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Abstract
AIM: To investigate the effect of hyperthermia on hy-
poxia-induced epithelial-mesenchymal transition (EMT) 
in HepG2 hepatocellular carcinoma (HCC) cells, and its 
mechanism.

METHODS: Cells were treated with hyperthermia at 
43 ℃ for 0.5 h, followed by incubation under hypoxic 
or normoxic conditions for 72 h. Cell morphology was 
observed. Expressions of E-cadherin and vimentin were 
determined by immunofluorescence assay or Western 
blot. The protein and mRNA expressions of Snail were 
also determined by Western blot and reverse transcrip-
tion-polymerase chain reaction. Cell migratory capacity 
was evaluated.

RESULTS: Hypoxia induced EMT in HepG2 cells, which 
was evidenced by morphological, molecular and func-

tional changes, including the formation of a spindle 
shape and the loss of cell contact. The expression of 
E-cadherin was decreased but the expression of vimen-
tin was increased; also, the migratory capability was in-
creased by 2.2 ± 0.20-fold as compared with normoxia. 
However, those effects were inhibited by hyperthermia 
pretreatment. Furthermore, protein synthesis and mRNA 
expression of Snail in the cells were enhanced by hy-
poxia as compared with normoxia, and also significantly 
inhibited by hyperthermia pretreatment.

CONCLUSION: Hyperthermia may inhibit hypoxia-
induced EMT in HepG2 HCC cells, and the mechanism 
may involve inhibition of induced expression of Snail.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is a major health prob-
lem worldwide, and ranks third in the leading causes of  
cancer mortality[1]. There are approximately 560 000 new 
cases diagnosed each year, and around 550 000 deaths 
occur mostly in developing countries[2]. However, the 
choices for its treatment, especially for advanced HCC, is 
limited, and the prognosis is poor. 
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Hyperthermia is a physical treatment with fewer side 
effects than chemotherapy and radiotherapy. Numerous 
phase Ⅱ/Ⅲ studies have shown that hyperthermia is 
feasible and effective especially if  combined with che-
motherapy or radiotherapy in a variety of  solid tumors 
(e.g., melanoma, breast cancer, HCC)[3-5]. It is reported 
that local hyperthermia can inhibit metastasis in an ani-
mal model[6]; however, the exact mechanisms remain 
unclear. Epithelial-mesenchymal transition (EMT) is a 
key step during cancer invasion and metastasis[7], and has 
been associated with cancer stem cells and resistance to 
chemotherapy and radiotherapy[8-10]. In the present study, 
we investigated the effect of  hyperthermia on hypoxia-
induced EMT in HepG2 HCC cells, and its underlying 
mechanism.

MATERIALS AND METHODS
Cell line culture
The human HCC cell line HepG2 (Wuhan University 
Cell Center) was cultured in RPMI1640 medium supple-
mented with 10% fetal bovine serum, 100 U/mL strepto-
mycin, and 100 U/mL penicillin in a humidified 5% CO2 
atmosphere at 37 ℃.

Cell hyperthermia and hypoxia treatment
Water-bath warming was performed and the temperature 
was controlled at 43 ℃. The cell culture bottles were 
packaged and put into the water at 43 ℃ for 0.5 h. Then 
the culture bottles were returned to the cell-incubator 
immediately and incubated at 37 ℃ for 24 h. Thereafter, 
the cells were incubated under hypoxic (1% O2, 5% CO2, 
37 ℃) or normoxic (21% O2, 5% CO2, 37 ℃) conditions 
for 72 h.

Immunofluorescence detection of E-cadherin
After hyperthermia, cells were plated on sterile coverslips. 
After 24 h, the cells were treated with hypoxia as men-
tioned above. Then, the cells were fixed in 4% formalde-
hyde, permeabilized with 0.2% Triton X-100, and blocked 
with 10% goat serum for 60 min at room temperature. 
Thereafter, cells were incubated with antibodies specific 
for goat E-cadherin (SC-31020, diluted 1:50) at 4 ℃ over-
night. After washes with phosphate-buffered saline (PBS) 
3 times, the cells were incubated with Alexa Fluor® 488 
mouse anti-goat IgG (H+L) (A11078, diluted 1:200) for 
60 min at room temperature. The expression of  E-cad-
herin was detected under the fluorescence microscope.

