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Abstract. Pancreatic cancer (PaCa) tends to be resistant to 
chemotherapy and is associated with a very poor prognosis. 
It has been previously reported by the authors that inte‑
grin‑linked kinase (ILK) is a prognostic factor in PaCa. ILK 
expression was examined in a newly established gemcitabine 
(Gem)‑resistant (Gem‑R) PaCa cell line and it was demon‑
strated that ILK expression was upregulated compared with 
that in Gem‑sensitive (Gem‑S) cells. In the present study, the 
effects of increased ILK expression in Gem‑R PaCa cells were 
evaluated and it was examined whether compound 22 (Cpd22), 
an ILK inhibitor, exerted antitumor effects not only in Gem‑S 
cells but also in Gem‑R cells. Reverse transcription‑quantita‑
tive polymerase chain reaction and western blotting revealed 
that ILK expression was higher in Gem‑R PaCa cells than in 
Gem‑S PaCa cells. Cpd22 inhibited the growth of PaCa cells 
in a concentration‑dependent manner. Cpd22 also inhibited 
the growth of Gem‑R PaCa cells. The invasive and angiogenic 
potential of Gem‑R PaCa cells was enhanced compared with 
that in Gem‑S cells; however, ILK small interfering RNA and 
Cpd22 treatment suppressed this enhancement of invasive 
potential compared with that in Gem‑S cells. The addition 
of Cpd22 to Gem also improved the sensitivity of Gem‑R 
cell lines to Gem. Furthermore, enhanced Akt signaling was 
associated with increased malignancy in Gem‑R cell lines. 
In conclusion, ILK was upregulated with resistance and may 
be involved in tumor angiogenesis, invasive potential, and 
chemotherapy resistance, which were all suppressed by Cpd22 
treatment. Thus, Cpd22 may be a novel therapeutic agent for 
the treatment of PaCa.

Introduction

Pancreatic cancer (PaCa) is a type of gastrointestinal cancer 
that is relatively resistant to treatment; accordingly, the prog‑
nosis of patients with PaCa is poor. In both Japan and the 
United States of America, PaCa is the fourth leading cause of 
cancer‑related deaths, and the number of deaths is increasing 
every year (1). Multidisciplinary treatments combining surgery, 
chemotherapy, and radiotherapy have recently been developed 
to treat PaCa. In the past 10 years, with advances in treatment 
methods, the 5‑year survival rate of patients with PaCa has 
increased from 6 to 11%, although it is still far from satisfac‑
tory (1). One of the main reasons for this lack of efficacy is that 
PaCa readily becomes resistant to chemotherapy.

Gemcitabine (Gem) has been used to treat PaCa since 
1977 (2) and is still a key drug used as both adjuvant chemo‑
therapy (3) and in Gem plus nab‑paclitaxel (GnP) combination 
treatment for distant metastases (4). Therefore, Gem resistance 
in PaCa is a major clinical problem, and the identification of 
factors associated with Gem resistance and the development 
of therapies targeting these factors are necessary to improve 
prognoses. Some studies have discovered the importance of 
integrin‑linked kinase (ILK) in chemoresistance  (5,6). A 
previous study by the authors revealed similar findings and 
demonstrated that ILK is important, even after its effect on Gem 
becomes inadequate. ILK is an intracellular effector related 
to cell‑matrix interactions and is associated with multiple 
signaling pathways, including AKT, glycogen synthase kinase 
(GSK)‑3β (7). In cancer tissues, ILK is often upregulated, 
suggesting that ILK contributes to proliferation, invasion, 
angiogenesis, and metastasis (8,9). Therefore, downregulation 
of downstream signaling pathways via suppression of ILK may 
play a major role in cancer control, and ILK‑targeted thera‑
pies are being developed for numerous cancer types (9‑12). 
Previous research has described the efficacy of ILK inhibitors 
in PaCa (13). However, no functional analyses of ILK have 
been reported in established Gem‑resistant (Gem‑R) cell lines, 
and the antitumor effects of ILK inhibitors in Gem‑R cell lines 
have not been elucidated. ILK has been demonstrated to be 
involved in chemotherapy resistance by promoting apoptosis 
and the epithelial‑mesenchymal transition (EMT) (5,6,14). 
However, in these studies, ordinary cancer cells were used.
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Therefore, in the present study, the role of ILK was evalu‑
ated using a Gem‑R PaCa cell line that was established by 
the authors, originally. Preliminary experiments revealed that 
ILK expression was upregulated in this Gem‑resistant cell 
line compared to the Gem‑S PaCa cell line. Therefore, it was 
determined how the increased expression of ILK affects the 
behavior of the Gem‑R PaCa‑resistant lines. The effect of ILK 
inhibitors on PaCa cell lines was also investigated, including 
the Gem‑R PaCa cell lines.

Materials and methods

Reagents. Compound 22 (Cpd22, C30H30F3N5O) and dimethyl 
sulfoxide (DMSO) were purchased from Sigma‑Aldrich 
(Merck KGaA). Cpd22 was dissolved in DMSO at 50 mM 
and used as a stock solution. The solution was aliquoted into 
200‑µl tubes and stored at ‑20˚C. GSK690693 was purchased 
from Selleck Chemicals.

