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Abstract: Pancreatic ductal adenocarcinoma (PDAC) is an extracellular matrix (ECM)-rich carcinoma, which pro-
motes chemoresistance by inhibiting drug diffusion into the tumor. Discoidin domain receptor 1 (DDR1) increases
tumor progression and drug resistance by binding to collagen, a major component of tumor ECM. Therefore, DDR1
inhibition may be helpful in cancer therapeutics by increasing drug delivery efficiency and improving drug sensitiv-
ity. In this study, we developed a novel DDR1 inhibitor, KI-301690 and investigated whether it could improve the
anticancer activity of gemcitabine, a cytotoxic agent widely used for the treatment of pancreatic cancer. KI-301690
synergized with gemcitabine to suppress the growth of pancreatic cancer cells. Importantly, its combination sig-
nificantly attenuated the expression of major tumor ECM components including collagen, fibronectin, and vimentin
compared to gemcitabine alone. Additionally, this combination effectively decreased mitochondrial membrane po-
tential (MMP), thereby inducing apoptosis. Further, the combination synergistically inhibited cell migration and inva-
sion. The enhanced anticancer efficacy of the co-treatment could be explained by the inhibition of DDR1/PYK2/FAK
signaling, which significantly reduced tumor growth in a pancreatic xenograft model. Our results demonstrate that
KI-301690 can inhibit aberrant ECM expression by DDR1/PYK2/FAK signaling pathway blockade and attenuation
of ECM-induced chemoresistance observed in desmoplastic pancreatic tumors, resulting in enhanced antitumor
effect through effective induction of gemcitabine apoptosis.
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Introduction observed at approximately 10-20%. This limited

therapeutic efficacy is associated with 3-6

Pancreatic ductal adenocarcinoma (PDAC) is
the most common form of pancreatic cancer,
accounting for approximately 90% of all panc-
reatic tumors. PDAC is a devastating human
malignancy, with an overall 5-year survival rate
of less than 10% and a poor prognosis. Patients
with PDAC have few opportunities to undergo
surgery, resulting in poor prognosis and limited
treatment options [1, 2]. Consequently, the only
available treatment for advanced PDAC is che-
motherapy, which often combines gemcitabine
with other chemo-agents [3, 4]. However, these
chemotherapeutics have shown high toxicity
and low therapeutic efficacy. Additionally, clini-
cally beneficial responses to gemcitabine are

months of overall survival due to acquired re-
sistance [5, 6]. The clinical response failure can
be attributed to poor drug penetration into
dense tumor stroma with abundant extracellu-
lar matrix (ECM), and subsequent development
of gemcitabine chemoresistance [7]. Therefore,
a new strategy is required to improve the thera-
peutic efficacy of gemcitabine for the treatment
of ECM-rich pancreatic cancer.

Tumors are affected by numerous stromal com-
ponents including ECM, which enhance tumor
phenotypes and therapy resistance [8]. ECM
provides both biochemical and biomechanical
cues, which are required for tumor progression
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through activated cell signaling [9]. Among
the proteins interacting with ECM, discoidin
domain receptor 1 (DDR1) is the most promi-
nently related to tumor progression and drug
resistance. It belongs to a subfamily of receptor
tyrosine kinases (RTKs) characterized by an
extracellular discoidin homology domain to
modulate cell proliferation and differentiation
by interacting with several types of collagens
[10]. Namely, DDR1 functions as an ECM signal
transducer, binding to ECM collagen, and initi-
ating intra-cellular signaling [11]. In different
human cancers such as breast, esophageal,
prostate, hepatocellular, lung, and pancreatic
cancers, DDR1 has been implicated in tumor
development and cancer progression [12-16].
A high expression of DDR1 in PDAC is correlat-
ed with poor prognosis. Additionally, DDR1 pro-
motes local invasion and colonization of lung
cancer, indicating its involvement in the meta-
static niche [17]. Its expression has been re-
ported to reduce sensitivity to chemotherapy,
which may lead to cancer recurrence [18-20].
Recent studies have reported that increased
DDR1 expression conferred chemoresistance
to ovarian and lung cancers [21, 22]. This evi-
dence shows that the targeting of DDR1 inhib-
its tumor growth, increases chemosensitivity,
and improves acquired resistance in cancer
therapeutics. Therefore, in this study, we devel-
oped a novel DDR1 inhibitor, KI-301690, and
investigated its efficacy on gemcitabine co-
treatment and its mechanism of action, in vitro
and in vivo.

Materials and methods

Synthesis of KI-301690, a novel DDR1 inhibi-
tor

The reaction of 2,4-dichloro-5-nitropyrimidine
(1) with (2-nitrophenyl) methylamine resulted in
chloropyrimidine (2) under base, followed by
nucleophilic substitution reaction and reduc-
tion to produce a compound (3). KI-301690
was finally synthesized by the coupling of
diamine (3) using carbonylimidazole, to pro-
duce an overall yield of 34%.

