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cancer metastasis. In this study, we evaluated the effect of heat

treatment on tumor growth factor�β1 (TGF�β1)�induced EMT in

pancreatic cancer cells and tried to ascertain the mechanism

related to any observed effects. Human pancreatic cancer cell lines

(BxPC�3, PANC�1 and MIAPaCa�2) were stimulated by TGF�β1, and

evaluated for morphological changes using immunofluorescence

and EMT�related factors (i.e., E�cadherin, Vimentin, Snail or ZEB�1)

using RT�PCR. To examine the effect of heat on EMT, the cancer

cells were heat�treated at 43°C for 1 h then stimulated with TGF�β1.

We then evaluated whether or not heat treatment changed the

expression of EMT�related factors and cell migration and also

whether Smad activation was inhibited in TGF�β signaling. After

being treated with TGF�β1, pancreatic cancer cells resulted in EMT

and cell migration was enhanced. Heat treatment inhibited TGF�

β1�induced changes in morphology, inhibited the expression of

EMT�related factors, and attenuated TGF�β1�induced migration in

pancreatic cancer cells. Additionally, we observed that heat treat�

ment blocked TGF�β1�induced phosphorylation of Smad2 in PANC�1

cells. Our results suggest that heat treatment can suppress TGF�β1�

induced EMT and opens the possibility of a new therapeutic use

of hyperthermia as a potential treatment for cancer metastasis.
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IntroductionPancreatic cancer is the fifth most common cause of cancer-
related death in Japan. Factors responsible for high mortality

rates are late diagnosis due to the lack of early symptoms, extreme
difficulty in resecting the tumor, extensive metastasis, and high
resistance to treatment.(1) Unfortunately, there remains no effective
therapy available for this aggressive tumor. Gemcitabine is the
clinical standard for most chemotherapy regimens for pancreatic
cancer; however patients generally have limited response to this
therapy. To date, randomized trials of two regimens—gemicitabine
plus erlotinib and a combination of 5-FU (5-fluorouracil),
leucovorin, irinotecan, and oxaliplatin (FOLFIRINOX) have
demonstrated significant prolongation of overall survival (OS).(2,3)

However, gemcitabine plus erlotinib resulted in a statistically
significant but relatively small improvement (0.33 months) in
median OS (6.24 vs 5.91 months),(2) while the FOLFIRINOX
regimen proved quite toxic.(4) To this end, more effective, better
tolerated regimens are required to improve the outcome of patients
with advanced pancreatic cancer.

Hyperthermia has been shown to increase the cytotoxic effects
of some anti-cancer agents by facilitating increased drug penetra-
tion into tissues and causing thermal destruction of cancer cells.(5)

Numerous phase II and phase III studies have shown that hyper-
thermia is feasible and effective in a variety of solid tumors
especially if combined with chemotherapy or radiotherapy.(6–9)

Moreover, we have previously demonstrated the safety and
efficacy of a combined regional hyperthermia and gemcitabine
treatment in patients with advanced pancreatic cancer.(6) In this
phase II study, patients with locally advanced pancreatic cancer
had a better outcome than those with metastatic pancreatic cancer
(median OS, 17.7 vs 5.2 months, respectively). The results in
patients with locally advanced, non-metastatic pancreatic cancer
compare favorably with previous studies of 5-FU or gemcitabine
with radiation, which reported a median OS of 8–10 months.(10–12)

Since it has been proven that regional hyperthermia combined
with gemcitabine improve the prognosis of patients with locally
advanced pancreatic cancer, we hypothesized that epithelial-
mesenchymal transition (EMT) inhibition may be the principal
mechanism by which hyperthermia deters the progression of
pancreatic cancer.