Establishment of Gem‑R PaCa cell lines. In this experiment, 
Gem‑R PaCa cell lines were utilized that had been previously 
established by the authors, originally  (15). The method of 
establishment is briefly described below. The half maximal 
inhibitory concentration (IC50) of GEM against parental MIA 
PaCa‑2 or AsPC‑1 cells was determined using WST‑1 assay. 
The IC50 of GEM for each PaCa cell line was established by 
constructing a dose‑response curve. Each PaCa cell line was 
passaged with GEM at the IC50 concentration of the original 
cell line for 2 to 3 weeks. Following passage, the IC50 of the 
cell line to GEM was determined again. The PaCa cell lines 
were then passaged for 2 to 3 weeks with exposure to the IC50 
concentration of the redetermined Gem. This process was 
repeated with increasing doses of GEM until the cell line 
exhibited an IC50 value to GEM that was at least 50‑fold higher 
than that of the parental line.

Cell culture. Human PaCa cell lines (AsPC‑1, BxPC‑3, 
Capan2, MIA PaCa‑2, PANC‑1, and SW1990) and the immor‑
talized human endothelial cell line EA.hy926 were purchased 
from American Type Culture Collection (ATCC). The human 
pancreatic ductal epithelial (HPDE) cell line H6C7 was 
purchased from Kerafast, Inc. AsPC‑1, BxPC‑3, Capan2, 
and EA.hy926 cells were maintained in RPMI‑1640 medium 
(Sigma Aldrich; Merck KGaA). MIA PaCa‑2, PANC‑1, and 
SW1990 cells were maintained in Dulbecco's modified Eagle's 
medium (DMEM; Sigma Aldrich; Merck KGaA). H6C7 cells 
were maintained in keratinocyte serum‑free medium (Gibco; 
Thermo Fisher Scientific, Inc.). Gem‑R PaCa cell lines (MIA 
PaCa‑2, AsPC‑1), which were previously established and had 
been stored in liquid nitrogen, were used. Fetal bovine serum 
(FBS; 10%; Gibco; Thermo Fisher Scientific, Inc.) was added 
to both RPMI‑1640 and DMEM. All media were supplemented 
with 10 mg/ml streptomycin, 10,000 U/ml penicillin, and 
25 µg amphotericin B (Gibco; Thermo Fisher Scientific, Inc.). 
All cell lines were cultured at 37˚C in a humidified incubator 
containing 5% CO2.

RNA interference. ILK small interfering RNA (siRNA; ID 
s7405: Sense, 5'‑CGA​CCC​AAA​UUU​GAC​AUG​Att‑3' and 
antisense, 5'‑UCA​UGU​CAA​AUU​UGG​GUC​Gct‑3') and 

nontargeted negative control siRNA (ncRNA; Silencer Select 
Negative Control No.  1; cat. no.  4390843; sequences not 
provided) were purchased from Thermo Fisher Scientific, Inc. 
PaCa cells were seeded in 6‑well plates at 2.0x105 cells/well 
and cultured to 60% confluence before transfection with 
siRNA. According to the manufacturer's instructions, siRNA 
and Lipofectamine RNAiMAX (Invitrogen; Thermo Fisher 
Scientific, Inc.) were mixed in Opti‑MEM (Invitrogen; Thermo 
Fisher Scientific, Inc.), and the mixture was then incubated at 
room temperature for 5 min. The siRNA‑lipid complex was 
diluted in cell‑appropriate medium to a final siRNA concentra‑
tion of 10 nM. In the adjusted medium, the cells were cultured 
in a 5% CO2 incubator at 37˚C for 24 h.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). Total RNA was extracted from the samples 
used using QIAcube and RNeasy Plus Mini Kit (Qiagen 
GmbH) according to the manufacturer's protocol. Total RNA 
was then quantified using a NanoDrop 1000 (Thermo Fisher 
Scientific, Inc.). The RNA was then reverse transcribed using 
SuperScript III First‑Strand Synthesis SuperMix (Invitrogen; 
Thermo Fisher Scientific, Inc.) and a T100 Thermal Cycler 
(Bio‑Rad Laboratories, Inc.). The temperature protocol for 
reverse transcription was as follows: 25˚C for 10 min, 50˚C for 
30 min, and 85˚C for 5 min. RT‑qPCR was performed using 
TaqMan Gene Expression Assays (cat. no. 4331182; Applied 
Biosystems; Thermo Fisher Scientific, Inc.) and predesigned 
primers for ILK (Hs01101168_g1) and Cxcl8 (Hs00174103_
m1) from Thermo Fisher Scientific, Inc., on a CFX Connect 
Real‑Time System (Bio‑Rad Laboratories, Inc.). The thermo‑
cycling conditions were as follows: Initial denaturation at 95˚C 
for 20 sec, followed by 60 cycles at 95˚C for 1 sec and 60˚C for 
20 sec. Glyceraldehyde 3‑phosphate dehydrogenase (GAPDH; 
Hs99999905_m1; Thermo Fisher Scientific, Inc.) was used 
as a loading control to normalize mRNA levels, and samples 
were quantified using the standard curve method (16).

