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Hyperthermia inhibits the motility of gemcitabine-resistant
pancreatic cancer PANC-1 cells through the inhibition of
epithelial-mesenchymal transition
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Abstract. Pancreatic cancer (PC) is one of the most
common types of malignant tumor and the leading cause of
cancer-associated mortality worldwide. The chemotherapeutic
drug gemcitabine (GEM) is used as a first-line chemothera-
peutic agent for advanced PC. However, the acquisition of drug
resistance is a major limitation of the clinical effect of GEM
and commonly leads to increased metastasis. The occurrence
of epithelial-mesenchymal transition (EMT) has been demon-
strated to be the underlying mechanism of acquired resistance.
It has been reported that heat treatment is able to inhibit EMT in
pancreatic adenocarcinoma cells. In the present study the effect
of hyperthermia on the sensitivity of GEM-resistant PC cells
was investigated. First a GEM-resistant PC cell line PANC-1
(PAN/GEM) was developed and it was demonstrated that drug
resistant PAN/GEM cells exhibited significantly increased
migratory and invasive abilities compared with control
PANC-1 cells using a Transwell assay. EMT was induced
in resistant PAN/GEM cells, followed by reduced epithelial
marker epithelial (E)-cadherin expression and increased
mesenchymal marker Vimentin expression compared with
control PANC-1 cells. Next, the Transwell assay demonstrated
that the hyperthermia at 42°C for 1 h combined with GEM
significantly attenuated migration and invasion in drug resistant
PAN/GEM cells, while GEM alone treatment did not signifi-
cantly affect the migration and invasion. Additionally, EMT
in PAN/GEM cells was reversed by hyperthermia, as demon-
strated by the restoration of E-cadherin and downregulation
of mesenchymal markers Vimentin, matrix metalloproteinase
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(MMP)2 and MMP9. Furthermore, an MMP2 inhibitor
tissue inhibitor of metalloproteinases (TIMP)2 and MMP9
inhibitor TIMP1 were used to treat PAN/GEM cells and it was
demonstrated that both inhibitors increased the inhibition of
hyperthermia treatment combined with GEM on cell invasion,
suggesting an association between cell invasion and MMP2,
and MMPO. Additionally, proliferation of PAN/GEM cells
following hyperthermia was assessed using an MTT assay.
The results demonstrated that proliferation in PAN/GEM
cells treated with hyperthermia was significantly inhibited by
GEM compared with GEM alone treated cells, indicating that
hyperthermia enhanced the inhibition of GEM on cell growth
and resensitized the drug-resistant cells to GEM. Overall, the
results of the present study suggested that hyperthermia is
able to resensitize GEM-resistant PANC-1 cells to GEM by
reversing EMT via the regulation of EMT-associated factors,
therefore inhibiting cell migration and invasion.

Introduction

Pancreatic cancer (PC) is an aggressive tumor with a 7%
5-year survival rate worldwide (1,2). Surgical resection may
be the only way to cure PC. However, due to the unobservable
symptoms (3), 80-95% patients present with locally advanced
or metastatic disease when diagnosed (4). Even following
surgical resection of the tumor, there are still a number of
patients that present relapsed or with metastatic disease (1,5).
Gemcitabine (GEM), a type of first-line chemotherapy for
advanced PC (6,7), is able to induce cell apoptosis at the S stage
of the cell cycle thereby inhibiting PC cell proliferation (8).
GEM may effectively relieve symptoms of patients suffering
PC. However, the therapeutic efficacy was frequently
unsatisfactory for the development of drug resistance in PC
cells, commonly leading to increased cell metastasis and
increased therapeutic difficulty. Therefore, investigating the
mechanism underlying GEM resistance and researching an
effective therapy strategy to enhance the sensitivity of tumor
cells to the drug is of significance for the treatment of PC.