Western blot analysis
Protein lysates were prepared using total protein ex-
traction kit (ProMab, SJ-200501), and stored at -20 ℃ 
until assay. The protein concentrations were determined 
with the Bradford method. The equivalent aliquots of  
protein were separated by 10% sodium dodecylsulfate 
polyacrylamide gel electrophoresis, then transferred onto 
a nitrocellulose filter. The filters were blocked with 5% 
nonfat dry milk in PBS for 2 h at 37 ℃. After washing 

with PBST (PBS with Tween 20), they were incubated at 
4 ℃ overnight with goat E-cadherin (SANTA, SC-31020, 
diluted 1:400), mouse vimentin (ProMab, 20301, diluted 
1:1000), mouse Snail (CST, 3895, diluted 1:500) or mouse 
beta-actin (ProMab, 20270, diluted 1:1000) antibodies. 
Following 4-time PBST washing, the filters were incubat-
ed with secondary antibody of  horseradish peroxidase-
conjugated rabbit anti-goat IgG (diluted 1:4000, for 
E-cadherin) or goat anti-mouse IgG (diluted 1:5000, for 
vimentin, Snail and β-actin) for 1 h at room temperature. 
The immunoreactive proteins were detected using an en-
hanced chemiluminescent detection system.

Reverse transcription-polymerase chain reaction analysis
Total RNA was isolated using TRIzol reagent (Invit-
rogen) as suggested by the supplier. One micrograms 
of  total RNA were reverse-transcribed. The sequences 
for forward and reverse primers were 5’-TCAACTG-
CAAATACTGCAAC-3’ and 5’-CTTGACATCTGAGT-
GGGTCT-3’ (Snail), and 5’-ACCACAGTCCATGC-
CATCAC-3’ and 5’-TCCACCACCCTGTTGCTGTA-3’ 
(glyceraldehyde-3-phosphate dehydrogenase, GAPDH). 
The sizes of  their amplified fragments were 242 and 450 
bps, respectively. Amplification was performed with 40 
cycles with initial incubation at 95 ℃ for 5 min and final 
extension at 72 ℃ for 5 min. Each cycle consisted of  
denaturation for 30 s at 94 ℃, annealing for 30 s at 54 ℃ 
and extension for 30 s at 72 ℃. Following PCR, 10 μL 
samples of  amplified products were resolved by electro-
phoresis in 1% agarose gel, then stained with ethidium 
bromide. The levels of  Snail expression were semiquan-
titatively evaluated using a Kodak ultraviolet imaging 
system and an image analysis system (Vilber Lourmat, 
France), and normalized to GAPDH.

Cell migration assay
Cell migration was assessed using 6.5-mm Costar Tran-
swell chambers with 8 μm pores (Corning). Cells were 
trypsinized and resuspended in serum-free medium con-
taining 0.5% bovine serum albumin. Cells (5 × 104) were 
plated in the upper chamber in the above serum-free me-
dium, and 1 mL serum-containing standard medium was 
placed in the lower chamber as a chemoattractant. The 
system was incubated in 1.0% or 21% O2 for 24 h. After 
incubation, the nonmigrating cells were removed from 
the upper surface of  the Transwell membrane by a cotton 
swab, and the membrane was fixed with 95% ethanol for 
15-20 min before staining with hematoxylin and eosin. 
Cells that migrated through the membrane to the lower 
surface were counted under light microscopy.

Statistical analysis
Data were pooled from at least three independent experi-
ments, and presented as mean ± SD unless otherwise in-
dicated. Differences between groups were analyzed using 
one-way analysis of  variance. All the statistical analyses 
were performed with SPSS13.0. P < 0.05 was considered 
statistically significant.
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RESULTS
Effects of hyperthermia and hypoxia on cell morphology
Folding and corrugation of  the cell membrane, and a 
number of  vacuoles in the cytoplasm were observed after 
hyperthermia at 43 ℃ for 0.5 h. The cells cultured in 1.0% 
O2 for 72 h showed a spindle shape and lost cell contact. 
However, these features were partially inhibited by pre-
treatment with hyperthermia (Figure 1).

Effects of hyperthermia and hypoxia on expressions of 
E-cadherin and vimentin
Expressions of  E-cadherin were determined by immuno-
fluorescence assay and Western blot. As shown in Figure 
2, E-cadherin immunofluorescence staining intensity was 
significantly decreased in cells after incubation in 1.0% 
O2 for 72 h as compared with cells cultured in normoxic 
conditions. However, hyperthermia pretreatment signifi-
cantly blunted the above effects caused by hypoxia. As 
compared with untreated cells, hyperthermia alone mod-
erately increased the immunofluorescence intensity of  
E-cadherin staining.