Western blotting. Proteins were extracted from cells using 
radioimmunoprecipitation lysis buffer containing Protease 
Inhibitor Single Use Cocktail and Phosphatase Inhibitor 
Cocktail (both Thermo Fisher Scientific, Inc.). Protein concen‑
trations were measured using a Pierce BCA protein assay kit 
(Thermo Fisher Scientific, Inc.). Protein extracts (40 µg) were 
denatured at 90˚C for 5 min and separated on 10% Mini-
PROTEAN TGX Precast gels (Bio‑Rad Laboratories, Inc.). 
The protein bands were then transferred to nitrocellulose 
membranes and blocked in iBind Flex Solution (iBind Flex 
Buffer, iBind Flex Additive, and distilled water; Thermo Fisher 
Scientific, Inc.) for 20 min at room temperature. The primary and 
secondary antibody reactions were performed for 3 h at room 
temperature using the iBind Flex Western System (Thermo 
Fisher Scientific, Inc.) according to the manufacturer's instruc‑
tions. The following primary antibodies were used: Anti‑ILK 
antibody (1:1,000; cat. no. GTX101691; GeneTex, Inc.), anti‑Akt 
(pan) (1:1,000; cat. no.  4691), anti‑phoshorylated (p)‑Akt 
(Ser473) (1:1,000; cat. no. 4060) and anti‑GAPDH (1:1,000; cat. 
no. 2118; all from Cell Signaling Technology, Inc.). Horseradish 
peroxidase‑conjugated goat anti‑rabbit Polychronus (1:2,000; 
cat. no. P0448; DAKO; Agilent Technologies, Inc.) was used as 
the secondary antibody. The protein-antibody complexes were 
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visualized using SuperSignal West Femto Chemiluminescent 
Substrate or SuperSignal West PICO PLUS Chemiluminescent 
Substrate or Pierce ECL Western Blotting Substrate (Thermo 
Fisher Scientific, Inc.). Immunoreactive protein bands were 
detected using an Amersham Imager 600 (Cytiva), and the 
densities of the detected bands were calculated using ImageJ 
software 1.52v (National Institutes of Health).

Enzyme‑linked immunosorbent assay (ELISA). Cells in the 
control group were seeded in 6‑well plates in DMEM or 
RPMI‑1640 medium appropriate for each cell line containing 
5% FBS (1.0x105 cells/well). After overnight incubation, the 
medium was replaced (1 ml/well), and after 48 h, the culture 
supernatant was collected and centrifuged at 400 x g and 
4˚C for 5 min to remove particulates. In the RNA transfec‑
tion group, cells were collected 24 h after transfection and 
seeded into 6‑well plates (1.0x105 cells/well). After overnight 
incubation, the medium was replaced (1 ml/well), and the 
culture supernatant was collected 48 h later. In the Cpd22 
group, cells were pretreated with 1.0 µM Cpd22 for 48 h and 
seeded into 6‑well plates (1.0x105 cells/well). After overnight 
incubation, the medium was replaced (1 ml/well), and the 
culture supernatant was collected 48 h later. The assay was 
performed using a Human IL‑8/CXCL8 Quantikine ELISA 
Kit (cat. no. D8000C; R&D Systems, Inc.) with a SpectraMax 
ABS microplate reader (Molecular Devices, LLC). The 
concentration of each protein was determined according to 
the manufacturer's protocol.

Invasion assay. In vitro invasion assays were performed using 
Corning BioCoat Matrigel Invasion Chambers (Corning, Inc.) 
according to the manufacturer's protocol. Four groups of PaCa 
cell lines were used when suppressing ILK: Untreated PaCa 
cell lines, PaCa cell lines treated with siRNA or ncRNA, and 
PaCa cell lines treated with Cpd22. The PaCa cell lines were 
exposed to 1 µM of Cpd22 for 48 h. During Akt inhibition, 
untreated PaCa cell lines and PaCa cell lines treated with 
GSK690693 were used to evaluate invasive capacity. The 
PaCa cell lines were exposed to GSK690693 at 5 µM for 24 h. 
Cells were cultured at 5% CO2 at 37˚C in all groups. Next, 
1.0x105 PaCa cells were conditioned in FBS‑free medium 
and seeded in the upper chambers. The inducer used in the 
lower chamber was 10% FBS added to the medium. After 24 h 
of incubation at 37˚C, the top surface of the upper chamber 
was swabbed, and the invasive cells were fixed and stained 
using a Diff‑Quick cell staining kit (Dade Behring), under 
room temperature, all samples were fixed for 10  sec and 
stained with two different staining solutions, each for 30 sec. 
The number of cells in nine randomly defined fields of view 
(magnification, x200) was counted under a light microscope.