Tissue microarray

Normal human (n = 20) and pancreatic cancer
(n = 80) tissue microarrays (US Biomax, Inc.,
Rockville, MD, USA) were used to examine
p-DDR1 expression. Protein expression (high or
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low) in pancreatic cancer tissues was scored
semi-quantitatively.

Cell culture

Human pancreatic cancer cell lines PANC-1,
MIA PaCa-2, AsPC-1, HPAC, and Capan-2, and
the normal pancreatic cancer cell HPNE were
purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). They
were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM; Welgene, Gyeongsan, Korea)
or Roswell Park Memorial Institute-1640 me-
dium (RPMI-1640, Gibco, Waltham, MA, USA)
supplemented with 10% fetal bovine serum
(FBS, Gibco, Waltham, MA, USA) and 1% penicil-
lin-streptomycin (Gibco, Waltham, MA, USA). All
authenticated and mycoplasma free cell lines
were maintained at 37°C in a CO, incubator
with a controlled humidified atmosphere com-
posed of 95% air and 5% CO,,.

MTT assay

The cell growth rate after the treatment of gem-
citabine and/or KI-301690 was determined
using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyl tetrazolium bromide (MTT) assay. The cells
(PANC-1, 3000 cells; MIA PaCa-2, 2000 cells
per well) were seeded in 96-well plates and
treated for 72 h with different concentrations
of KI-301690 and/or gemcitabine. Thereafter,
20 uL of a MTT solution (2 mg/mL) was added
to each well, and the plate was incubated for
another 4 h at 37°C. Then, the MTT containing
culture medium was replaced with dimethyl
sulfoxide (100 yL/well) and the plate was shak-
en to dissolve blue formazan crystals, whose
absorbance was read at 540 nm by a micro-
plate reader. The median inhibitory concentra-
tion for cell growth (IC, , the drug concentration
at which cell growth was inhibited by 50%) was
assessed from dose-response curves.

Western blotting

Cells were lysed using a urea buffer and soni-
cated. The total protein content was estimated
using the bicinchoninic acid (BCA) assay meth-
od, and an equivalent amount of protein was
separated on sodium dodecyl sulfate polyacryl-
amide electrophoresis gel and transferred to
a polyvinylidene difluoride (PVDF) membrane
(Millipore, Bedford, MA, USA). The protein trans-
fer was reviewed using Ponceau S solution
staining (Biosesang, PR2059-050-00, Korea).
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The membranes were blocked with phosphate-
buffered saline (PBS) containing 5% skim milk
at room temperature for 1 h and incubated
overnight at 4°C with anti-DDR1 (Santa Cruz
Biotechnology, 374618), anti-phospho DDR1
(Cell Signaling Technology, 11994), anti-phos-
pho PYK2 (Invitrogen, 44-618G), anti-phospho
FAK (Invitrogen, 700255), anti-Collagen | (Ab-
cam, 34710), and anti-GAPDH (Santa Cruz
Biotechnology, 25778) antibodies. Followed by
washing with PBST three times, the membrane
was incubated with either secondary antibody
for 1 h. The secondary antibodies were diluted
to 1:2000 in 4% skim milk. The proteins were
visualized using Clarity™™ Western ECL Sub-
strate (Amer-sham Biosciences, Piscataway,
NJ, USA). Protein expression was quantified by
measuring the pixel intensity of each band
using ImageJ software.

Immunocytochemistry

For immunofluorescence and image analysis,
cells were seeded on coverslips and fixed in
acetic acid:ethanol solution (1:2) for 10 min at
4°C. Fixed cells were permeabilized with 0.5%
Triton X-100 for 10 min and incubated in CAS
block solution (Life technologies) for 1 h at
room temperature. Next, cells were incubated
overnight at 4°C with a primary antibody: an-
ti-phospho DDR1, anti-phospho PYK2, anti-
phospho FAK, Collagen | (Genetex, GTX26308),
Cleaved caspase 3 (Cell Signaling Technology,
9661), Vimentin (Sigma-Aldrich, V2258), Fib-
ronectin (Abcam, 23750), and a-SMA (Sigma-
Aldrich, F3777). After washing several times
with PBS, cells were incubated with fluores-
cently labeled secondary antibodies (1:60) for
1 h and incubated for another 1 h at room tem-
perature in a 1:100 dilution of 4,6-diamidino-
2-phenylindole (DAPI) to visualize nuclei. They
were viewed with a confocal laser-scanning
microscope (Olympus) at wavelengths 488 and
568 nm.

Two chamber migration and invasion assay

To measure cell activity, transwell assays were
performed using a 12-well plate with 8.0 um
transparent PET membrane (Corning, Corning,
NY, USA). Additionally, the upper surface of the
filter was coated with 10% matrigel (Corning,
Corning, NY, USA) for 4 h. Cells suspended in
serum-free DMEM and drug-treatment media
were added to the upper chamber and lower
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chambers, respectively. After 72 h, migrated or
invaded cells of the lower side of the inserts
were fixed with 4% PFA and stained with 0.5%
crystal violet. The purple region was quantified
using ImageJ software.