A variety of molecular mechanisms were involved
in the acquisition of drug resistance, including
epithelial-mesenchymal transition (EMT) (9). EMT is a
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cellular process characterized by morphological alterations
from epithelial phenotype to mesenchymal phenotype, by
which cells lose epithelial cell-cell adhesion and are able to
move through the extracellular matrix. EMT is frequently
demonstrated to be associated with enhanced proliferation,
invasion and metastasis in cancer cells (10). During EMT,
cells demonstrated the acquisition of mesenchymal markers
including Vimentin, type I collagen, fibronectin and Snail, and
the inhibition of cell adhesion molecules including epithelial
(E)-cadherin and catenin expression (11). Additionally,
it has been demonstrated that EMT is correlated with
chemotherapeutic sensitivity in human cancers and sensitivity
to GEM in PC cells (12-14).

It has been reported that heating tumors up to a tempera-
ture of 42°C synergistically enhances the antitumor effect
of GEM (15,16), but the mechanism is not clearly known.
Furthermore, hyperthermia has been demonstrated to exhibit
an inhibitory effect against tumor growth factor-f1 induced
EMT (17). Therefore it was hypothesized in the present study
that EMT in GEM-resistant PC cells may be suppressed by
hyperthermia.

In the present study, the underlying mechanism of GEM
resistance in the PC cell line PANC-1 was investigated and
the effect of hyperthermia on the sensitivity and motility of
GEM-resistant PANC-1 cells were analyzed. GEM-resistant
PANC-1 cells were demonstrated to exhibit elevated migratory
and invasive abilities. Additionally, hyperthermia combined
with GEM had a synergistic inhibitory effect on cellular
motility by inhibiting EMT in GEM-resistant PANC-1 cells
and attenuated PC cell invasion by downregulating matrix
metalloproteinase (MMP)2 and MMPO.

Materials and methods

Cell culture. The human PC cell line PANC-1 was purchased
from the Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China). Cells were cultured in Dulbecco's
modified Eagle medium (DMEM; Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) supplemented with
10% fetal bovine serum (FBS; Lonza Group, Ltd., Basel,
Switzerland), 5 mM L-glutamine, 5 mM non-essential amino
acids, 100 U/ml penicillin and streptomycin (Invitrogen;
Thermo Fisher Scientific, Inc.), in a humidified 5% CO, incu-
bator at 37°C. Cells were treated with hyperthermia for 1 h in
a 42°C 5% CO, incubator.

Development of GEM-resistant PANC-1 cell line.
GEM-resistant PANC-1 cells was developed by exposing
PANC-1 cells to escalating concentrations of GEM between
0.5 and 5 M in complete medium at 37°C (18). Following
exposure to increasing concentrations of GEM for at least
3 months until clones developed resistance to 5 M GEM,
living cells were collected and called drug resistant cells
(PAN/GEM), which were used for subsequent experiments.

Morphological observation of GEM-resistant cells. A total
of 2x10° cells/ml were cultured in 60 mm culture dishes for
24 h and then cells were treated with or without 5 yM GEM
for 48 h. Medium was removed and cells were washed once
with DMEM. Cell morphology was observed and images
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were captured using a vertical light microscope at magnifica-
tion, x100.

Migration and invasion assay. Cell migration was
assessed using a Transwell assay using 6.5 mm chambers
(Corning Incorporated, Corning, New York, USA) with 8-ym
pore membranes (19). A total of 600 xl DMEM with GEM
was added to the lower chamber. The suspension of 5x10*cells
in 100 1 DMEM with 1% FBS was plated into the upper
chamber following by adding GEM. After 20 h, cells on the
undersurface of the polycarbonate membranes were stained
with crystal violet (Amresco, Inc., Framingham, MA, USA)
for 10 min at room temperature and were observed using a
light microscope at magnification, x100, and six fields were
chosen at random to measure the average cell coverage using
Image J software (version 1.47; National Institutes of Health,
Bethesda, MD, USA). Relative migratory cell number was
expressed as a percentage of the control. Invasion was assayed
using the same procedure as the migration assay, except that
70 p1 1 mg/ml Matrigel (BD Biosciences, San Jose, CA, USA)
was added into the upper surface of the membrane.

