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Abstract. Hyperthermia (HT) is considered to be of value
as a treatment modality in various cancers. However, the
acquisition of thermotolerance in cancer cells due to the
induction of heat shock proteins (HSPs) makes HT less effective. Recent findings have indicated that heat shock protein
nuclear import factor hikeshi (HIKESHI), also referred
to as C11orf73, acts as a nuclear import carrier of Hsp70
under heat stress conditions. The aim of the present study
was to determine whether knockdown (KD) of HIKESHI
by small interfering RNA (siRNA) can potentiate mild HT
(MHT) sensitivity in human oral squamous cell carcinoma
(OSCC) HSC‑3 cells. The mRNA and protein expression of
HIKESHI was found to be markedly suppressed in HSC‑3
cells treated with siRNA for HIKESHI (siHIKE). Silencing
HIKESHI significantly decreased the cell viability under

MHT conditions (42˚C for 90 min). Immunocytochemical
and western blot analyses clearly demonstrated that Hsp70
protein translocated from the cytoplasm to the nucleus under
MHT conditions, and this translocation was significantly
inhibited in cells treated with siHIKE. Treatment of the cells
with MHT transiently increased the phosphorylation level of
extracellular signal‑regulated kinase (ERK)2. Furthermore,
the phosphorylation was sustained in HIKESHI‑KD cells
under MHT conditions, and this sustained phosphorylation
was abolished by pretreatment with U0126, an inhibitor of
mitogen‑activated protein kinase/ERK. In addition, U0126
significantly decreased the viability of cells treated with the
combination of HIKESHI‑KD and MHT. The data of the
present study suggest that HIKESHI silencing enhanced the
sensitivity of human OSCC HSC‑3 cells to MHT.
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The use of hyperthermia (HT) has been gradually increasing
over the past three decades. In general, temperatures ranging
from 40 to 45˚C are used in locoregional treatment, whereas
temperatures of up to 42˚C are used in cases requiring
whole‑body HT. HT combined with chemotherapy, radiotherapy, or both, is considered as a promising approach to
cancer therapy (1‑10). However, the thermotolerance due to
the upregulation of heat shock proteins (HSPs) in some cancer
cells is a limiting factor that reduces the efficacy of HT in the
clinical setting (11‑15).
HSPs are highly conserved proteins occurring in almost
all organisms and they are classified by their molecular
weight; these include heat shock 27 kDa protein (HSPB),
DnaJ (Hsp40) homolog (DNAJ), heat shock 60 kDa protein
(HSPD), heat shock 70 kDa protein (HSPA), heat shock
protein 90 (HSP90) and heat shock 105/110 kDa protein
(HSPH) in humans. HSPs act as molecular chaperones, and
their expression is induced by various stressors, including
heat (16‑20). The induction of HSPs principally occurs
through the activation of heat shock transcription factor 1
(HSF1), which binds to conserved regulatory sequences,
referred to as heat shock elements, which are located in
the promoter regions of inducible HSP genes (21,22). It has
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been well established that HSPs, particularly Hsp70, exert a
cytoprotective effect against stressors and play a key role in
the development of thermotolerance (19,23). Several studies
demonstrated that abrogation of HSF1 (24,25), Hsp70 (26)
or Hsp105 (27) expression increased the sensitivity of
human cancer cells to heat stress. In response to heat stress,
Hsp70 rapidly translocates from the cytoplasm into the
nucleus (28,29). Kose et al (30) reported for the first time
that the nuclear import of Hsp70 is mediated by the heat
shock protein nuclear import factor hikeshi (HIKESHI), also
referred to as C11orf73, under conditions of heat‑induced
stress. Although silencing of HIKESHI had no discernible
effect under normal conditions, it was found to significantly
inhibit the nuclear translocation of Hsp70 or to reduce cell
viability after exposure of cancer cells to heat stress (30‑32).
In human gastric cancer tissues, HIKESHI expression was
reported to be associated with the progression of lymphatic
invasion (32). It has also been demonstrated that HIKESHI is
abundantly expressed in human clear cell renal cancer (33).
In our previous studies, we used human oral squamous cell
carcinoma (OSCC) HSC‑3 cells as a model for evaluation of
HT sensitivity (25,34‑36). The aim of the present study was
to evaluate the effects of HIKESHI knockdown (KD) on the
sensitivity of human OSCC HSC‑3 cells to mild HT (MHT).
