Expression levels of EGFR in pancreatic cancer
tissueswere 2.6- to 4.9-fold higher than those in noncancerous tissues
(Fig. 2B). The expression levels of both MET and PDGFRβ in
www.pancreasjournal.com 559
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FIGURE 1. The α-SMA expression in established PSCs and effects of the PCC-PSC interaction on cell proliferation. A, Immunofluorescence
staining of α-SMA and vimentin in established PSCs. Red, α-SMA; green, vimentin; and blue, DAPI. Scale bar, 100 μm. B, Protein lysates
from PSCI, PSCII, or PSCIII and TIG-1-20 were analyzed for α-SMA expression by Western blotting. The GAPDH served as a loading control.
C, Effects of PSCI, PSCII, and PSCIII–CM on PCC (SUIT-2 and PANC-1 cells) proliferation. Proliferation assays were performed 48 hours
after adding PSC-CM. D, Effects of PCC-CM (SUIT-2 and PANC-1 cells) on PSC (PSCI and PSCII) proliferation. Proliferation
assays were performed 48 hours after adding PCC-CM. *P < 0.05, **P < 0.01, and ***P < 0.001 versus the SFM control.
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noncancerous tissues were all under the detection limit, whereas
both proteins were detected in pancreatic cancer tissues (Fig. 2B).

MK2461 Inhibited the Effects of PSC-CM on PCC
Proliferation by Suppressing the Activation of MET
and its Downstream Signaling

The RTK profiling experiments revealed that MET was
expressed in both PCCs and PSCs, but not in noncancerous tissue,
suggesting that inhibition of MET could effectively inhibit the in-
teraction between PSCs and PCCs. In both SUIT-2 and PANC-1
cells, significant growth inhibition was observed at 1 μM
MK2461 (Fig. 3A). In addition, 0.1 μM MK2461 significantly
560 www.pancreasjournal.com
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inhibited SUIT-2 cell proliferation induced by PSC-CM. To as-
sess whether MK2461 actually inhibited the effects of PSC-
CM, we compared the effects of MK2461 in cells treated with
or without CM. In SUIT-2 and PANC-1 cells, inhibition of cell
growth by 1 or 3 μM MK2461, respectively, was significantly
higher in cells cultured with PSC-CM than in cells cultured in
SFM (Fig. 3B). Compared with cell cultured in medium con-
taining 10% FBS, inhibition of cell growth was also signifi-
cantly higher in cells treated with PSC-CM (Fig. 3C).
Furthermore, we evaluated the effects of MK2461 by Western
blotting (Fig. 3D). In both SUIT-2 and PANC-1 cells,
MK2461 inhibited the phosphorylation of MET, AKT, and
ERK1/2 induced by PSC-CM.
© 2017 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 2. Expression levels of RTKs in plasma membrane fractions. A, Comparison of RTK (EGFR, PDGFRβ, and MET) expression levels
between pancreatic cancer cell lines, PSCs, and pancreatic cancer tissues. B, Comparison of RTK (EGFR, PDGFRβ, andMET) expression levels
between pancreatic cancer tissues and normal pancreatic tissues. Pancreatic cancer tissue and normal pancreatic tissue were separated from
the samples given by patients 1 to 3 and used for the assay. Each bar represents the protein expression level in the plasma membrane
fraction (mean ± SEM).
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MK2461 Inhibited the Effects of PCC-CM on PSC
Proliferation and Suppressed Activation of
PDGFRβ, MET, and Downstream Signaling

Because PDGFRβ and MET were expressed in PSCs and
PCC-CM–induced PSC proliferation, we next evaluated the ef-
fects of MK2461 on PSC proliferation. In both PSCIs and PSCIIs,
© 2017 Wolters Kluwer Health, Inc. All rights reserved.