Recently, it has been purported that EMT is crucial to cancer
invasion and metastasis.(13) The EMT phenotype is characterized
by (1) the loss of cell-to-cell adhesion with the disintegration of
tight, adherens, and gap junctions, and (2) a phenotypic change
where cells shift from an “epithelial” morphology to an elongated
fibroblast-like morphology which is associated with increased
motility and tumor invasion.(14) The process of EMT involves the
up-regulation of mesenchymal markers such as vimentin, N-
cadherin and fibronectin, and the down-regulation of epithelial
adhesion molecules such as E-cadherin and cytokeratins.(15,16)

EMT is triggered by the interplay of extracellular signals (such
as collagen) and many secrete soluble factors such as Wnt,
transforming growth factor-β (TGF-β), fibroblast growth factor,
epidermal growth factor, hepatocyte growth factor, and platelet-
derived growth factors. Among these signaling pathways, the
Wnt, TGF-β, Hedgehog, Notch, and nuclear factor-κB (NF-κB)
signaling pathways are critical for EMT induction.(15,17)

Coupled with its involvement in cancer metastasis, emerging
lines of evidence also suggest that there is a molecular link
between EMT phenotype and chemo-resistance or radio-
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resistance.(18–21) Reports have suggested that EMT is linked to
drug resistance in pancreatic cancer cell.(19,21) Thus, it is important
to control EMT to improve the clinical outcome of cancer patients,
because doing this could inhibit cancer metastasis and assist
patients to overcome chemo- or radio-resistance. With this in
mind, the objective of this study was to evaluate the effect of
hyperthermia on TGF-β1-induced EMT in pancreatic cancer cell
lines to assess if it is a promising alternative to current treatments.
Additionally, we aim to shed light on the mechanism of any
significant effects caused by hyperthermia.

Materials and Methods

Cell lines and culture. The human pancreatic cell lines
PANC-1 and MIAPaCa-2 were obtained from RIKEN Bio-
resource Center Cell Bank (Tsukuba, Japan) and BxPC-3 from
DS Phama Biomedical Co (Osaka, Japan). PANC-1 and BxPC-3
cells were cultured in Roswell Park Memorial Institute (RPMI)
1640 supplemented with 10% fetal bovine serum (FBS), L-
glutamine, and penicillin (100 U/ml)/streptomycin (100 μg/ml).
MIAPaCa-2 cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) low glucose supplemented with 10% FBS,
L-glutamine, and penicillin (100 U/ml)/streptomycin (2.5 μg/ml).
Cells were incubated at 37°C in a humidified atmosphere con-
taining 5% CO2.

Induction of EMT and heat treatment. EMT induction was
undertaken using TGF-β1 (R&D Systems, Minneapolis, MN).
PANC-1, MIAPaCa-2 and BxPC-3 cells were incubated in a
serum-free medium supplemented with 10 ng/ml TGF-β1 in a
humidified 5% CO2 atmosphere at 37°C for 48 h. Before exposing
cancer cells to TGF-β1, cells were incubated in a temperature-
controlled CO2 incubator at 43°C for 60 min. After the cells were
pretreated with heat, they were exposed to passive cooling in a
temperature controlled CO2 incubator at 37°C before further
examination.

Evaluation of cell migration using wound healing assay.
Wound-healing assay was performed as previously described
with minor modifications.(22) Briefly, the cells were seeded in
P60 culture dishes and cultured until they reached confluence.
The cells were then incubated with serum-free culture medium
for 24 h, and scraped with a 10 μl extra-long micro-pipette tip,
denuding a strip of the monolayer approximately 500 μl in
diameter. Cultures were washed twice with PBS to remove cell
debris and incubated with serum-free culture medium with and
without TGF-β1. After incubation, the cells were photographed
with a digital camera, and the migrated area was measured using
NIH Image (ver. 1.63) software. To ensure that the same wounds
were compared, we used a permanent marker to make positioning
marks at the bottom of the culture dishes. The migration area in
the wound was calculated according to the following formula:
cell free area at 0 h subtracted from the cell free area at 12, 18,
and 24 h. At least 8 fields were analyzed and the migrated area
was expressed as a percentage of the 0 h cell.