Fluid shear stress assay

PANC-1 cells were treated for 72 h with differ-
ent concentrations of KI-301690 and/or gem-
citabine. Then, cells were trypsinized and re-
suspended to a concentration of 1 x 106 mL in
culture medium and subjected to five repeated
exposures to shear stress through a 30-gauge
needle, followed by the application of a con-
stant flow of 100 uL/s. Next, 2 x 103 cells were
cultured in 96-well Ultra Low Cluster Round
bottom plates (Costar) or 96-well flat bottom
plates (FALCON) and incubated at 37°C. The
size and shape of the 3D spheroids were
recorded using an inverted light microscope
from day 2 to day 11.

Measurement of mitochondrial transmem-
brane potential

The mitochondrial membrane potential (MMP)
was detected using a JC-1 Mitochondrial Mem-
brane Potential Assay Kit (Cayman Chemical,
Ann Arbor, MI, USA). Cells (PANC-1, 8 x 10%/
well) were seeded on 18-mm coverslips and
grown to approximately 70% confluence for 24
h. After attachment, the cells were treated with
gemcitabine and/or KI-301690. Then, the cul-
ture medium of each well was replaced with
JC-1 (Cayman Chemical, Ann Arbor, Ml, USA) in
PBS for 1 h at 37°C and fixed with 4% PFA for
5 min at room temperature. Next, cells were
stained with DAPI for 1 h and slides were cov-
ered with Fluorescence Mounting Medium
(Dako). They were visualized with a confocal
laser scanning microscope (Olympus, Tokyo,
Japan). For MitoTracker staining, cells were
treated for 10 h and incubated with 200 nM
MitoTracker Deep red FM (Invitrogen) at 37°C
for 30 min. After removal of the media from the
well, cells were fixed with a 4% PFA solution for
15 min at 37°C, and permeabilized with 0.5%
Triton X-100 for 3 min at room temperature.
Then, the cells were incubated in CAS block
solution (Life Technologies) for 40 min at room
temperature and incubated over night at 4°C
with cytochrome C antibody (Santa Cruz Bio-
technology, 13156). Fluorescently labeled sec-
ondary antibodies (1:60) were incubated for 1 h
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and stained with DAPI diluted 1:100 in PBS.
Finally, slides were covered with Fluorescence
Mounting Medium (Dako) and visualized using
a confocal laser scanning microscope (Olym-
pus, Tokyo, Japan).

Terminal deoxynucleotidyl transferase (TdT)
dUTP nick-end labeling (TUNEL) assay

Cells were briefly seeded onto 18-mm cover-
slips and fixed with acetic acid and ethanol
solution, also using 3-um-thick sections of the
tumor samples after deparaffinization. Fixed
cells and tissue were permeabilized with 0.5%
Triton X-100 for 10 min and incubated in CAS
block solution (Life technologies) for 1 h at
room temperature. TUNEL assay was per-
formed using a TUNEL ApopTag® Peroxidase In
Situ Apoptosis Detection Kit (Merck Millipore,
Temecula, CA, S7100), according to the manu-
facturer’s instructions.

Animals

Male BALB/c nude mice aged 4 weeks were
purchased from Orient Bio Animal Inc. (Gyeong-
gido, Korea). All animal experiments were per-
formed according to the guidelines of the INHA
Institutional Animal Care and Use Committee
(INHA IACUC) at the Medical School of Inha
University, under the authority of project num-
ber INHA 200820-709-2. Animals were provid-
ed with standard chow and tap water ad libi-
tum, and maintained under a 12 h dark/light
cycle at 21°C under specific pathogen-free
conditions. For tumor xenograft studies, male
BALB/c nude mice (5 weeks old, weighing
18-20 g) were injected in the flank with 5 x 10°
MIA PaCa-2 cells. When the tumor size reach-
ed approximately 50 mm?3, mice were randomly
regrouped to ensure equal average tumor size
among groups with different treatment condi-
tions. One group of mice was left untreated, the
second group received gemcitabine, the third
group received KI-301690, and the fourth
group received both gemcitabine and KI-301-
690. Treatment groups received gemcitabine
(3 mg/kg) thrice a week and/or KI-301690 (30
mg/kg) five times a week, through intraperito-
neal injection. Tumor size and body weight were
measured 3 days per week, and tumor volume
was calculated using Vernier calipers and the
formula; 0.5 x length x (width)2. After 45 days,
tumors and other organs or tissues were care-
fully dissected to avoid contamination from
surrounding tissues. For histological analysis,
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tissues were fixed in 10% paraformaldehyde,
embedded in paraffin, and sectioned (in 3-um
sections).