Copyright © 2017 Wolters Kluwer 
MK2461 significantly suppressed the proliferation induced by
PCC-CM when used at concentrations of 0.1 and 1 μM, respec-
tively (Fig. 4A). Moreover, the growth of PSCIs and PSCIIs was
significantly inhibited in the presence of PCC-CM compared with
SFM after treatment with 0.1 or 1 μM MK2461, respectively (-
Fig. 4B). Compared with cells cultured in medium containing
10% FBS, inhibition of cell growth was also significantly higher
www.pancreasjournal.com 561
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FIGURE 3. MK2461 inhibited the effects of PSC-CM on PCC
proliferation and suppressed the activation of MET and
downstream signaling. A, Proliferation assays were performed in
SUIT-2 and PANC-1 cells 48 hours after adding PSC-CM (0.5 mg/
mL) and MK2461 (0, 0.1, 1, and 3 μM). B, Comparison of PCC
(SUIT-2 and PANC-1 cells) growth inhibition by MK2461 in cells
treated with PSC-CM (0.5 mg/mL) or SFM. Cell growth inhibition
was calculated as the percentage of absorbance differences
between 0 μM andMK2461 (0.1, 1, and 3 μM). Proliferation assays
were performed 48 hours after adding PSC-CM (0.5 mg/mL) and
MK2461 (0, 0.1, 1, and 3 μM). C, Comparison of PCC (SUIT-2 and
PANC-1 cells) growth inhibition by MK2461 in cells treated with
PSC-CM (0.5 mg/mL) or 10% FBS. D, Western blotting of signaling
intermediates. The PCCs (SUIT-2 and PANC-1 cells) were
incubated with MK2461 (1 μM) for 4 hours, stimulated with
PSC-CM (0.5 mg/mL) for 10 minutes, then lysed. The GAPDH
served as the loading control. *P < 0.05, **P < 0.01, and
***P < 0.001 versus the untreated control.

Inoue et al Pancreas • Volume 46, Number 4, April 2017
in cells treated with PCC-CM (data not shown). In addition, phos-
phorylation of PDGFRβ, MET, ERK1/2, and AKT in PSCs stim-
ulated by PCC-CM was inhibited by MK2461 (Fig. 4C).
562 www.pancreasjournal.com
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MK2461 Inhibited the Effects of PSC-CM on PCC
Invasion and Migration

Overexpression or hyperactivation of MET has been associ-
ated with increased invasiveness in several cancers.31 Because
PSC-CM activated MET (Fig. 3D), we next sought to determine
whether blocking METactivation affected PCC invasion and migra-
tion. Indeed, we observed that exposure of SUIT-2 and PANC-1 cells
to PSC-CM significantly enhanced the invasion and migration of
these cells compared with culture under serum-free conditions in
a concentration-dependent manner (Fig. 5A, B). Furthermore,
inhibition of METwith increasing concentrations of MK2461
in both SUIT-2 and PANC-1 cells decreased the number of invad-
ing (Fig. 5C) or migrating (Fig. 5D) cells in a concentration-
dependent manner.

MK2461 Regulated Tumor Progression In Vivo
Our results indicated that MK2461 significantly affected

pancreatic cancer progression by disrupting the PCC-PSC interac-
tion. To further characterize this process, we evaluated whether
MK2461 inhibited tumor growth in a mouse xenograft model.
The PSCs alone are not tumorigenic21; therefore, we coinjected
SUIT-2 cells and PSCs into the right flanks of mice and SUIT-2
cells alone into the left flanks of mice, without using a PSC-
alone control. One week after inoculation, mice were treated with
MK2461 (20 mg/kg twice daily) or vehicle control for 20 days.
No decreases in body weights of the mice were observed, and
no treatment-related deaths were observed. In the coinjection
model, MK2461 significantly inhibited tumor progression com-
pared with vehicle, whereas in the SUIT-2–alone injection model,
we did not observe any differences in tumor volumes between the
MK2461-treated group and the vehicle-treated group (Fig. 6A).
Consistent with this, we observed significant reductions in final
tumor weights after MK2461 treatment compared with vehicle
treatment for the coinjection model (vehicle, 431 ± 33.2 mg vs
MK2461, 320 ± 26.3 mg; P = 0.022) but not for tumors contain-
ing SUIT-2 cells alone (vehicle, 259 ± 23.9 mg vs MK2461,
247 ± 12.6 mg; P = 0.67). Therefore, MK2461 inhibited tumor
growth only in the presence of PSCs.

Because MK2461 had antitumor effects in both SUIT-2 cells
and PSCs in our in vitro study (Figs. 3A and 4A), we next exam-
ined whether MK2461 inhibited the proliferation of both SUIT-2
cells and PSCs using the markers Ki-67 and cytokeratin 19
(Fig. 6B, C). In the coinjection model, the percentage of Ki-67–
positive SUIT-2 cells was significantly higher in the vehicle group
than in theMK2461 group, although no significant difference was
observed between the vehicle group andMK2461 group in tumors
arising from injection of SUIT-2 cells alone (Fig. 6D). In addition,
the percentage of Ki-67–positive PSCs was significantly higher
in the vehicle group than in theMK2461 group (Fig. 6E). Similarly,
the number of α-SMA–positive cells per field was significantly
higher in the vehicle group than in the MK2461 group (Fig. 6F).