Tube formation assay for analysis of angiogenesis. Tube 
formation was determined using angiogenesis assays with 
EA.hy926 cells and Matrigel (Corning, Inc.). Cells in the 
control group were seeded in 6‑well plates (1.0x105 cells/well) 
using DMEM or RPMI‑1640 medium containing 5% FBS, as 
appropriate for each cell line. After overnight incubation, the 
medium was replaced, and cells were incubated in medium 
containing 2% FBS for 48 h at 37˚C. In the RNA transfection 
group, cells were collected 48 h after transfection and seeded 

into 6‑well plates (1.0x105 cells/well). In the Cpd22 group, 
cells were pretreated with 1.0 µM Cpd22 for 48 h and seeded 
into 6‑well plates (1.0x105 cells/well). After overnight incuba‑
tion, cells were replaced with medium containing 1% FBS 
(1 ml/well), and culture supernatants were collected 48 h later. 
The collected cell supernatants were centrifuged at 400 x g 
and 4˚C for 5 min, and particulates were discarded. Matrigel 
was added to a 96‑well plate (50 µl/well), and the plates were 
incubated at 37˚C for 30 min to solidify the Matrigel. Next, 
EA.hy926 cells (1.2x104 cells/well) were added on top of the 
Matrigel. The cells were incubated in mixed medium (50 µl 
RPMI‑1640 medium with 1% FBS and 50  µl/well of the 
aforementioned supernatant) for 16 h to form capillary‑like 
structures; cells incubated in RPMI‑1640 medium with 1% 
FBS alone served as controls. The number of endotubes was 
counted under a confocal microscope (magnification, x40), 
and 6 views per group were analyzed.

Statistical analysis. All statistical analyses were performed 
using EZR version 1.54 (Saitama Medical Center, Jichi Medical 
University, Saitama, Japan), which is a graphical user interface 
for R (The R Foundation for Statistical Computing). Data from 
experiments conducted at least in triplicate were expressed as 
the means ± standard deviations. Differences between the two 
samples were analyzed using unpaired t‑tests. Comparisons 
of multiple groups were performed by one‑way analysis of 
variance (ANOVA), and subsequent comparisons of individual 
groups were performed using post hoc Bonferroni tests; results 
with a P‑value <0.05 were considered to indicate a statistically 
significant difference.

Results

ILK expression is upregulated in PaCa cells compared with 
HPDE cells. H6C7 is an immortalized epithelial cell line 
derived from normal HPDE cells. The expression of ILK in 
H6C7 and PaCa cell lines (AsPC‑1, BxPC‑3, Capan2, MIA 
PaCa‑2, PANC‑1, and SW1990) was evaluated using RT‑qPCR 
and western blotting. ILK mRNA expression (Fig. 1A) was 
significantly higher in PaCa cells than in HPDE cells (P<0.05). 
Protein expression levels (Fig. 1B and C) were also signifi‑
cantly upregulated in PaCa cells, except for MIA PaCa‑2 cells 
(P<0.05).

Changes in ILK expression levels after ILK knockdown 
in PaCa cell lines. RT‑qPCR and western blotting were 
performed to evaluate changes in ILK mRNA expression in 
PaCa cell lines transfected with ILK siRNA. AsPC‑1 and 
PANC‑1 cells with high ILK expression were selected for 
ILK siRNA transfection. PaCa cell lines transfected with ILK 
siRNA exhibited significant downregulation of ILK compared 
with control cells or cells transfected with negative control 
siRNA (P<0.05; Fig. 2A and Β).

Effects of ILK knockdown on PaCa cell invasion. Matrigel 
invasion assays were performed to evaluate the invasive 
potential of PaCa cell lines. Cell invasion ability was signifi‑
cantly suppressed in the ILK‑knockdown group compared 
with that in the control and negative control groups (P<0.05; 
Fig. 2C and D).
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Effects of ILK knockdown on the angiogenic potential of 
PaCa cell lines. The secretion of IL‑8 as an angiogenic 
factor was evaluated by RT‑qPCR and ELISA. IL‑8 mRNA 

expression and IL‑8 secretion were significantly suppressed 
in the ILK‑knockdown group compared with those in the 
control and negative control groups (P<0.05; Fig. 3A and Β). 

Figure 1. Comparison of ILK expression in human pancreatic ductal epithelial cells and PaCa cells. (A) ILK mRNA expression in HPDE cells (H6C7) and 
PaCa cells (AsPC‑1, BxPC‑3, Capan‑2, MIA PaCa‑2, PANC‑1, SW1990) was assessed using reverse transcription‑quantitative polymerase chain reaction. The 
mRNA expression status for each sample was normalized to the expression of GAPDH. (B) ILK protein expression levels in HPDE cells (H6C7) and PaCa 
cells (AsPC‑1, BxPC‑3, Capan‑2, MIA PaCa‑2, PANC‑1, SW1990) were evaluated using western blotting. (C) The relative expression of ILK compared with 
GAPDH was assessed. Significant differences in ILK expression between HPDE (H6C7) and PaCa cells were assessed using one‑way analysis of variance. 
*P<0.05. PaCa, pancreatic cancer; ILK, integrin‑linked kinase.

Figure 2. Changes in invasive potential following ILK knockdown in pancreatic cancer cell lines. (A) ILK mRNA expression following transfection with 
ILK siRNA was assessed using reverse transcription‑quantitative polymerase chain reaction. (B) ILK protein expression after transfection with ILK siRNA 
was assessed using western blotting. (C and D) PaCa cells (1.0x105) were seeded into Matrigel‑precoated Transwell chambers, and the number of invasive 
cells was determined after 24 h. Cells that passed through the Matrigel and invaded into the bottom of the upper chamber were fixed and stained using 
Diff‑Quik staining. A comparison of the mean number of invasive cells in nine random microscopic fields of view is presented. Comparisons among groups 
were performed using one‑way analysis of variance with post hoc Bonferroni tests. *P<0.05. ILK, integrin‑linked kinase; siRNA, small interfering RNA; 
ncILK, negative control ILK; siILK, ILK siRNA.
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Tube formation assays also showed significant suppression 
in the ILK‑knockdown group compared with the control and 
negative control groups (P<0.05; Fig. 3C and D).