Immunocytochemistry. PANC-1, MIAPaCA-2 and BxPC-3
cells cultured in 35-mm μ-dishes (iBidi, Munich, Germany) were
washed with PBS and fixed with 4% paraformaldehyde for 20 min
at room temperature. Cells were then incubated with anti-E-
cadherin (R&D Systems) and anti-vimentin (Santa Cruz Bio-
technology, Santa Cruz, CA) for 2 h. Subsequently, cells were
incubated with fluorescence-labeled secondary antibodies (Alexa
Fluor 594, Life Technologies, Tokyo, Japan) for 1 h at room
temperature and staining was observed using epi-illumination on a
laser scanning confocal microscope (Olympus, Tokyo, Japan).

Reverse transcription�polymerase chain reaction (RT�
PCR). The expression levels of E-cadherin, Vimentin, Snail and
ZEB-1 mRNA were determined using real-time PCR. The samples
used for mRNA isolation were removed from the pancreatic
cancer cells (PANC-1, MIAPaCa-2 and BxPC-3). Total RNA was

isolated using the acid guanidinium phenol chloroform method
with Isogen (Nippon Gene Co. Ltd., Tokyo, Japan). The isolated
RNA was stored at –80°C until use in real-time PCR. Subse-
quently, 1 μg of extracted RNA was reverse-transcribed into first-
strand complementary DNA (cDNA) using the High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Foster,
CA). Real-time PCR for E-cadherin, Vimentin, Snail, ZEB-1 and
GAPDH was performed with the 7300 Real-Time PCR system
(Applied Biosystems) using the DNA-binding dye SYBR Green
to detect the PCR products. The primers had the following
sequences: for E-cadherin, sense 5'-GTCAGTTCAGACTCC-
AGCCC-3' and antisense 5'-AAATTCACTCTGCCCAGGACG-3';
for Vimentin, sense 5'-TCTACGAGGAGGAGATGCGG-3' and
antisense 5'-GGTCAAGACGTGCCAGAGAC-3'; for Snail, sense
5'-ACCACTATGCCGCGCTCTT-3' and antisense 5'-GGTCGT-
AGGGCTGCTGGAA-3'; for ZEB-1, sense 5'-TGGGATCAAC-
CACCAATGG-3' and antisense 5'-AAGTAACCCTGTGTA-
TTTCTGGATGA-3'; for GAPDH 5'-ACCACAGTCCATGCCA-
TCACT-3' and antisense 5'-CCATCACGCCACAGTTTCC-3'.

Western blotting. Cells were washed twice with ice-cold
PBS. After removing the upper PBS, the cell pellets were lysed
in Lysis Buffer (CelLytic M; Sigma-Aldrich Co., St. Louis,
MO), retrieved with a cell scraper and stirred and incubated on
ice for 15 min. The supernatants were collected and stored at
–80°C, and total proteins were mixed with an SDS sample buffer.
The samples were then subjected to 10% SDS-PAGE and blotted
onto a polyvinylidene fluoride membrane (Atto Corporation,
Tokyo, Japan). The membrane was then incubated with 10%
EzBlock (Atto Corporation) in TBS-T [10 mM Tris-HCl (pH 8.0),
150 mM NaCl, 0.1% Tween-20 V/V] for 30 min at room
temperature and washed with TBS-T three times. The membrane
was incubated for 1 h at room temperature with anti-E-cadherin
(R&D Systems), anti-phospho-Smad2 (UPSTATE, Lake Placid,
NY) and anti-Smad2 (Cell Signaling Technology, Beverly, MA)
in TBS-T (diluted 1:500). Following this the membrane was
then incubated with the secondary anti-rabbit and mouse IgG
antibodies (GE Healthcare, Tokyo, Japan) in TBS-T (diluted
1:1000) for 1 h at room temperature. Immuno-complexes were
detected using Western blotting (ECL plus; GE Healthcare Bio-
Sciences K.K., Tokyo, Japan).