DISCUSSION
For the development of potential new therapeutic options for

the treatment of pancreatic cancer, it is important to consider the tu-
mor microenvironment. Therefore, in this study, we assessed the in-
teractions between PCCs and PSCs, which have been implicated in
the progression to the malignant phenotype.20,21,32 We showed that
PSC-CM, which include secretions from the cells, promoted the
proliferation of PCCs; conversely, CM from PCCs stimulated the
proliferation of PSCs. Furthermore, we found that paracrine signal-
ing was more effective at promoting proliferation than autocrine
signaling, suggesting that components secreted from PSCs are es-
sential to the progression of pancreatic cancer. Importantly, we also
© 2017 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 5. The PSC-CM promoted PCC invasion and migration in
an MK2461-dependent manner. A, Invasion assays were
performed in SUIT-2 and PANC-1 cells 48 hours after adding
PSC-CM. **P < 0.01 and ***P < 0.001 versus the SFM control.
Scale bar, 50 μm. B,Migration assayswere performed in SUIT-2 and
PANC-1 cells 24 hours after adding PSC-CM (0.1 or 0.5 mg/mL).
**P < 0.01 and ***P < 0.001 versus the SFM control. Scale bar,
50 μm. C, Invasion assays were performed in SUIT-2 and PANC-1
cells 48 hours after adding PSC-CM (0.5 mg/mL) and MK2461 (0,
0.1, and 1 μM). **P < 0.01 and ***P < 0.001 versus the untreated
control. Scale bar, 50 μm. D, Migration assays were performed in
SUIT-2 and PANC-1 cells 24 hours after adding PSC-CM (0.5 mg/
mL) and MK2461 (0, 0.1, and 1 μM). *P < 0.05, **P < 0.01, and
***P < 0.001 versus the untreated control. Scale bar, 50 μm.

FIGURE 4. MK2461 inhibited the effects of PCC-CM on PSC
proliferation and suppressed the activation of PDGFRβ, MET, and
downstream signaling events. A, Proliferation assays were
performed in SUIT-2 and PANC-1 cells 48 hours after adding
PCC-CM (0.5 mg/mL) and MK2461 (0, 0.1, and 1 μM). B,
Comparison of PSC (PSCI and PSCII) growth inhibition by
MK2461 in SUIT-2 and PANC-2 cells treated for 48 hours with CM
(0.5 mg/mL) or SFM. Cell growth inhibition was calculated as a
percentage of absorbance differences between untreated cells and
cells treated with MK2461 (0.1 and 1 μM). C, Western blotting of
signaling intermediates. The PSCs were incubated with MK2461
(3 μM) for 4 hours, stimulated with SUIT-2 cell–CM (0.1 mg/mL)
for 10 minutes, then lysed. The GAPDH served as the loading
control. *P < 0.05, **P < 0.01, and ***P < 0.001 versus the
untreated control.
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found that this effect was controlled by MK2461, a multitargeted
kinase inhibitor, suggesting that MK2461 may represent a novel
therapeutic agent for the treatment of pancreatic cancer.

Previous studies have shown that PSCs exhibit increased se-
cretion of growth factors, such as PDGF, HGF, connective tissue
growth factor, and FGF, as well as ECM components, including
collagen type I and fibronectin, through the PCC-PSC interaction,
resulting in enhancement of PCC proliferation.18 On the other
hand, PCCs secrete growth factors such as PDGF, FGF, and
TGFβ1 to promote PSC proliferation and to stimulate the secre-
tion of additional growth factors and ECM components from
PSCs.10,20 Therefore, we hypothesized that inhibition of RTK sig-
naling could suppress the progression of pancreatic cancer.