Immunohistochemistry

Immunostaining was performed using 3-um-
thick sections of tumor samples after deparaf-
finization. Microwave antigen retrieval was per-
formed in citrate buffer (pH 6.0) for 30 min
and permeabilized with 0.5% Triton X-100 in
PBS for 10 min. Peroxidase quenching was
performed using 0.3% hydrogen peroxide (H,0,)
in PBS for 10 min and preblocked with CAS
block solution (Life technologies) for 1 h at
room temperature. They were then incubated
overnight with primary antibodies: anti-phos-
pho DDR1, anti-phospho FAK, anti-Vimentin,
anti-Collagen IV (Abcam, 6586), and anti-Ki67
(Abcam, 16667) at 4°C. For DAB staining, the
sections were incubated for 1 h with biotinylat-
ed secondary antibodies (1:60) and streptavi-
din-HRP was applied. The sections were devel-
oped with diaminobenzidine tetrahydrochloride
substrate, and counterstained with hematoxy-
lin. For immunofluorescence, the sections
were incubated for 1 h with fluorescently
labeled secondary antibodies (1:60) and coun-
terstained with 4,6-diamidino-2-phenylindole
(DAPI) to visualize nuclei. At least three random
fields in each section were examined x 200
magnification.

Ex vivo organotypic spheroids culture

5 x 10°% MIA PaCa-2 cells were injected into
the left flank of male BALB/c nude mice. The
tumors were surgically removed at approxi-
mately 300-500 mm? in size, cut into 1 mm
diameter sections, and explanted on 0.75%
agarose-coated 24-well plates with a culture
medium at 37°C. After overnight incubation,
tumors were repetitively treated with KI-301-
690 for 2 days, KI-301690 and gemcitabine
cotreatment for 3 days, and untreated for 2
days. After 14 days, the explants were harvest-
ed, fixed (10% PFA), and embedded in paraffin
for histological analysis.

Statistical analysis

Statistical calculations were performed using
SPSS software for Windows (version 10.0,
SPSS, Chicago, IL, USA). Results are expressed
as the mean + standard deviation (SD) and
are considered statistically significant at *P <
0.05, **P < 0.01, and ***P < 0.001.
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Figure 1. DDR1 expression in human pancreatic cancer. A. Kaplan-Meier analysis showed that high p-DDR1 expres-
sion was associated with poor overall survival in patients with pancreatic cancer. B. Representative immunohisto-
chemical staining imaging of p-DDR1 in human PDAC tissue samples (n = 80). Scores were calculated based on
intensity and percentage of stained cells. C. The expression of p-DDR1 in human normal pancreatic cell line (HPNE)
and pancreatic cancer cell lines (AsPC-1, Capan-2, HPAC, MIA PaCa-2, and PANC-1). D and E. Expression of p-DDR1
and collagen | levels were analyzed using immunofluorescence staining in pancreatic cancer cells and MIA PaCa-2
orthotopic tumors. Data are presented as means + standard deviation (**P < 0.01).

Results

Expression of p-DDR1 in pancreatic cancer
patients

Kaplan-Meier analysis was used to determine
the effect of DDR1 expression on the survival
rate of patients with PDAC, as it affects tumor
growth and progression [14, 15]. As shown in
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Figure 1A, patients with PDAC demonstrated a
positive correlation between overall survival
and DDR1 expression. Additionally, p-DDR1
expression was observed to be higher in
patients with PDAC (Figure 1B). From western
blotting analysis, we observed a significant
increase in the expression of p-DDR1 in pan-
creatic cancer cells than in HPNE normal pan-
creatic cells (Figure 1C). Notably, co-expression
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Figure 2. The high DDR1 expression in gemcitabine-resistant (GR) pancre-
atic cancer. A and B. Expressions of p-DDR1 and collagen in gemcitabine-re-
sistant (GR) and naive cells using western blotting. These expressions were
confirmed by immunofluorescence staining. C. High expressions of p-DDR1
and collagen | were observed in PANC-1 and PANC-1 GR tumors.

Expression of p-DDR1 in gem-
citabine-resistant (GR) cells

DDR1 is a reported predictive
factor for chemoresistance
and a potential positive target
for resistant cells [23]. Th-
erefore, we investigated the
association between DDR1
and acquired resistance to
gemcitabine in pancreatic
cancer cells and tumor tis-
sues. As shown in Figure 2A
and 2B, DDR1 expression was
highly upregulated in both MIA
PaCa-2 gemcitabine-resistant
(GR) cells and PANC-1/GR
cells, compared to parental
MIA PaCa-2 and PANC-1
cells. Additionally, we con-
firmed the elevated expres-
sions of p-DDR1 and collagen
| in GR-pancreatic cancer
cells and PANC-1/GR tumors
obtained from pancreatic
mouse xenografts (Figure 2B
and 2C). These results dem-
onstrate DDR1 involvement
in gemcitabine resistance;
therefore, DDR1 inhibition
can increase gemcitabine
sensitivity and overcome che-
moresistance in pancreatic
cancer.