Western blot analysis. Cells were washed twice with PBS
and extracted using Mammalian Protein Extraction reagent
(Pierce; Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol. The proteins (50 pg) were separated
by 10% SDS-PAGE (Beijing Solarbio Science & Technology
Co., Ltd., Beijing, China) and transferred to polyvinyli-
dene fluoride membranes (EMD Millipore, Billerica, MA,
USA). The membranes were blocked with 5% non-fat dried
milk in TBST for 1 h at room temperature and incubated
with specific primary antibodies overnight at 4°C: Mouse
monoclonal anti-E-cadherin (cat. no. sc-21791; 1:2,000;
Santa Cruz Biotechnology, Inc., Dallas, TX, USA), mouse
monoclonal anti-Vimentin (cat. no. sc-6260; 1:2,000; Santa
Cruz Biotechnology, Inc.), mouse monoclonal anti-f-actin
(cat. no. sc47778; 1:1,000; Santa Cruz Biotechnology, Inc.),
rabbit polyclonal anti-MMP2 antibody (cat. no. 4022; 1:1,000;
Cell Signaling Technology, Inc., Danvers, MA, USA), rabbit
polyclonal anti-MMP9 antibody (cat. no. 3852; 1:1,000;
Cell Signaling Technology, Inc.) were used, followed by
horseradish peroxidase-conjugated secondary antibodies
goat anti-mouse (cat. no. sc-2005; 1:2,000; Santa Cruz
Biotechnology, Inc.) and goat anti-rabbit (cat. no. sc-2004;
1:2,000; Santa Cruz Biotechnology, Inc.) IgG secondary
antibodies for 2 h at room temperature. Development was
performed using enhanced chemiluminescence-detecting
reagent (GE Healthcare, Chicago, IL, USA).

Reverse-transcription-quantitative polymerase chain
reaction (RT-gPCR). Total RNA in cells was extracted using
a total RNA mini plus kit (A&A Biotechnology, Gdynia,
Poland). cDNA was obtained by RT-PCR using a RevertAid™
First Strand cDNA synthesis kit (Fermentas; Thermo Fisher
Scientific, Inc., Pittsburgh, PA, USA) in a 50 pl reaction
mixture. Reverse transcription was carried out at 45°C for
45 min. cDNA was subsequently amplified using TagMan®
Gene Expression assay (Applied Biosystems; Thermo Fisher
Scientific, Inc.). The PCR thermocycling conditions were as
follows: Initial denaturation at 94°C for 3 min, 40 amplification
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cycles of 94°C for 10 sec, 53°C for 30 sec and 72°C for 40 sec,
followed by a final extension at 72°C for 10 min. The primers
were as follows: E-cadherin forward (F), 5'-GTCAGTTCA
GACTCCAGCCC-3' and reverse (R), 5~ AAATTCACTCTG
CCCAGGACG-3"; Vimentin F, 5"TCTACGAGGAGGAGA
TGCGG-3' and R, 5-GGTCAAGACGTGCCAGAGAC-3"
MMP2 F, 5" TATGGCTTCTGCCCTGAGAC-3' and R,
5'-CACACCACATCTTTCCGTCA-3'; MMP9 F, 5-AGTCCA
CCCTTGTGCTCTTC-3' and R, 5-ACTCTCCACGCATCT
CTGC-3'; GAPDH F, 5-GATCCCTCCAAAATCAAGTG-3'
and R, 5-GAGTCCTTCCACGATACCAA-3'. RT-qPCR
was performed using ABI PRISM 7,700 Sequence detector
(Applied Biosystems; Thermo Fisher Scientific, Inc.) with
SDS software version 1.7. mRNA expression of target genes
was calculated using the formula 244% (20) and was normal-
ized to the level of GAPDH. The value of mRNA in cells was
demonstrated as the relative value of mRNA in control cells.

Cytotoxicity assay. The cytotoxicity of GEM on cells was
evaluated using an MTT assay (Sigma Aldrich; Merck
KGaA, Darmstadt, Germany). A total of 1x10*cells were
seeded into each well of a 96-well plate in 100 xl medium
and incubated with various concentration of GEM for 48 h
at 37°C in a 5% CO, incubator. Then cells were incubated
with 20 x1 5 mg/ml MTT for 4 h at 37°C and then cells were
lysed for 10 min at room temperature by addition of 200 ul
dimethyl sulfoxide (OriGen Biomedical, Inc., Austin, TX,
USA). Absorbance was measured at 490 nm using a micro-
plate reader. Cell survival was expressed as a percentage of
the untreated control.