Using QTAP by liquid chromatography tandem mass spec-
trometry, we revealed the expression levels of 15 RTKs among
www.pancreasjournal.com 563
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FIGURE 6. MK2461 regulated tumor progression in vivo. The effects of MK2461 on tumor progression were assessed using a xenograft
model. SUIT-2 cells and PSCs were subcutaneously coinjected into the right flanks of mice, whereas SUIT-2 cells were injected alone into
the left flanks of mice. One week later, mice were administered vehicle or MK2461 (20 mg/kg) twice daily for 20 days by oral gavage.
A, Coinjection model. SUIT-2 injection alone. B, Immunofluorescence staining for cytokeratin 19 + Ki-67 (top panel) and cytokeratin
19 + DAPI (bottom panel). Red, cytokeratin 19; green, Ki-67; and blue, DAPI. Scale bar, 50 μm. C, Immunofluorescence staining for
α-SMA + Ki-67 (top panel) and α-SMA + DAPI (bottom panel). Red, α-SMA; green, Ki-67; and blue, DAPI. Scale bar, 50 μm. D, The
percentage of Ki-67–positive cells in cytokeratin 19–positive cells. The stained cells were counted in 3 random fields. E, The percentage of
Ki-67–positive cells in α-SMA–positive cells. The stained cells were counted in 3 random fields. F, The number of α-SMA–positive cells in
each field. The stained cells were counted in 3 random fields. ***P < 0.001.
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10 pancreatic cancer cell lines, 3 primary cultured PSCs, and 17
human pancreatic cancer tissues. We used purified plasma mem-
brane fractions; therefore, the results accurately reflected the
RTK expression levels presented on the cellular membrane. Im-
portantly, our data demonstrated that EGFR, MET, and PDGFRβ
were expressed in pancreatic cancer cell lines, PSCs, and/or pan-
creatic tissues. Thus, our data supported that these RTKs likely
played an important role in the PCC-PSC interaction.

The expression levels of RTKs in pancreatic cancer tissues
were almost equivalent to those of PSCs, consistent with the ob-
servation that 80% of pancreatic tissue consists of PSCs. Previous
studies have shown that the expression of PDGFRβ in PSCs cor-
relates with the prognosis of patients with pancreatic cancer.33,34

In our study, all of the established PSCs expressed PDGFRβ.
Moreover, previous studies have shown that PCCs express MET,
and that MET expression is correlated with prognosis.35–37 The
HGF secretion from PSCs has been shown to accelerate the pro-
gression of pancreatic cancer by increasing cell proliferation, inva-
sion, and migration.38–40 Our RTK profiling showed that MET
was expressed not only in PCCs but also in PSCs. Interestingly,
despite the high expression of MET in PCC, SUIT-2 cells alone
are only weakly tumorigenic and essentially insensitive to MET
inhibition in the absence of PSCs or PSC-CM. This suggests that
MET is inactive in PCCs and requires PSCs for activation. Hence,
the HGF/MET pathway is thought to be important in mediating
the interaction between PCCs and PSCs.

The PSCs are considered a potential target for pancreatic
cancer therapy, and PSC proliferation induced by components se-
creted from PCCs is significantly inhibited by PDGF-neutralizing
antibodies.20 Therefore, targeting MET and PDGFRβ should be
more effective for the inhibition of PSC proliferation. Previous
studies have also shown that inhibition of HGF/MET signaling
contributes to the regulation of PCC progression in vitro and in
vivo.41 Therefore, in this study, we focused on the effects of
MK2461, a multikinase inhibitor targeting MET and PDGFRβ,
on the interaction between PSCs and PCCs. We did not use EGFR
inhibitors because, although EGFR was detected in both pancre-
atic cancer cell lines and PSCs, EGF is not thought to be secreted
fromPSCs, and the role of EGF/EGFR signaling is supposed to be
small in the PSC-PCC interaction. In our pilot study, gefitinib, an
EGFR inhibitor, did not suppress SUIT-2 or PSC proliferation af-
ter treatment with CM. In addition, in a clinical trial examining
the efficacy of an EGFR inhibitor in the treatment of pancreatic
cancer, no clinically significant effects were observed.42

In our study, we found that MK2461 significantly inhibited
PCC proliferation induced by PSC-CM. MK2461 also signifi-
cantly inhibited PCC proliferation in the presence of PSC-CM
compared with SFM and medium containing 10% FBS. These
data indicated that MK2461 required the addition of PSC-CM to
exert its inhibitory functions. Moreover, MET and downstream
signaling components, such as ERK1/2 and AKT, were activated
by PSC-CM, and the phosphorylation of these enzymes was sup-
pressed byMK2461 treatment. Consistent with this, MK2461 sig-
nificantly inhibited PSC proliferation in the presence of PCC-CM
compared with SFM. The MET, PDGFRβ, ERK1/2, and AKT
were activated by PCC-CM but inactivated by treatment with
MK2461. Because MET was activated by PCC-CM, these data
suggested that HGF was secreted from both PCCs and PSCs
and contributed to autocrine signaling.