Synthesis of a novel DDR1
inhibitor and its efficacy

We designed and synthesi-
zed KI-301690, a novel
DDR1 inhibitor, and its bind-
ing mode was further investi-
gated using Discovery Studio
4.5 software to gain an in-
sight into its inhibitory effect
(Figure 3A and 3B). To obtain
molecular insight into the
inhibitory effect on KI-3016-
90 toward DDR1, the binding
mode was further investigat-
ed using the Discovery Studio

of p-DDR1 and collagen | was observed in pan- 4.5 software. For the binding model, the DDR1
creatic cancer cells (Figure 1D). These results crystal structure (PDB code: 4CKR) was used
were also confirmed in PDA tumor tissues as the molecular docking template, as shown in
(Figure 1E). Figure 3B. In the most plausible model, the oxo-
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Figure 3. Characterization of KI-301690 and cytotoxic effect in pancreatic
cancer cells. A and B. The chemical structure of KI-301690 and its binding
mode. C. After PANC-1 cells were treated with KI-301690 (1-20 uM) for 24 h,
the expression levels of p-DDR1 was determined using western blot analysis.
D. KI-301690 effect on pancreatic cancer cell proliferation was estimated
using a JULI™ stage real-time cell recorder. E. Induction of apoptosis by K-
301690 was assessed using TUNEL assay. F. Organotypic tumor spheroids
cultured from xenograft tumor tissues (~2 mm in diameter) were treated with
10 uM KI-301690. Immunohistochemistry for collagen IV and vimentin. Data
are presented as means + standard deviation.

establishes hydrophobic in-
teractions with Ala653 and
Phe785. The synergistic hy-
drogen bonding and hydro-
phobic interactions generate
a high affinity for DDR1. The
piperidine group was directed
toward the solvent region,
and the phenyl group had
close contact with the ali-
phatic chain of Arg789, wh-
ich provides further binding
stabilization.

KI-301690 was subjected to
kinase selectivity profiling
through a panel of 50 onco-
genic kinases at 1 pM at
Eurofins Pharma Discovery
Services UK [www.eurofilns.
com]. Of the tested kinases
(Table 1), KI-301690 dis-
played the strongest binding
affinity for DDR1 (percent of
control [POC] = 9). Indeed, we
found that KI-301690 in-
hibited p-DDR1 expression in
a dose dependent manner in
pancreatic cancer cells (Fig-
ure 3C). As KI-301690 indu-
ced specific DDR1 inhibition,
its anti-proliferative effect in
pancreatic cancer cells was
assessed. When cells were
exposed to various KI-3016-
90 concentrations (1-20 pM)
at different time points, we fo-
und decreased proliferative
ability in PANC-1 cells in a do-
se and time-dependent man-
ner (Figure 3D). Additionally,
the apoptotic effect of KI-
301690 was identified and
its nuclear morphology was
characterized using TUNEL
assay and staining, respec-
tively (Figure 3E). KI-301690
regulated ECM production by
inhibiting the expressions of
major ECM components such

purine core forms two hydrogen bonds with as collagen IV and vimentin (Figure 3F). Given
Met704 in the hinge region and hydrophobics that DDR1 was highly expressed in pancreatic
interaction with Leu616 and Leu773. Notably, cancer with an abundance of ECM and pancre-
aniline moiety forms an additional hydrogen atic tumors with GR and that KI-301690 effec-
bond with Asp702 in the hinge region and tively inhibited expressions of major ECM com-
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Table 1. Representative kinase profile of KI-301690

Percent of Control Compound Percent of Control Compound

Kinase name (POC) dose (nM) Kinase name (POC) dose (nM)
DDR1 9 1000 JAK1 100 1000
DDR2 103 1000 JAK2 73 1000
ALK 95 1000 LKB1 112 1000
AMPKal 103 1000 MAPK1 112 1000
Aurora-A 109 1000 MEK1 96 1000
Aurora-B 99 1000 Met 104 1000
Aurora-C 101 1000 p70S6K 103 1000
Axl 108 1000 PAK1 101 1000
Blk 59 1000 PDGFRa 89 1000
Bmx 79 1000 PDGFRp 91 1000
B-Raf 102 1000 Pim-1 101 1000
c-RAF 97 1000 PKB« 106 1000
DAPK1 100 1000 PKCa 99 1000
DYRK2 103 1000 PIk1 147 1000
EGFR 97 1000 Ret 97 1000
ErbB2 106 1000 ROCK-| 109 1000
FAK 95 1000 TAK1 106 1000
Fer 117 1000 Tie2 94 1000
Fes 63 1000 Weel 101 1000
FGFR1 97 1000 DNA-PK 105 1000
FGFR2 104 1000 PI3 Kinase (p110b/p85a) 96 1000
Flt1 97 1000 PI3 Kinase (p120g) 97 1000
GSK3p 104 1000 PI3 Kinase (p110d/p85a) 96 1000
IGF-1R 101 1000 P13 Kinase (p110a/p85a) 97 1000
IKKB 112 1000 Fms 30 1000

KI-301690 was subjected to kinase selectivity profiling with a panel of 50 oncogenic kinases at 1 uM at the Eurofins Pharma
Discovery Services UK [www.eurofins.com]. Of the kinases tested, KI-301690 displayed strongest binding affinity to DDR1

(POC =9).

ponents by binding collagen, we expected that
KI-301690 could increase gemcitabine sensi-
tivity when used in combination.