Metalloproteinase inhibitor (TIMP)I and TIMP2 adenoviral
infection of PANC-1 cell line. Human TIMP1 and TIMP2
cDNA plasmids were obtained from Wuhan Huamei
Bioengineering Co., Ltd. (Wuhan, China). The adenovirus
serotype 2 vector system with AdPgal was obtained from
Genzyme (Framingham, MA, USA). The TIMP adenovirus
vectors were constructed as previously described (21).
Briefly, the titer of the recombinant adenoviral vectors was
established by the logarithmic limiting dilution in 293 cells.
The lowest dilution at which CPE occurred was taken to be
the titer of the virus. Adenoviral stocks were screened for
replication-competent adenovirus by titration in non-permis-
sive PANC-1 cells (21-23). Cells (1x10%) were infected with
Adfgal virus at multiplicities of infection of 10, 50, 100,
500 and 1,000 in the presence of 2% FCS (Lanzhou Minhai
Bioengineering Co., Ltd., Lanzhou, China) for 18 h at 37°C
using Lipofectamine® 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions.
The medium was subsequently removed and replaced with
fresh medium plus 10% FCS. Cells were washed with PBS and
used for subsequent experimentation after 24 h.

Statistical analysis. Data were obtained from at least three
experiments. Statistical analysis was preformed using SPSS
13.0 (SPSS, Inc., Chicago, IL, USA). Values are presented as
the mean + standard error of the mean. One-way analysis of
variance was used to assess differences between groups. The
Duncan's new multiple range test was subsequently employed
for pairwise comparisons followed by the Bonferroni
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correction. P<0.05 was considered to indicate a statistically
significant difference.

Results

EMT is involved in the development of GEM-resistant PC
PANC-1 cells. To investigate the mechanism underlying GEM
resistance in PC, a GEM-resistant PC PANC-1 cell model
(PAN/GEM) was first constructed. PAN/GEM cells were
developed by exposing PANC-1 cells to escalating concen-
trations of GEM in complete medium and evaluating which
cells demonstrated resistance to GEM. It was observed that
PAN/GEM cells grew faster compared with PANCI cells in
medium without GEM (data not shown). The cytotoxicity
of GEM on PAN/GEM and PANC-1 cells was evaluated by
analyzing cell growth using an MTT assay. The ICy, of GEM
was determined by exposing PAN/GEM and PANC-1 cells
to different concentrations of GEM for 48 h. ICs, values of
the two cell lines were respectively calculated to be 29.3 and
5.1 mmol/l (Fig. 1A). Furthermore, it was demonstrated that
GEM-resistant PAN/GEM cells exhibited EMT phenotypes
characterized by spindle-like morphology (Fig. 1B). The two
cell types were treated with 5 yM GEM for 48 h and prior
to visualizing their morphology. As expected, PANC-1 cells
were rounded and exhibited membrane blebbing, which is
an apoptotic feature. However, no significant alterations in
PAN/GEM morphology were observed (Fig. 1B). Additionally,
it was demonstrated that migration and invasion rates in
GEM-resistant PAN/GEM cells were significantly increased
(P<0.01; Fig. 1C and D). This was accompanied by significantly
decreased E-cadherin and increased Vimentin expression
(P<0.01; Fig. 1E), compared with PANC-1 cells, suggesting
that EMT was involved in the development of GEM resistance
in PANC-1 cells, and the enhancement of cellular motility.

Hyperthermia combined with GEM attenuates migration and
invasion in GEM-resistant PAN/GEM cells. To investigate
the effect of hyperthermia on migration and invasion of
GEM-resistant PAN/GEM cells, PC cells were treated with
hyperthermia at 42°C for 1 h and then treated with 5 M GEM
for 24 h. Transwell assays demonstrated that hyperthermia
combined with GEM significantly decreased the migration and
invasion in PAN/GEM cells compared with the GEM treatment
alone (P<0.01), while GEM alone treatment did not significantly
affect the migration and invasion compared with untreated
control group (Fig. 2A and B). These data implicated that hyper-
thermia combined with GEM was able to effectively eliminate
cellular resistance to GEM by inhibiting migration and invasion.