Enhanced expression of ILK in Gem‑R PaCa cells. RT‑qPCR 
showed that ILK mRNA expression was significantly enhanced 
in Gem‑R PaCa cells compared with Gem‑sensitive (Gem‑S) 
PaCa cells (P<0.05; Fig. 4A). Western blotting also confirmed 
that ILK protein expression was enhanced, consistent with the 
results of PCR (Fig. 4B).

Changes in ILK expression levels after ILK knockdown 
in Gem‑R PaCa cell lines. RT‑qPCR and western blot‑
ting were performed to assess changes in ILK expression 
in Gem‑R PaCa cells transfected with ILK siRNA. ILK 
expression was downregulated in Gem‑R PaCa cells trans‑
fected with ILK siRNA compared with that in control cells 
or cells transfected with negative control siRNA (P<0.05; 
Fig. 4C and D).

Enhanced invasive potential of Gem‑R PaCa cells and 
ef fects of ILK knockdown on cell invasive potential. 
Matrigel invasion assays were performed to evaluate the 
invasive potential of Gem‑R PaCa cells. Gem‑R PaCa cells 

showed significantly higher invasive ability than Gem‑S 
cells. Furthermore, ILK siRNA transfection inhibited the 
invasive ability, similar to that observed in Gem‑S cells 
(P<0.05; Fig. 4E and F). 

Angiogenic potential of Gem‑R PaCa cells and effects of ILK 
knockdown. RT‑qPCR and ELISA were used to evaluate IL‑8 
in Gem‑R PaCa cells. Notably, Gem‑R PaCa cells showed 
significantly higher IL‑8 mRNA expression and IL‑8 protein 
secretion than Gem‑S PaCa cells (P<0.05; Fig. 5A and Β). Tube 
formation assays showed that tube formation was enhanced in 
Gem‑R PaCa cells compared with that in Gem‑S PaCa cells 
and was significantly suppressed in the ILK‑knockdown group 
(P<0.05; Fig. 5C).

Effects of Cpd22 on proliferation in Gem‑S and Gem‑R 
PaCa cells. Gem‑S and Gem‑R PaCa cells were incubated 
with various concentrations of Cpd22 for 72 h, and the effects 
of Cpd22 on cell proliferation were then examined using 
WST‑1 assays. Cpd22 inhibited proliferation in both Gem‑R 
and Gem‑S PaCa cell lines in a concentration‑dependent 
manner. The IC50 values, as calculated from the WST‑1 
assay results, were as follows: 1.96  µM for PANC‑1, 
2.54 µM for SW1990, 2.05 µM for AsPC‑1, and 2.16 µM for 

Figure 3. Changes in angiogenic potential following ILK knockdown in pancreatic cancer cell lines. (A) IL‑8 mRNA expression after transfection with ILK 
siRNA was assessed using reverse transcription‑quantitative polymerase chain reaction. (B) IL‑8 protein secretion following transfection with ILK siRNA was 
assessed using ELISA. (C and D) Angiogenic potential after transfection with ILK siRNA was determined using tube formation assays. EA.hy926 cells were 
seeded at 1.2x105 cells/well and cultured with conditioned medium for 16 h. The control media was 1% RPMI‑1640 containing FBS. The number of endotubes 
was counted, and differences among groups were evaluated using one‑way analysis of variance with post hoc Bonferroni tests. *P<0.05. ILK, integrin‑linked 
kinase; siRNA, small interfering RNA; ncILK, negative control ILK; siILK, ILK siRNA.
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Figure 4. Comparison of ILK expression and invasive potential in Gem‑S and Gem‑R pancreatic cancer cell lines. (A) ILK mRNA expression in Gem‑S and 
Gem‑R PaCa cell lines (AsPC‑1, MIA PaCa‑2) was assessed using RT‑qPCR. (B) ILK protein expression levels in Gem‑S and Gem‑R PaCa cell lines (AsPC‑1, 
MIA PaCa‑2) were assessed using western blotting. (C and D) RT‑qPCR and western blotting were used to confirm ILK mRNA and protein expression 
following transfection with ILK siRNA. (E and F) The invasive ability of ILK siRNA‑transfected Gem‑R pancreatic cancer cells was evaluated as described 
in Fig. 3. Comparisons among groups was performed using one‑way analysis of variance with post hoc Bonferroni tests. *P<0.05. ILK, integrin‑linked kinase; 
Gem‑S, Gem‑sensitive; Gem‑R, Gem‑resistant; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; siRNA, small interfering RNA; 
ncILK, negative control ILK; siILK, ILK siRNA.
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MIA PaCa‑2 (Fig. 6A and B). By contrast, the IC50 values 
for Gem‑R AsPC‑1 and Gem‑R MIA PaCa‑2 cells were 
2.48 and 2.83 µM, respectively. To avoid the cytotoxic effects 
of Cpd22, the concentration of Cpd22 was set below the IC50 
value in subsequent experiments. 