Statistical Analysis. All analyses were performed using the
GraphPad Prism 5 program (GraphPad Software Inc., San Diego,
CA). The results are presented as mean ± SEM An analysis of
variance (ANOVA) and Tukey’s Multiple Comparison Test were
used to compare the mean values. The criterion for statistical
significance was taken as p<0.05.

Results

Heat treatment inhibits morphplogic changes consistent
with EMT in the presence of TGF�β1. After being treated with
TGF-β1, the morphology in pancreatic cancer cells changed from
a typical epithelium to a mesenchymal spindle shape. Heat treat-
ment for 1 h prior to TGF-β1 exposure inhibited morphologic
changes consistent with EMT. Especially in MIAPaCa-2 which is
originally circular, the morphology was quite obvious (Fig. 1).

Effects of heat treatment on molecular marker of EMT.
Immuno-fluorescence staining for E-cadherin (epithelial marker)
was done on PANC-1, MIAPaCa-2, and BxPC-3 cells. The
expression of E-cadherin was observed in only BxPC-3 cells,
however, it was not observed even in the absence of TGF-β1 in the
other two cell lines (i.e., PANC-1, MIAPaCa-2) (data not shown).
After exposure to TGF-β1 for 48 h, E-cadherin expression of
BxPC-3 cells was weaker, but it was reversed when pre-treated
with heat (Fig. 2A). To further confirm our observation, we
assessed the E-cadherin protein expression levels by Western
blot (Fig. 2B). The expression of E-cadherin slightly decreased
after exposure to TGF-β1, and post heat treatment its expression
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distinctly increased. As shown in Fig. 3A, in three pancreatic
cancer cell lines that underwent EMT after being treated with
TGF-β1, the expression of vimentin, which is one of the mesen-
chymal markers, was observed in cells that acquired a mesen-
chymal spindle-shape. Heat treatment reduced the expression of
vimentin induced by TGF-β1 (Fig. 3A). We assessed the levels of
vimentin and transcriptional suppressors of E-cadherin (i.e., Snail
or ZEB-1) by quantitative RT-PCR. In BxPC-3 and MIAPaCa-2
cells, the expression of vimentin was significantly up-regulated
by TGF-β1 treatment, however post heat treatment vimentin
expression was blocked. In PANC-1 cells, vimentin expression
showed a similar albeit insignificant tendency (Fig. 3B). In
regards to the transcriptional suppressors of E-cadherin, the
expression of Snail was up-regulated by TGF-β1 treatment in
PANC-1 and MIAPaCa-2 cells; subsequently this up-regulation
was significantly blocked by heat treatment in MIAPaCa-2 cells.

In PANC-1 cells, heat treatment tended to attenuate TGF-β1-
induced Snail expression (Fig. 3B). In BxPC-3 cells, the expres-
sion of Snail did not change significantly after exposure to both
TGF-β1 and heat treatment (data not shown); this lead us to take
a look at ZEB-1 expression in BxPC-3 cells. We observed that
ZEB-1 expression was up-regulated by TGF-β1 treatment in
BxPC-3 cells, and this up-regulation was then significantly
blocked by heat treatment (Fig. 3B).

Heat treatment inhibits the phosphorylation of Smad2.
To elucidate the mechanism by which heat treatment inhibits

TGF-β1-induced EMT, the role of heat in regulating of Smad2
expression and phosphorylation, which is involved in the sig-
naling pathway of TGF-β, was investigated in PANC-1 cells by
Western blot. Exposure of cells to TGF-β1 resulted in the phos-
phorylation of Smad2 and heat treatment blocked the TGF-β1-
induced phosphorylation of Smad2. Although exposure to TGF-β1

Fig. 1. Morphological changes after TGF�β1 and heat treatment in MIAPaCa�2 cells. Control: untreated cells. TGF�β1: Cells were treated with TGF�β1
(10 ng/ml) for 48 h. TGF�β1 + HT (heat treatment): Cells were heat�treated at 43°C for 1 h then stimulated with TGF�β1.