Hyperthermia reverses EMT in GEM-resistant PAN/GEM
cells. Toinvestigate the underlying mechanism of hyperthermia
inhibiting migration and invasion of GEM-resistant
PAN/GEM cells, cells were treated with hyperthermia at
42°C for 1 h, and then treated with 5 M GEM for 48 h. EMT
molecular markers were detected by RT-qPCR and western
blot analysis. The results demonstrated that GEM treatment
alone did not significantly alter the expression of E-cadherin,
Vimentin, MMP2/9 compared with untreated PAN/GEM
cells, while hyperthermia treatment alone at 42°C slightly
increased E-cadherin expression, and decreased Vimentin and
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Figure 1. Characterization of PAN/GEM and PANC-1 cells. (A) The cytotoxicity of GEM on cells was evaluated using a MTT assay. Cells were incubated
in 100 xl medium for 24 h, and then were treated with 0, 5, 10, 15, 20, 25 and 30 xuM GEM for 48 h. The ICs, values of the two cells were calculated. The
cytotoxicity was expressed as a percentage of GEM-untreated control. (B) PAN/GEM and PANC-1 cells were exposed to 5 M GEM for 48 h and then the
morphology was visualized using a vertical microscope (magnification, x100). (C) Cell migration and (D) invasion were assessed using a Transwell assay.
PAN/GEM cells demonstrated an increased migratory and invasive ability compared to PANC-1 cells. Migratory and invasive cells on the undersurface of
the polycarbonate membranes were observed using a light microscope (magnification, x100). Scale bar=100 ym. (E) E-cadherin and Vimentin expression in
PAN/GEM and PANC-1 cells were assessed by western blot analysis using an anti-E-cadherin or anti-Vimentin antibody. f-actin was detected as an internal
standard. The protein blots were quantified by densitometry and the amounts were expressed relative to the internal reference p-actin. “P<0.01 vs. PANC-1
cells. PAN/GEM, gemcitabine-resistant pancreatic cancer cell line PANC-1; E, epithelial.
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Figure 2. Effect of hyperthermia on migration and invasion in PAN/GEM cells. PAN/GEM cells were treated with or without hyperthermia at 42°C for 1 h
and then treated with 5 yM GEM for 24 h. (A) Cell migration and (B) invasion were evaluated using a Transwell assay. Migratory and invasive cells on the
undersurface of the polycarbonate membranes were observed by a light microscope (magnification, x100). Scale bar=100 ym. “P<0.01; N.S., no significance;
PAN/GEM, gemcitabine-resistant pancreatic cancer cell line PANC-1.
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Figure 3. Hyperthermia reverses EMT-associated markers expression in GEM-resistant PAN/GEM cells. PAN/GEM cells were treated with or without hyper-
thermia at 42°C for 1 h and then treated with 5 M GEM for 48 h. (A) The mRNA expression levels of EMT molecular markers E-cadherin, Vimentin, MMP2
and MMP9 were detected by reverse transcription-quantitative polymerase chain reaction and (B) the protein expression levels were detected by western blot
analysis using their specific antibodies. 3-actin was detected as an internal reference. The protein blots were quantified by densitometry and the amounts were
expressed relative to the internal reference (3-actin. (C) PAN/GEM cells were infected with or without an adenovirus Adfgal expressing TIMP2 or TIMP1 for
24 h and then were treated with hyperthermia at 42°C for 1 h, followed by treatment with 5 xM GEM for 24 h. Cell invasion was evaluated using a Transwell
assay. Scale bar=100 ym. "P<0.05; “P<0.01; N.S., no significance; PAN/GEM, gemcitabine-resistant pancreatic cancer cell line PANC-1; MMP, matrix metal-
loproteinase; TIMP, tissue inhibitor metalloproteinase; EMT, epithelial mesenchymal transition.