Effects of Cpd22 on the drug sensitivity of Gem‑R cells. Cpd22 
was added to cells at 1 µM (a concentration that did not affect 
cell proliferation ability) in combination with Gem, and cells 
were cultured for 72 h. The sensitivity of AsPC‑1 Gem‑R cells 
to Gem increased from 787.4 to 363.6 nM, whereas that of 
MIA PaCA‑2 Gem‑R cells increased from 464.4 to 6.53 µM 
when Cpd22 was added (Fig. 6C and D).

Effects of Cpd22 on the invasive potential of PaCa cells. 
Matrigel invasion assays were performed to evaluate the 
invasive potential of PaCa cell lines via ILK suppression 
by Cpd22. In Gem‑S and Gem‑R PaCa cells (MIA PaCa‑2, 
AsPC‑1), cell invasion ability was significantly suppressed in 

the Cpd22 group compared with that in the untreated group 
(P<0.05; Fig. 7A).

Differences in the ILK/Akt pathway between Gem‑S and 
Gem‑R cells. Inhibition of ILK suppressed the phosphoryla‑
tion of Akt at Ser473 in both Gem‑S and Gem‑R cell lines. 
The phosphorylation of Akt at Ser473 was significantly 
enhanced in Gem‑R cells compared with that in Gem‑S 
cells (P<0.05; Fig.  7Β). The phosphorylation of Akt at 
Ser473, which was enhanced in Gem‑R PaCa cells, was 
suppressed to the same extent as in the parental lines by 
inhibition of ILK.

Effect of GSK on the invasive potential of Gem‑R PaCa cell 
lines. Matrigel invasion assay was performed to evaluate the 
invasive potential of PaCa cell lines via suppression of Akt 
by GSK. In Gem‑R PaCa cells (MIA PaCa‑2, AsPC‑1), cell 
invasive potential was significantly suppressed in the GSK 
group compared to the untreated group (P<0.05; Fig. 7C).

Figure 5. Changes in angiogenic potential following ILK knockdown in Gem‑R (MIA PaCa‑2, AsPC‑1) PaCa cell lines. (A) IL‑8 mRNA expression after 
transfection with ILK siRNA was assessed using reverse transcription‑quantitative polymerase chain reaction. (B) IL‑8 secretion following transfection with 
ILK siRNA was measured using ELISA. (C) Angiogenic potential after transfection with ILK siRNA was assessed using Matrigel‑based tube formation assays. 
Human endothelial cells (EAhy.926 cells) were seeded in Matrigel at 1.2x105 cells/well and cultured for 16 h in conditioned medium. The parental cell lines for 
Gem‑R PaCa cell lines were used as controls. The number of endotubes was counted, and comparisons among groups were performed using one‑way analysis 
of variance with post hoc Bonferroni tests. *P<0.05. ILK, integrin‑linked kinase; Gem‑R, Gem‑resistant; siRNA, small interfering RNA; ncILK, negative 
control ILK; siILK, ILK siRNA.
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Effects of Cpd22 on the angiogenic potential of PaCa cells. 
RT‑qPCR and ELISA were used to evaluate the effects of 
Cpd22‑dependent ILK suppression on the secretory capacity 
of IL‑8. In Gem‑S cells, mRNA expression was significantly 
suppressed by Cpd22. IL‑8 secretion was significantly 
suppressed in the Cpd22 group compared with that in the 
untreated group in MIA PaCa‑2 and AsPC‑1 cells (P<0.05; 
Fig. 8A and B). In Gem‑R cells, both mRNA expression and 
protein secretion were suppressed. Tube formation assays 
also showed that angiogenesis was significantly suppressed 
in the Cpd22 group for both Gem‑S and Gem‑R cells 
(P<0.05; Fig. 8C).

Discussion

The aim of the present study was to clarify the roles of ILK 
in the resistance of PaCa cells to Gem and to determine 
whether Cpd22, an ILK inhibitor, exerted antitumor effects 
on Gem‑S and Gem‑R PaCa cells. The results of the present 
study confirmed that ILK was upregulated in Gem‑R cells 
compared with that in Gem‑S cells. Furthermore, invasion 
and angiogenesis assays demonstrated that invasive and 
angiogenic potentials were enhanced with ILK expression 
and that the malignant potential of the cells was increased. By 
contrast, inhibition of ILK expression suppressed invasiveness 

and angiogenesis in both Gem‑S and Gem‑R cells, and Cpd22, 
an ILK inhibitor, suppressed tumor growth, invasiveness, and 
angiogenesis in both Gem‑S and Gem‑R cells. The use of 
Cpd22 in addition to Gem improved Gem sensitivity in Gem‑R 
cells. Overall, the findings of the present study also suggested 
that the degree of ILK expression contributed to malignancy 
in PaCa cells.