Consistent with the results obtained in immunofluo-
rescence assays, Western blot analysis also showed that, 
under hypoxia, the expression of  E-cadherin was sig-
nificantly reduced, but the expression of  vimentin was 
substantially increased when compared with normoxia. 
These effects were blunted after hyperthermia pretreat-
ment (Figure 3). Hyperthermia alone also moderately 

increased the expression of  E-cadherin but decreased the 
expression of  vimentin compared with untreated cells.

Effects of hyperthermia and hypoxia on the protein and 
mRNA expressions of Snail
The protein and mRNA expressions of  Snail were de-
termined by Western blot and reverse transcription-poly-
merase chain reaction analysis, respectively. Similar to the 
expression of  vimentin, the protein expression of  Snail 
was significantly increased under hypoxia as compared 
with normoxia, and hyperthermia pretreatment inhibited 
the effect induced by hypoxia (Figure 4A). Hyperthermia 
alone moderately decreased the protein expression of  
Snail compared with untreated cells.

Consistent with protein expression, Snail mRNA ex-
pression was induced under hypoxia, but its induction was 
inhibited by hyperthermia pretreatment (Figure 4B). Hy-
perthermia alone also moderately decreased the mRNA 
expression of  Snail compared with untreated cells.

Effects of hyperthermia and hypoxia on cell migration
Transwell chamber assays were performed to investigate 
the migratory capability of  HepG2 cells treated with hy-
perthermia and hypoxia. Under hypoxia, cell migration 
was increased by 2.2 ± 0.20-fold as compared with nor-
moxia (P < 0.01), which was attenuated to 1.4 ± 0.25-fold 
by hyperthermia pretreatment (Figure 5). Hyperthermia 
alone moderately decreased the cell migration compared 
with untreated cells.

A B

C D

Figure 1  Morphologic changes after hyperthermia or hypoxia treatment in HepG2 cells. A: Cells were cutured in 21% O2 for 72 h; B: Cells were cultured in 1.0% 
O2 for 72 h; C: Cells were treated with hyperthermia at 43 ℃ for 0.5 h, followed by treatment with normoxia; D: Cells were treated with hyperthermia at 43 ℃ for 0.5 h, 
followed by treatment with hypoxia.
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DISCUSSION
Hypoxia is a common hallmark of  solid cancers, includ-
ing liver cancer, and is associated with treatment failure 
and poor prognosis[11,12]. Previous studies have shown 
that it can induce both chemo- and radio-resistance, and 
also promotes cell migration, invasion and metastasis[11-13]. 
EMT, originally identified as a process vital for morpho-
genesis during embryonic development, is now recog-
nized as a key step during cancer invasion and metasta-
sis[7], and has been associated with cancer stem cells and 
resistance to chemotherapy and radiotherapy[8-10]. EMT is 
characterized by the loss of  epithelial cell markers such as 

adherens protein E-cadherin, the acquisition of  mesen-
chymal markers such as vimentin and fibronectin, and an 
increase in cell motility[9]. Several studies have shown that 
hypoxic conditions can induce EMT in cancer cells, the 
mechanisms of  which may involve reactive oxygen spe-
cies generated during hypoxia, hypoxia-inducible factor-
1α and phosphoinositide-3-kinase/Akt signaling[14-16]. 
Consistent with other studies, the present study showed 
that hypoxia induced morphological (spindle shape and 
loss of  cell contact), molecular (decreased E-cadherin but 
increased vimentin expressions) and functional (increased 
cell migration) changes in HepG2 HCC cells, all of  which 
are in line with EMT.

A B

C D

Figure 2  Immunofluorescence assay of E-cadherin in HepG2 cells. A: Untreated cells; B: Hypoxia-treated cells; C: Hyperthermia-treated cells; D: Hyperthermia + 
hypoxia-treated cells.
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Figure 3  Western blot analysis of E-cadherin and vimentin expression in HepG2 cells. Lanes 1, 2, 3 and 4 represent untreated cells, hypoxia-treated cells, 
hyperthermia-treated cells and hyperthermia + hypoxia-treated cells, respectively. The bar graphs show the relative expression levels of indicated proteins after nor-
malization to β-actin. aP < 0.05 vs untreated cells; cP < 0.05 vs hypoxia-treated cells.
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In recent years, hyperthermia has emerged as an ef-
fective approach for cancers, with fewer side effects than 
chemotherapy and radiotherapy. Clinical studies have 
shown that hyperthermia, usually classified as local, re-
gional and whole body, is a tolerable and clinical practical 
adjunctive therapy for the patients with advanced malig-
nant tumors[3-5]. Previous reports have demonstrated that 
local hyperthermia can inhibit tumor metastasis in animal 
model[6]. Furthermore, the expressions of  some genes 
associated with metastasis such as vascular endothelial 
growth factor, membrane type 1-matrix metalloprotein-
ase, were shown to be suppressed by heating[17-19]. In the 
present study, we found that hyperthermia can inhibit hy-

poxia-induced EMT, as hyperthermia before hypoxia ex-
posure significantly blunted the inhibition of  E-cadherin, 
the induction of  vimentin expressions, and the increase 
of  cell migration triggered by hypoxia in HepG2 HCC 
cells. These findings suggested that hyperthermia may 
alter the metastatic potential of  cancer cells and inhibit 
tumor metastasis.