MMP2/9 expression (Fig. 3A and B). It was demonstrated that
hyperthermia combined with GEM significantly upregulated
E-cadherin, and downregulated Vimentin, MMP2 and MMP9
at the mRNA and protein levels to reverse EMT compared
with the GEM treatment alone (P<0.01; Fig. 3A and B).
These findings identified that hyperthermia at 42°C was
able to reverse EMT to mesenchymal-epithelial transition in
PAN/GEM cells, which may imply a mechanism for the effect
of hyperthermia combined with GEM on PC cell migration
and invasion. MMP2 and MMP9 have been demonstrated to
be overexpressed in a number of aggressive tumors, and to be
associated with tumor invasion (24). To confirm the mechanism
underlying hyperthermia combined with GEM inhibiting PC
cell invasion, TIMP1 and TIMP2 were introduced to inhibit
their catalytic activity by adenovirus Adfpgal expressing
TIMPI1 or TIMP2 infection (21). Following infection for
24 h, cell invasion was evaluated. The data demonstrated that
TIMP2 and TIMP1 significantly augmented the inhibition of
hyperthermia plus GEM on cell invasion (P<0.01; Fig. 3C).
The inhibitory effect of TIMP1 and TIMP2 on MMP2/9 was
confirmed by MMP2/9 activity detection using MMP2/9
activity assay kit (gelatin zymography) (data not shown).
These results suggest that hyperthermia plus GEM may
attenuate PC cell invasion by downregulating MMP2 and
MMP9.

Hyperthermia enhances sensitivity of GEM-resistant
PAN/GEM cells to GEM. To determine whether hyper-
thermia increases the sensitivity of PAN/GEM cells to GEM,
an MTT assay on PAN/GEM cells treated with or without
hyperthermia was performed. It was demonstrated that hyper-
thermia significantly enhanced cell growth inhibition induced
by 5 uM GEM in PAN/GEM cells, while hyperthermia or
GEM alone treatment did not significantly affect cell prolif-
eration compared with the control (P<0.01; Fig. 4). These data
indicated that PAN/GEM cells with hyperthermia treatment
exhibited markedly increased sensitivity to GEM compared
with without hyperthermia treatment.

Discussion

PC is an aggressive disease and a major cause of cancer-asso-
ciated mortality with the 5-year survival rate being <10%
worldwide (1,25). It has been demonstrated that ~80-95% of
patients are at the locally advanced or metastatic disease stage
when diagnosed (4) due to the unobservable symptoms of
PC (3). Thus, there is a need to identify strategies to treat and
manage PC. GEM is one of the chemotherapeutic agents used
to treat advanced PC. However, nearly all patients eventually
succumb to relapse due to drug resistance, thus making the
therapeutic efficacy of GEM significantly limited. Therefore,
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Figure 4. Hyperthermia enhances GEM inhibition of proliferation of PAN/GEM cells. PAN/GEM cells were treated with or without hyperthermia at 42°C for
1 h and then treated with or without 5 M GEM for 12, 24, and 48 h. (A) Cell proliferation was assessed using a MTT assay and growth curve were drawn.
(B) PAN/GEM cells were treated with or without hyperthermia at 42°C for 1 h and then treated with or without 5 M GEM for 48 h. Cell proliferation was
assessed using a MTT assay. “P<0.01; N.S., no significance; PAN/GEM, gemcitabine-resistant pancreatic cancer cell line PANC-1.

investigating effective therapeutic strategies are necessary to
overcome the acquisition of drug resistance. In the present
study it was demonstrated that hyperthermia was able to
attenuate the drug resistance of PC PANC-1 cells to GEM, and
hyperthermia in combination with GEM was able to inhibit
cell migration and invasion through EMT inhibition.