An important observation in our model was that MK2461
significantly inhibited both PCC and PSC proliferation, disrupting
the PCC-PSC interaction. Previous studies have focused on the
inhibition of cell growth for either PCCs or PSCs. In the studies
focusing on the tumor microenvironment, inhibiting PSC pro-
liferation and suppressing the secretion of growth factors and
© 2017 Wolters Kluwer Health, Inc. All rights reserved.
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other components from PSCs have been shown to result in inhibi-
tion of pancreatic cancer progression or enhancement of chemo-
therapeutic effects.15,16,43 In our study, MK2461 was found to
contribute to the reduction in PSC secretion by inhibiting PSC
proliferation. Furthermore, MK2461 also inhibited the activation
of MET, which was highly expressed in PCCs and was activated
by PSC-CM. Therefore, MK2461 was thought to exert substantial
inhibitory effects on pancreatic cancer progression.

Both PDGF and HGF have been reported to promote cancer
cell invasion andmigration,39,44 and previous studies have indicated
that PSC-CM promotes PCC invasion and migration,18,21,32 which
was confirmed by the results of our study. We also revealed that
MK2461 inhibited the effects of PSC-CM on PCC invasion and
migration. Therefore, future studies should assess whether MK2461
reduces the incidence of metastasis using orthotopic xenograft models.

In our in vivo study, we revealed that MK2461 significantly
inhibited tumor growth in coinjection models, and that the effects
of MK2461 were not observed in tumors derived from SUIT-2
cells alone. Surprisingly, tumor volumes in the MK2461 group
in the coinjection model were equivalent to those in the vehicle
group in the tumors derived from injection of SUIT-2 cells alone;
therefore, these findings suggested that MK2461 strongly inhi-
bited tumor growth by disrupting the PCC-PSC interaction.
Targeting HGF/MET signaling with a monovalent monoclonal
antibody against MET was reported to inhibit HGF paracrine-
driven pancreatic tumor growth in a xenograft model.41 However,
although SUIT-2 cells secreted HGF, MK2461 did not suppress
tumor progression in our mousemodel inwhich SUIT-2 cells were
injected alone. These data were consistent with our results show-
ing that MK2461 did not significantly suppress the proliferation
of SUIT-2 and PANC-1 cells treated with 10% FBS compared
with PSC-CM in an in vitro study. In addition, these data also sug-
gested that the paracrine pathway was essential to the growth of
PCCs, consistent with the results of our in vitro study.

Immunofluorescence staining for Ki-67 showed that MK2461
inhibited both PCC and PSC proliferation in coinjection models
but not in tumors derived from injection of SUIT-2 cells alone.
These results confirmed the reduction in tumor volume in the
coinjection model. In addition, our results suggested that MK2461
inhibited PSC proliferation more strongly than PCC proliferation.
Moreover, the number of α-SMA–positive cells in the MK2461
group was less than 30% that of the vehicle group, whereas the num-
ber of cytokeratin 19–positive cells was equivalent between the 2
groups (data not shown). This indicated that the area occupied by
PSCs in tumors was reduced, consistent with the results of immuno-
fluorescence staining for Ki-67.

Clinically, our data may have implications in the field of per-
sonalized medicine. Indeed, we showed that METexhibited differ-
ential expression in pancreatic cancer tissues, suggesting that
MK2461 may be more effective in some patients (ie, those ex-
pressing high levels of MET) than in others. These conjectures
will need to be explored further in additional studies.

In conclusion, the profiling of 15 RTKs showed that PDGFRβ
and MET were highly expressed in PCCs and PSCs. Moreover,
MK2461 treatment effectively inhibited tumor progression in pan-
creatic cancer by disrupting the PCC-PSC interaction in vitro and
in vivo. Therefore, MK2461may represent a novel chemotherapeu-
tic agent for the treatment of pancreatic cancer, particularly in pa-
tients with high tumoral expression of MET.
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