Fig. 2. Immunofluorescence staining and Western blot analysis of E�cadherin in BxPC�3 cells. After exposure to TGF�β1 (10 ng/ml) for 48 h, E�
cadherin expression in BxPC�3 cells weakened, but it was reversed by 1 h of heat treatment. HT: heat treatment.
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decreased Smad2, heat treatment did not affect total Smad2 levels
in cells exposed to TGF-β1 (Fig. 4).

Heat treatment suppresses migration potential of PANC�1
cells. Next, using wound healing assays, we examined the effect
of heat treatment on the migratory capability of PANC-1 cells.
Twenty four hours after the induction of the scratch wound, cell
migration into the wound was captured by microscope. Significant

wound healing was seen after 24 h in cells treated with TGF-β1
compared to the control (absence of TGF-β1). Heat treatment
inhibited wound closure in cells treated with TGF-β1 (Fig. 5),
therefore it is safe to conclude that heat treatment can inhibit
TGF-β1-induced migration in PANC-1 cells.

Discussion

Our focus in this study was to assess if heat treatment could
inhibit EMT in pancreatic cancer cells and to further understand
the mechanism involved. The results obtained so far indicate that
heat treatment suppressed TGF-β1-induced EMT in pancreatic
cancer cells. Moreover, our results strongly suggest that heat
treatment inhibits TGF-β1-induced Smad2 activation in PANC-1
cells. This inhibition of Smad2 is considered to be one of the
principal mechanisms for how heat treatment prevents TGF-β1-
induced EMT. While there is one other research group that
supports our result that heat treatment inhibits EMT in hepato-
cellular carcinoma cells,(23,24) the precise mechanisms of this
inhibitory effect was not uncovered in their published reports and
is still unknown. This is the first report to our knowledge that has
described the mechanisms of the inhibitory effect of heat on EMT,
involving the TGF-β/Smad signaling pathway.

Our results so far indicate that hyperthermia holds promise as a
treatment for cancer metastasis. This is not surprising as several
reports exist that suggest that hyperthermia has the potential to
attenuate malignancy metastasis. Nagashima et al.(25) reported

Fig. 3. Immunofluorescence staining for Vimentin (A) and reverse transcription�polymerase chain reaction analysis of Vimentin and Snail or ZEB�1
expressions (B) in three pancreatic cell lines. (A) Immunofluorescence staining for Vimentin (red) and nucleus (green). (B) The bars depict the relative
expression levels of Vimentin and Snail or ZEB�1 after normalization to GAPDH. *p<0.05, **p<0.01, ***p<0.001. HT: heat treatment.

Fig. 4. Western blot analysis of Smad2 and p�Smad2 in PANC�1 cells.
HT: heat treatment.
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that hyperthermia, consisting of two 40-min sessions of radio-
frequency capacitive local heating at 43°C, significantly decreased
cervical lymph node metastasis from oral squamous cell carci-
nomas in hamsters. Moreover, clinical trial has demonstrated
that local hyperthermia could be effective at treating cervical
lymph node metastasis of oral cancer.(26) Although the exact
mechanism of how hyperthermia inhibits metastases remains
unclear, the expressions of several genes related to cancer
metastasis such as membrane type 1-matrix metalloproteinase
(MT1-MMP),(27) vascular endothelial growth factors (VEGFs),(28,29)

and urokinase type plasminogen activator receptor (uPAR)(30)

were shown to be down-regulated by heating. This supports the
notion that hyperthermia alters the metastatic capacities of tumors
by regulating metastasis related genes. While some progress is
being made in this regard, there are few reports about the effects
of hyperthermia on EMT, which is crucial in cancer invasion and
metastasis.