Induction of apoptosis in pancreatic cancer
cells by combination treatment of KI-301690
and gemcitabine

To determine whether KI-301690 enhanced
the cancer cell-killing effect of gemcitabine,
we analyzed the viability of pancreatic cancer
cells using MTT assay, following combined
KI-301690 and gemcitabine treatment. Cells
were treated with gemcitabine (0.1 and 0.5 uM)
alone or with KI-301690 (10 and 20 uM) for 72
h. Compared to treatment with either agent
alone, the combination of KI-301690 and
gemcitabine synergistically inhibited growth in
the two human pancreatic cancer cell lines
(Figure 4A). To validate the synergistic effect of
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KI-301690 and gemcitabine, we further exam-
ined the combination index (Cl) values using
CalcuSyn software. The combination of 10 uM
KI-301690 and 0.5 pM gemcitabine produced
significant synergistic effects, (Cl values < 1) in
PANC-1 (Cl = 0.50) and MIA PaCa-2 (Cl = 0.87)
cells (Figure 4B). Because the combined treat-
ment significantly reduced cell viability, we next
investigated the apoptotic effect of combina-
tion treatment. First, we performed cytochrome
¢ and JC-1 staining to identify the involvement
of the combined treatment in MMP changes,
which induced mitochondrial cytochrome ¢
release. The combined treatment synergisti-
cally increased cytochrome c release with a
concomitant decrease in cytochrome c¢ and
mitochondria colocalization (Figure 4C). With
JC-1 staining, combined treatment induced
marked changes in MMP, as evidenced by a
clear decrease in red fluorescence or increase
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Figure 4. Synergistic cytotoxic effect of KI-301690 and gemcitabine in pancreatic cancer cells. A. PANC-1 and MIA
PaCa-2 cells were treated with KI-301690 and/or gemcitabine for 72 h. MTT assay was performed to determine
the cytotoxic effects of KI-301690 and gemcitabine. B. The combination of gemcitabine (0.5 uyM) and KI-301690
(10 uM) showed a synergistic effect. Cl values for KI-301690 and gemcitabine were determined using CompuSyn
software. A Cl value < 1 was indicative of a synergistic effect. The combination treatment showed a synergistic effect
in both cell lines, as reflected in the corresponding Cl values of 0.5 and 0.87, respectively. C. Fluorescence images
of JC-1 aggregates (red) and monomers in PANC-1 cells after treatment with KI-301690 and gemcitabine for 12 h.
Results were analyzed by plotting the ratio of depolarized cells to polarized cells. After treatment with KI-301690
and/or gemcitabine for 12 h, PANC-1 cells were stained with anti-cytochrome ¢ antibodies, MitoTracker and DAPI,
and analyzed under an Olympus confocal laser-scanning microscope. D. Induction of apoptosis by the combination
treatment was determined in PANC-1 cells by performing cleaved caspase-3 (red) staining. Data are presented as
the mean % standard deviation (***P < 0.001).

in green fluorescence. Additionally, it increased Combination treatment of KI-301690 and

the expression of cleaved caspase-3, a promi- gemcitabine inhibits cell migration and inva-
nent apoptotic protein (Figure 4D). Our results sion

suggest that the synergistic effects of KI-

301690 combined with gemcitabine were As cancer cell migration and invasion are pre-
induced by mitochondrial-mediated apoptosis requisites for metastasis, we performed migra-
in PDAC cells. tion and invasion assays in PANC-1 cells to
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Figure 5. Inhibition of metastatic pancreatic cancer by the combined treatment of KI-301690 and gemcitabine. A
and B. Ability of metastatic pancreatic cancer cells was assessed using a Transwell migration and invasion assay.
Cells were seeded in the upper chamber after KI-301690 treatment and the lower chamber was treated with gem-
citabine for 72 h. The number of migrated or invaded cells were counted using counted using ImageJ software. C.
Schematic representation of fluid shear stress assay, another metastatic in vitro model. Three-dimensional spher-
oid cluster assay was carried out 11 days after exposure to shear stress of PANC-1 cells with the combination
treatment. Data are presented as means * standard deviation (*P < 0.05, **P < 0.01, and ***P < 0.001 vs CON).

determine KI-301690 and gemcitabine co- 5A). Similarly, this combination significantly
treatment inhibition. The migration of PANC1 inhibited the invasion of both cell lines more
and MIA PaCa-2 cells was synergistically in- than that of the control and treated groups
hibited in Boyden Chamber assays (Figure (Figure 5B). Subsequently, we investigated
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whether the combined treatment inhibited
the viability of cells in response to shear str-
ess and anchorage-independent growth (cell
cluster), which circulating tumor cells undergo
in vivo. As shown in Figure 5C, we found that
cell spheroid growth on collagen-coated plates
was significantly decreased with combined
treatment, than in single treatment, sugge-
sting that the combination of KI-301690 and
gemcitabine inhibited pancreatic cancer me-
tastasis.