ILK has been demonstrated to interfere with the Akt, 
GSK‑3β, and HIPPO pathways (17) and is involved in various 
mechanisms related to tumor progression, such as cell prolifer‑
ation, apoptosis, invasion, and angiogenesis (9). Increased ILK 
expression has been reported in numerous malignant tumors, 
including lung (18), ovarian (19), colon (20,21), stomach (22), 
and liver cancers  (23). Increased ILK expression may be 
associated with prognosis (8). The authors of the present study 
previously reported that ILK is significantly and strongly 
expressed in patients with PaCa and that high ILK expression 
and retroperitoneal invasion are poor prognostic factors (24). 
In the present study, it was determined that ILK expression 
tended to be higher in Gem‑S PaCa cells than in HPDE cells. 
Moreover, ILK expression was even higher in more aggressive 
Gem‑R PaCa cells than in Gem‑S cells, providing support for 
the association between ILK and tumorgenicity.

The relationship between ILK and invasive potential has 
been discussed in previous studies. The invasive potential 

Figure 6. Inhibitory effects of Cpd22 on the proliferation of Gem‑S (PANC‑1, SW1990, AsPC‑1, MIA PaCa‑2) and Gem‑R (AsPC‑1, MIA PaCa‑2) PaCa 
cell lines. (A) Cells were exposed to Cpd22 at the indicated concentrations for 48 h, and the degree of cell proliferation was evaluated using WST‑1 assays. 
(B) IC50 values for Cpd22 were measured in PANC‑1, SW1990, AsPC‑1 Gem‑S and Gem‑R, and MIA PaCa‑2 Gem‑S and Gem‑R cell lines. (C) Additive 
effects of Cpd22 on Gem sensitivity in Gem‑R PaCa cells. Cells were exposed to Gem and 1 µM Cpd22 for 48 h, and the proliferation of each cell line was 
then evaluated using WST‑1 assays. (D) The IC50 for Gem was measured in MIA‑PaCa2 and AsPC‑1 cells. Cpd22, compound 22; Gem, gemcitabine, Gem‑S, 
gemcitabine‑sensitive; Gem‑R, gemcitabine‑resistant, IC50, half‑maximal inhibitory concentration.
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of PaCa is markedly high, resulting in low resectability 
rates. Additionally, ILK has been suggested to be involved 
in invasion through promotion of the EMT and lobular 

pseudopodia formation (7,9,25). ILK has also been demon‑
strated to be involved in invasion in PaCa cells (24). In the 
present study, ILK suppression in Gem‑S PaCa cells blocked 

Figure 7. Changes in the invasive potential of Gem‑S and Gem‑R cell lines (AsPC‑1, MIA PaCa‑2) in response to inhibitor treatment were evaluated using 
Matrigel invasion assays. (A) Cells were pretreated with 1 µM Cpd22 for 48 h and then seeded at 1.0x105 cells/well in the upper chambers. The number of 
cells invading through the Matrigel was counted 24 h later. Representative images showing the invasion of Gem‑S PaCa cells (AsPC‑1 and MIA PaCa‑2) and 
Gem‑R PaCa cells (AsPC‑1 and MIA PaCa‑2) when Cpd22 was used. (B) MIA PaCa‑2 Gem‑S and Gem‑R cell lysates were subjected to immunoblotting for 
assessment of changes in downstream signaling upon integrin‑linked kinase inhibition. Cells were treated with Cpd22 for 12 h, and cell lysates were then 
harvested and immunoblotted for p‑Akt (Ser473) and pan‑Akt. GAPDH was used as a loading control. Data are presented as p‑Akt (Ser473) levels relative to 
GAPDH expression. Comparisons among groups were performed using one‑way analysis of variance with post hoc Bonferroni tests. *P<0.05. (C) Invasion 
assay was performed as in A. Cells were pretreated with 5 µM GSK69093 for 24 h before use. Representative images showing changes in invasion of Gem‑R 
PaCa cells (AsPC‑1 and MIA PaCa‑2) when treated with GSK69093. Comparisons between the two groups were analyzed using the t‑test. *P<0.05. Gem‑S, 
Gem‑sensitive; Gem‑R, Gem‑resistant; Cpd22, compound 22; p‑, phosphorylated; ncILK, negative control ILK; siILK, ILK siRNA.



MURASE et al:  ROLE OF ILK IN GEMCITABINE‑RESISTANT PACREATIC CANCER10

invasive potential, consistent with previous findings (24). 
Notably, invasive ability was enhanced in Gem‑R PaCa 
cells in which ILK was upregulated compared with that in 

Gem‑S PaCa cells. However, when ILK was suppressed, 
invasive ability was also inhibited to the same extent as that 
in Gem‑S PaCa cells. It was also demonstrated that ILK 