EMT is triggered either by environmental stresses such as
inflammation, reactive oxygen species, hypoxia and anoxia/
repxygenation or by a number of extracellular mediators, in-
cluding TGF-β, fibroblast growth factor-2 and epidermal growth
factor.(31,32) In studies conducted by Xu et al.,(23,24) it was demon-
strated that hyperthermia inhibits both TGF-β-induced and
hypoxia-induced EMT in HepG2 hepatocellular carcinoma
cells. However, the mechanism by which hyperthermia attenuates
the expression of Snail using these two intracellular signaling
pathways was not made clear. What is known, is that the Smad
pathway, a major transducer of TGF-β signaling,(33) is important
in TGF-β-induced EMT, and the hypoxia-induced factor-1 (HIF-1)
is the primary factor mediating hypoxia-induced EMT. In our
study, we have demonstrated that heat treatment attenuated the
phosphorylation of Smad2 induced by TGF-β1 in PANC-1 cells.
While TGF-β-induced phosphorylation of Smad2 in PANC-1 cells
was not so pronounced in this study, Horiguchi et al.(34) have
recently reported that Ras signaling is important for the TGF-β-
induced Snail expression in PANC-1 cells. Thus, we hypothesize
that this inhibition of the phosphorylation of Smad2 in TGF-β
signaling is one of the mechanisms by which heat treatment
suppresses TGF-β1-induced EMT.

Heat stress elicits a wide spectrum of stress responses, including
an induction of heat shock proteins (HSPs), DNA and RNA
damage and reactive oxygen species production in mammalian

cells. Most HSPs play important roles as protein chaperones,
regulators of protein folding, supporters of the formation of
protein complexes and regulators of protein degradation.(35,36)

Recently it has been revealed that several HSPs are involved
in EMT of renal tubular epithelial cells,(37–39) lung cells,(40) and
prostate cancer cells.(41) While there is some agreement as to the
characteristics of HSPs, their effect on EMT is still controversial.
For example, HSP72 has been shown to inhibit TGF-β1-induced
EMT in renal epithelial cells by preventing TGF-β1-induced
phosphorylation and nuclear translocation of Smad and p-
Smad.(37,38) In contrast, Noh et al.(39) have demonstrated that
HSP90 inhibitor blocks TGF-β1-induced Smad phosphorylation
and induces the degradation of TGF-β type II receptor (TβRII),
thereby preventing TGF-β-stimulation from inducing EMT.
HSP27 is considered to be a component of several pathways,
including the IL-6/STAT3 pathway, known to induce EMT, in
prostate cancer.(41) Additionally, the inhibition of HSP27 blocks
EMT features by promoting Snail degradation in lung cells.(40)

In each study the observed effects of HSPs on EMT was different
and this may have resulted in part, not only from different kind
of HSPs addressed in the studies, but also from the different
types of cells that were used. Since heat can strongly induce
HSP72, it is possible that heat-induced HSP72 is involved in
blocking TGF-β1-induced Smad phosphorylation in the present
study. However, hyperthermia can induce not only a multitude of
HSPs but also various cellular responses. We have shown that
hyperthermia inhibits the activation of NF-κB, which can regulate
EMT-inducing transcription factors, in pancreatic cancer cells.(42)

Several molecular mechanisms might underlie the inhibitory
effect of hyperthermia on EMT. However additional study is
required to clarify the precise mechanisms underlying the inhibi-
tory effects of hyperthermia on EMT.

In conclusion, this study has demonstrated for the first time
that hyperthermia inhibits TGF-β1-induced EMT by blocking
Smad2 phosphorylation in pancreatic cancer cells. EMT is more
than a feature of metastatic cells; it is a characteristic of cancer
stem cells and is associated with treatment resistance.(18–21,43) Our
previous studies have shown the potential of hyperthermia for
overcoming gemcitabine resistance in pancreatic cancer.(42) These
results combined with the results presented in this study strongly
suggest that hyperthermia could improve the prognosis of
pancreatic cancer by suppressing cell metastasis.

Fig. 5. Migration assay of PANC�1 cells exposed to TGF�β1 with or without heat treatment. Twenty four hours after wound scratch, cell migration
into the wound was captured by microscope. Cell migration was quantified in eight experiments: each line represents the ratio of time 0. *p<0.05,
***p<0.001. HT: heat treatment.
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