In the present study, a GEM-resistant PC cell line,
PAN/GEM, was developed by simulating the condition of drug
resistance development in vivo using increasing concentrations
of GEM. The cell proliferation assay demonstrated that the
IC5, of GEM in drug-resistant PAN/GEM cells at 48 h was
significantly increased compared with the parental PANC-1
cells. GEM at 5 pM did not significantly affect the proliferation
of PAN/GEM cells, while under identical conditions, the
proliferation of parental PANC-1 cells was reduced by ~50%,
suggesting that PAN/GEM cells demonstrated the resistance
to GEM and could be used in subsequent experiments.
In addition, it was demonstrated that generation of GEM
resistance caused the alteration of PANC-1 cell morphology
transforming from cobblestone-like epithelial cells into slender
spindle-shaped cells, suggesting the occurrence of the EMT
phenotype in resistant cells. In addition, EMT is characterized
by the loss of cell adhesion molecules, including E-cadherin
and elevation of mesenchymal markers such as Vimentin (11).
It was demonstrated that that GEM-resistant PAN/GEM
cells exhibited significant downregulation of E-cadherin
expression and upregulation of Vimentin expression compared
with parental PANC-1 cells. These data supported that the
development of PANC-1 cells resistant to GEM induced EMT.
A previous study indicated that EMT was involved in the
acquisition of drug resistance (9). Therefore, in the present
study it was hypothesized that EMT may be the mechanism
underlying the acquisition of GEM resistance in PANC-1 cells.

It has been reported that heating tumors may synergisti-
cally enhance antitumor effect of GEM (15,26) and that
hyperthermia exhibits an inhibitory effect on EMT (17). Thus,
PC cells were treated with different temperatures for different
durations and the optimized temperature at 42°C for 1 h was
chosen (data not shown). Under these conditions, hyperthermia
treatment alone did not significantly affect cell proliferation
and minimized cytotoxicity. Additionally, it was demonstrated
that the temperature of 42°C was able to effectively enhance the
effect of GEM on inhibiting PC cell migration and invasion.

E-cadherin has been identified as a tumor suppressor
in multiple cancer types (27), and has been demonstrated
to serve a role in limiting cell motility and migration (28).
In the present study, the expression level of E-cadherin was
analyzed at the mRNA and protein levels. When treated with
hyperthermia plus GEM, PC PANC-1 cells demonstrated
significantly increased E-cadherin expression, implying
that hyperthermia plus GEM may affect PC cell migra-
tion by upregulating E-cadherin. MMPs are a family of
zinc-dependent endopeptidases (29). MMP2 and MMP9
are family members of MMPs, and facilitate the invasion
of cancer cells (30,31). MMP2 and MMP9 expression are
associated with various morphological features in pancreatic
ductal adenocarcinoma (32). A previous study reported that
MMP?2 was involved in promoting invasion of hepatocellular
carcinoma cells (31). Furthermore, hyperthermia has been
reported to be able to inhibit cell metastases and down-
regulate the expression of cancer metastasis associated genes,
including membrane type 1-matrix metalloproteinase, which
is a known activator of latent MMP?2 (33). In the present study,
it was demonstrated that hyperthermia at 42°C significantly
decreased cell migration and invasion in resistant PAN/GEM
cells, and then the expression levels of MMP2 and MMP9 in
PANC-1/GEM cells following treated with hyperthermia plus
GEM were analyzed. The results demonstrated a significant
decrease in MMP2 and MMP9 expression at the mRNA
and protein levels in PANC-1/GEM cells treated with hyper-
thermia plus GEM compared with GEM treatment alone. It
suggested that hyperthermia combined with GEM affected
PC cell invasion through downregulating MMP2 and MMP9.
TIMP is an inhibitor of MMPs, which binds Zn?* at the
active site of MMPs to block catalytic activity (34). MMP2
and MMP9 inhibitors, TIMP2 and TIMP1 were used in the
present study to inhibit MMP activity. The inhibitory effect of
TIMP1 and TIMP2 on MMP2/9 was confirmed by MMP2/9
activity detection using MMP2/9 activity assay kit (gelatin
zymography; data not shown). TIMP2 and TIMP1 enhanced
the suppression of hyperthermia plus GEM on the invasion
of PC cells even if hyperthermia combined with GEM itself
could suppress the invasion of PC cells. Therefore, the present
study demonstrated that hyperthermia combined with GEM
probably affected GEM-resistant PC PANC-1 cell invasion by
downregulating MMP2 and MMP9.
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In conclusion, the results of the present study demonstrated

that hyperthermia at 42°C combined with GEM may be a more
effective way for improving the sensitivity of PC PANC-1 cells
to GEM and inhibiting cell invasion by reversing EMT. The
present study may provide a promising clinical therapeutic
strategy for PC. To verify the universality of the therapeutic
strategy in PC, additional PC cell lines are required to
complete the present study.
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