Inhibition of ECM components by combination
treatment with KI-301690 and gemcitabine
via blockade of DDR1/PYK2/FAK signaling in
pancreatic cancer cells

Pancreatic cancer is characterized by collagen-
rich and fibrillary collagens (collagen | and col-
lagen IV), which accelerate tumor progression.
As DDR1 is known to activate ECM formation
and signaling, we assessed whether combined
treatment with KI-301690 and gemcitabine
was effectively capable of modulating major
ECM components such as collagen IV, fibronec-
tin, vimentin, and a«-SMA in ex vivo tumors.
KI-301690 reduced the expression of ECM
components compared with the control or gem-
citabine alone, but the combination treatment
potently decreased the expression of various
ECM components, including collagen IV (Figure
6A and 6B). To identify the mechanism respon-
sible for ECM inhibition by the combined treat-
ment together with anti-proliferative and apop-
totic effects in pancreatic cancer cells, we
investigated the effect on DDR1 signaling path-
ways, including proline-rich tyrosine kinase 2
(PYK2) and FAK. The immunofluorescence
results confirmed that the combined treat-
ment inhibited expressions of p-DDR1, p-PYK2,
p-FAK, collagen | (Figure 6C and 6D). Further-
more, based on previous studies reporting that
ECM components function as a physical barrier
that prevents drug diffusion, leading to abys-
mal therapeutic outcomes [24], we investigat-
ed whether KI-301690 improved anti-cancer
drug delivery such as doxorubicin (DOX, red
color) through ECM reduction. The combined
treatment effectively increased the delivery
and distribution of the drug through the forma-
tion of mature blood vessels (VWF, green) by
reducing the production of ECM components
(Figure 6E), by the inhibition of collagen-medi-
ated DDR1 signaling including PYK2 and FAK;
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resulting in the improved drug delivery and dif-
fusion in pancreatic cancer cells.

Antitumor effects of combination treatment
with KI-301690 and gemcitabine in a pancre-
atic cancer xenograft model

To assess whether KI-301690 enhanced the
efficacy of chemotherapy in a PDAC xenograft
model, mice were injected intraperitoneally
with 30 mg/kg KI-301690 and gemcitabine (3
mg/kg) for 45 days. The tumor growth of mice
treated with KI-301690 or gemcitabine alone
was delayed compared with that of the control
group. However, the combination of KI-301690
and gemcitabine significantly reduced the
tumor volume by 64% as compared to that in
the control group, which was consistent with
the changes in tumor weight (Figure 7A).
Histopathologically, the combination treatment
showed a decrease in KI-67, a cell proliferation
marker, and induced apoptosis by increasing
the expression of cleaved caspase-3 (Figure
7B). Additionally, combination treatment signifi-
cantly attenuated intratumoral expression of
major ECM components such as collagen IV
and fibronectin (Figure 7C), which are associ-
ated with the inhibition of drug diffusion in
tumor beds. Moreover, it effectively decreased
the expression of p-DDR, p-PYK2, and p-FAK.

Discussion

PDAC is characterized by a desmoplastic
response that results in dense deposition of
the ECM, which is known to promote cancer
progression. Emerging evidence has shown
that the ECM is important for establishing resis-
tant niches by allowing cancer cells to rapidly
tolerate therapeutic drugs before mutagenic
resistance mechanisms are acquired [25, 26].
Collagen, the most abundant fibrous protein
component in the ECM, directly binds to DDR1,
and DDR1-collagen signaling is known to be
involved in cancer cell migration, invasion, and
tumorigenesis. Additionally, it has been closely
linked to low sensitivity to chemotherapy and
drug resistance [19, 21]. We observed a high
expression of DDR1 in GR-PDAC cells, suggest-
ing the role of DDR1 in implementing rapid
adaptive responses to cytotoxic agents such
as gemcitabine. Therefore, based on previous
studies demonstrating that genetic and phar-
macological inhibition of DDR1 induced effec-
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Figure 6. Inhibition of the ECM accumulation through blocking of DDR1/PYK/FAK signaling by the combined treat-
ment. A. Expressions of ECM components including collagen IV and vimentin in organotrophic tumor spheroids cul-
tured from xenograft tumor tissues. B. PANC-1 cells were treated with gemcitabine (0.5 uM) and/or KI-301690 (10
uUM) for 48 h and the expressions of ECM components and p-DDR1 were evaluated. C and D. After PANC-1 cells were
treated with gemcitabine (0.5 uyM) and/or KI-301690 (10 uM) for 48 h, the expression levels of p-DDR1, p-PYK2,
p-FAK and collagen | were determined using western blot analysis and immunofluorescence staining. E. After com-
bination treatment of KI-301690 with doxorubicin (DOX) in PANC-1 cells xenograft models, delivery and distribution
of DOX was increased by the efficacy of KI-301690 to reduce ECM (***P < 0.001).
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Figure 7. Effect of the combination treatment in pancreatic cancer xenograft models. A. The antitumor efficacy
of the combination treatment of KI-301690 and gemcitabine was analyzed by measuring the tumor volume and
weights in MIA PaCa-2 pancreatic cancer xenograft models. Mice were administered 30 mg/kg KI-301690 five
times a week and 3 mg/kg gemcitabine thrice weekly by intraperitoneal injections, for 45 days (n = 6). B and C.
Histological analysis of pancreatic xenograft tumor tissue using hematoxylin and eosin (H&E) staining, immunohis-
tochemical detection of cleaved caspase-3, KI-67, MMP-2, MMP-9, ECM components (collagen IV and fibronectin),
and molecules of DDR1 signaling (p-DDR1, p-PYK2, and p-FAK). D. Scheme for how KI-301690 combined with gem-
citabine inhibits ECM production and the growth of pancreatic cancer. Data are presented as the mean * standard

deviation (*P < 0.05).