A number of  transcription factors have been found 
to play an important role in EMT, including zinc finger 
homologs (e.g., Snail), basic helix-loop-helix transcription 
factors (e.g., Twist) and ZEB family members (ZEB1, 
ZEB2/SIP1)[9]. Snail has been found to be expressed in 
numerous human tumors, including gastric and hepatic 
carcinoma[20-22], and has been described as a direct repres-
sor of  E-cadherin both in vitro and in vivo through binding 
to E-box elements in the E-cadherin promoter, repress-
ing its expression and producing changes in cell pheno-
type consistent with EMT[23,24]. Our experiments showed 
that hypoxia induced mRNA and protein expressions of  
Snail in HepG2 HCC cells, which may be involved in the 
mechanism of  hypoxia-induced EMT. However, the in-
duction of  Snail expressions by hypoxia was inhibited by 
hyperthermia pretreatment. Therefore, the mechanism by 
which hyperthermia inhibits hypoxia-induced EMT may 
involve the reduction in Snail expression.

Taken together, the present study demonstrated that 
hyperthermia inhibits hypoxia-induced EMT in HepG2 
HCC cells, and the mechanism may be associated with 
the reduction of  mRNA and protein expressions of  Snail. 
This study provides further evidence that hyperthermia 
can inhibit tumor metastasis.
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Figure 4  Western blot and reverse transcription-polymerase chain reaction analysis of Snail expression in HepG2 cells. A: Western blot: Lanes 1, 2, 3 and 
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COMMENTS
Background
Epithelial-mesenchymal transition (EMT) has been recognized as a key step 
during cancer invasion and metastasis, and may be induced by environmental 
stresses such as hypoxia, reactive oxygen species, and growth factors such as 
transforming growth factor β1. Hypoxia is a common phenomenon in solid tu-
mors, and hypoxic conditions are known to induce EMT in cancer cells. Hyper-
thermia is a potent approach for cancers with fewer side effects compared with 
chemotherapy and radiotherapy. Recent reports have shown that local hyper-
thermia can inhibit tumor metastasis in an animal model, and the mechanisms 
are associated with vascular endothelial growth factor, membrane type 1-matrix 
metalloproteinase. However, the effect of hyperthermia on EMT of cancer cells 
is unknown.
Research frontiers
EMT plays an essential role in tumor progression and metastasis, and has 
been associated with cancer stem cells and resistance to chemotherapy and 
radiotherapy. To reverse EMT or to target EMT related pathways is a promising 
novel approach to overcome the chemoresistance and radioresistance for can-
cer treatment, and to help prevent tumor metastasis.
Innovations and breakthroughs
Hyperthermia can inhibit EMT induction in cancer cells, suggesting that hy-
perthermia may alter the properties of metastatic potential of cancer cells and 
inhibit tumor metastasis. Furthermore, the mechanism of inhibition is associated 
with inhibition of expression of the transcription factor Snail.
Applications
The results of the study provide a novel theoretical basis for hyperthermia in 
the treatment of malignant tumors, especially combined with chemotherapy or 
radiotherapy.
Terminology
EMT is a physiological and pathological process in which epithelial cells acquire 
the motile and invasive characteristics of mesenchymal cells. EMT is character-
ized by the loss of epithelial cell markers such as E-cadherin, the acquisition of 
mesenchymal markers such as vimentin and fibronectin, and an increase of cell 
motility. EMT has been recognized as a key step during embryonic morphogen-
esis, heart development, chronic degenerative fibrosis, and cancer metastasis.
Peer review
The paper described the effect of hyperthermia on EMT in HepG2 hepatocellu-
lar carcinoma cells, and its associated mechanism. The authors concluded that 
hyperthermia may inhibit EMT induction in cancer cells and the mechanism is 
associated with inhibition of expression of the transcription factor Snail. The re-
sults are interesting, but the mechanism needs to be further studied, especially 
employing Snail knockdown technique.
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