Figure 8. Changes in the angiogenic potential of Gem‑S and Gem‑R cell lines (AsPC‑1, MIA PaCa‑2) following Cpd22 treatment. (A) Alterations in IL‑8 
mRNA expression in the presence of Cpd22 were assessed using reverse transcription‑quantitative polymerase chain reaction. (B) Alterations in IL‑8 secretion 
in the presence of Cpd22 were assessed using ELISA. (C) Changes in the angiogenic potential of Gem‑S and Gem‑R cell lines (AsPC‑1, MIA PaCa‑2) in the 
presence of Cpd22 were evaluated using tube formation assays with human endothelial cells. The number of endotubes was counted, and comparisons among 
groups were performed using one‑way analysis of variance with post hoc Bonferroni tests. *P<0.05. Gem‑S, Gem‑sensitive; Gem‑R, Gem‑resistant; Cpd22, 
compound 22.
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is likely to affect Akt to regulate invasive potential. The 
Akt pathway functions downstream of ILK (26,27). Akt is a 
signal transducer that is frequently activated in PaCa and is 
associated with tumor aggressiveness (28), and the relation‑
ship between the Akt pathway and tumor invasiveness is 
widely known. In the present study, it was determined that 
phosphorylation of Akt was enhanced in Gem‑R PaCa cells 
in which ILK expression was upregulated compared with 
that in Gem‑S PaCa cells. Furthermore, Akt phosphoryla‑
tion was found to be suppressed to the same level as in 
Gem‑S PaCa cells when ILK expression was suppressed. 
GSK690393 is an Akt inhibitor with strong selectivity 
for Akt kinase (29). To investigate whether inhibition of 
Akt can suppress the invasive potential of Gem‑R PaCa 
cells with increased expression of ILK, the changes in 
invasive potential after exposure to GSK690393 were 
evaluated. Inhibition of Akt activity in the Gem‑R PaCa 
cells suppressed invasive potential. While several pathways, 
including CXCL12/CXCR4 signaling (30) and NF‑κB (31), 
as well as Akt, are reported to be involved in the invasive 
potential of cancer, the enhancement of the Akt pathway by 
upregulation of ILK may be involved in the enhancement of 
the invasive potential of Gem‑R PaCa cells.

Subsequently, the angiogenic potential of the cells was 
evaluated. Several studies have shown that ILK promotes 
angiogenesis via vascular endothelial growth factor in 
cancer  (32,33). PaCa, which is generally considered an 
ischemic tumor, has a high microvascular density, and the asso‑
ciation between microvascular density and prognosis has been 
noted (34,35). It has been previously reported by the authors 
that IL‑8 is involved in angiogenesis via the IL‑8/CXCR2 axis 
in PaCa and that IL‑8 expression is upregulated in Gem‑R 
PaCa cell lines (15,36). In addition, Akt has been shown to 
be involved in the regulation of IL‑8 (37,38). Therefore, the 
association between ILK and IL‑8 were assessed and it was 
revealed that there was a relationship between the intensity of 
ILK/Akt pathway activity and the transcription and secretion 
of IL‑8. Although further validation of the signaling pathway 
is required, the results of the present study suggest that ILK 
may be involved in the expression of IL‑8 and may act to 
promote angiogenesis.

Cpd22, an ILK inhibitor, is a cell‑permeable drug‑like 
compound that has been reported to inhibit cell proliferation 
(IC50, 1‑2.5 µM) in vitro and to exert antiproliferative effects 
by inducing apoptosis. Cpd22 was revealed to block the Akt 
Ser473 phosphorylation, a downstream signal of ILK (9). In 
the present study, Cpd22 was used at the same concentra‑
tion as previously reported and it was demonstrated that 
this concentration inhibited the proliferation of both Gem‑R 
and Gem‑S PaCa cells. Furthermore, Cpd22 inhibited the 
invasive and angiogenic potentials of these cell lines. Similar 
to the suppression of ILK expression using ILK siRNA, the 
suppression of ILK activity by Cpd22 was able to block the 
phosphorylation of Akt at Ser473. 

ILK may be involved in chemotherapy resistance. In fact, 
ILK has been shown to be associated with the mechanism 
of chemotherapy resistance via the EMT, cancer stem cell 
markers, and the MRP1 pathway (6,39,40). In PaCa cells, ILK 
overexpression increases resistance to Gem chemotherapy 
by enhancing the phosphorylation of Akt and GSK‑3β, 

whereas inhibition of ILK expression has been reported to 
induce Gem‑induced apoptosis (5). Because activation of the 
Akt pathway resists apoptosis and phosphorylation of Akt 
is inhibited by Cpd22, the improved sensitivity may be the 
result of increased induction of apoptosis by Gem when used 
in combination with Cpd22. To the best of our knowledge, 
this is the first study to confirm the roles of ILK and the 
effects of ILK inhibitors using established Gem‑R PaCa 
cells. The findings of the present study strongly indicated 
that Cpd22 exerted antitumor effects against PaCa cells 
and could be effective even after the cells acquired Gem 
resistance, supporting the potential application of Cpd22 as a 
novel therapeutic agent.

The present study had several limitations. Firstly, the 
behaviors of PaCa cell lines were not evaluated when ILK 
was overexpressed. In addition, animal studies are required to 
confirm the observed effects in vivo.

In conclusion, the results of the present study suggested 
that Gem‑R PaCa cells exerted higher invasive and angiogenic 
potential and increased aggressiveness mediated by enhanced 
ILK/Akt signaling. Cpd22, an ILK inhibitor, suppressed the 
invasive and angiogenic potential of the cells and blocked cell 
proliferation in Gem‑S and Gem‑R PaCa cell lines. Cpd22 
also enhanced Gem sensitivity in Gem‑R cells. Therefore, 
Cpd22 may be an effective alternative therapy in patients with 
PaCa after acquisition of Gem resistance.
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