tive therapeutic results in drug sensitivity and
resistance [23, 27-30], we synthesized and
characterized KI-301690, a novel DDR1 inhibi-
tor, and evaluated its anti-cancer efficacy in
combination with gemcitabine in PDAC cells.
Our results revealed that KI-301690 inhibi-
ted ECM accumulation by DDR1 signaling path-
way blockade, which further synergistically
enhanced gemcitabine efficacy in PDAC.

KI-301690 is a small molecule that disrupts
DDR1 signaling by targeting its ATP-binding
site, and its kinase profile analysis revealed
that it was a selective DDR1 inhibitor with 91%
inhibition, suggesting that it was DDR1-specific
with minimal off-target effects. Although sever-
al DDR1 inhibitors have been developed, they
have not been approved for clinical application
due to a broad inhibition of several kinases with
limited potency [31]. Furthermore, few studies
have verified their efficacy in combination ther-
apy with other chemo-agents. As DDR1 is asso-
ciated with chemoresistance [27-29] and a high
expression of DDR1 was observed in GR cells
and tumors in this study, we expected that
KI-301690 could increase gemcitabine sensi-
tivity in PDAC combination treatment and
improve the acquired resistance of gemci-
tabine. Our results showed that the combina-
tion of KI-301690 and gemcitabine significant-
ly inhibited the growth of pancreatic cancer
cells compared to treatment with either agent
alone. It elicited a significant increase in apop-
tosis through the increased cleaving of cas-
pase-3 in pancreatic cancer than in either
treatment alone. The combination treatment
induced marked changes in MMP and synergis-
tically increased cytochrome c release, which
was consistent with the results of Nokin et al.
that DDR1 inhibitor increased apoptosis in
combination with cisplatin in lung cancer [23].
These observations were supported by in vivo
experiments showing that combination treat-
ment increased cleaved caspase-3-positive
cell populations, thereby delaying tumor growth
in a pancreatic cancer xenograft model. In addi-
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tion to its apoptotic effect, this combination
inhibited the migration and invasion of pancre-
atic cancer cells. Previous studies showed that
DDR1 overexpression increased migration and
invasion of cancer cells and its depletion
caused a decrease [32-34]. Therefore, this
combination effect is believed to be due to
enhancement of the anti-migration/invasive
efficacy of gemcitabine by KI-301690.

DDR1 is an RTK activated by the ECM protein
collagen and is known as an important factor in
ECM production [35]. It promotes tumor pro-
gression and metastasis; however, the exact
mechanism is still unclear. Shintani et al. have
reported that DDRZ1 directly interacts with
PYK2. Upon collagen-mediated DDR1 kinase
activation, PYK2 phosphorylation occurs to
regulate cancer cell proliferation and metasta-
sis related genes [36]. FAK, one of the down-
stream signals of DDRZ, is an important intra-
cellular molecule in signal transduction from
the ECM to the cell, and the level of constitu-
tive FAK phosphorylation correlates with gem-
citabine resistance in PDAC [37]. Therefore, we
identified that the combination of KI-301690
with gemcitabine affected DDR1-mediated
PYK2/FAK signaling and decreased the ECM.
In this study, efficient inhibition of collagen
I/IV and other major ECM components was
observed in pancreatic cancer cell and tumor
tissues treated with KI-301690 and gemci-
tabine.

This combination effectively increased p-PYK2
and p-FAK inhibition by targeting DDR1 by
KI-301690. Interestingly, reduced collagen
deposition in tumors of mice treated with
KI-301690 and improved drug delivery were
confirmed by observing doxorubicin. Given that
desmoplastic matrix interferes with drug deliv-
ery, as a determinant of chemotherapy resis-
tance and a potential target for PDAC therapy,
this result proves that the DDR1-collagen inter-
action contributes to drug resistance and can
be improved through DDR1 inhibition. Although
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the combination of KI-301690 and gemcita-
bine inhibited the expression of ECM compo-
nents and improved drug delivery through
DDR1/PYK2/FAK signaling inhibition, further
studies are required to determine mechanism
of DDR1 signaling regulation in the inhibition of
ECM production and drug resistance.

In conclusion, our results demonstrate that
KI-301690-mediated loss of ECM by DDR1 sig-
nal inhibition can restore chemosensitivity
toward gemcitabine, resulting in pancreatic
tumor growth inhibition. Therefore, we recom-
mend the combination of KI-301690 and gem-
citabine as a promising strategy for overcoming
tumor-induced drug resistance and inducing
potent antitumor effects in highly ECM-rich
pancreatic cancer (Figure 7D).
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