Materials and methods
Cell culture. Human HSC‑3 OSCC cells (JCRB0623) were
obtained from the Human Science Research Resources Bank,
Japan Health Sciences Foundation (Tokyo, Japan). HSC‑3 cells
were cultured in Eagle's minimum essential medium (E‑MEM;
Wako Pure Chemical Industries, Ltd.) supplemented with
10% fetal bovine serum (FBS; Equitech‑Bio, Inc.) at 37˚C in a
humidified atmosphere with 5% CO2 and 95% air. U0126 (Cell
Signaling Technology, Inc.), an inhibitor of mitogen‑activated
protein kinase (MAPK)/extracellular signal‑regulated kinase
(ERK), was dissolved in dimethyl sulfoxide and added to the
culture medium 1 h before MHT treatment (final concentration of U0126: 10 µM).
MHT treatment. MHT treatments were performed by
immersing plastic culture dishes sealed with laboratory film
(Parafilm® M; Nippon Genetics, Co., Ltd.) in a water bath at
42˚C for 60 or 90 min. After MHT treatment, the cells were
recovered at 37˚C for the indicated periods.
Small interfering RNA (siRNA) transfection. Based on the
human HIKESHI nucleotide database (GenBank accession
no. NM_016401), two siRNAs for HIKESHI, designated
as siHIK‑1 and siHIK‑2, were synthesized by Nippon Gene
Co., Ltd. Firefly luciferase siRNA (siLuc) was used as a
negative control siRNA. The sequences of the siRNAs
are listed in Table I. Cells were incubated in Opti‑MEM®
I Reduced Serum Medium (Life Technologies Japan;
Thermo Fisher Scientific, Inc.) containing 20 nM siRNA
and Lipofectamine™ RNAiMAX (Life Technologies Japan;
Thermo Fisher Scientific, Inc.) at 37˚C. At 6 h after transfection, the medium was exchanged for E‑MEM supplemented
with 10% FBS, and then the cells were maintained at 37˚C
for 2 days (36).
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Cellular fractionation. Nuclear and cytoplasmic fractions
were prepared as described previously (37). In brief, the cells
were lysed in the fractionation buffer [phosphate‑buffered
saline containing 0.1% Nonidet P‑40 and protease inhibitor
cocktail (Nacalai Tesque, Inc.)] and centrifuged at 15,000 x g
for 10 sec at 4˚C to obtain the cytosolic fraction (supernatant).
The insoluble pellets were resuspended in the fractionation
buffer and centrifuged at 15,000 x g for 10 sec at 4˚C to obtain
the nuclear fraction (pellets). Either GAPDH (38) or fibrillarin
(FBL) (39) was used as the cytoplasmic or nuclear marker
protein, respectively.
Analysis of cell viability. A trypan blue dye exclusion test
was performed to assess cell viability. The number of cells
excluding the dye was counted by using a hematocytometer
(Burker‑Turk; ERMA Inc.). Cell Count Reagent SF (Nacalai
Tesque, Inc.), a water‑soluble tetrazolium salt (WST‑8)‑based
assay, was also used to test the cell viability. Cells were
incubated with the WST‑8 solution at 37˚C. After 30 min,
the concentration of formazan dye was determined from the
absorbance at 450 nm.
SDS‑PAGE and western blotting. Cells were lysed with lysis
buffer (50 mM NaCl, 1% Nonidet P‑40 and 50 mM Tris‑HCl,
pH 8.0) containing protease inhibitor cocktail (Nacalai Tesque,
Inc.) and treated at 94˚C for 3 min. Proteins (10 µg/lane) were
separated by 10 or 12.5% SDS‑PAGE and transferred onto
a PVDF membrane. Membranes were blocked by PVDF
Blocking Reagent (Toyobo Co., Ltd.) for 3 h at 25˚C (40,41).
The protein concentration was determined by a standard BCA
protein assay. Proteins were detected using the following
primary antibodies: Mouse monoclonal anti‑Hsp70 antibody
(1:2,000 dilution, cat. no. SR‑B810; Medical & Biological
Laboratories Co., Ltd.), rabbit polyclonal anti‑HIKESHI
antibody (1:1,000 dilution, cat. no. 14808‑1‑AP; ProteinTech
Group, Inc.), rabbit polyclonal anti‑HSF1 antibody (1:2,000
dilution, cat. no. 4356; Cell Signaling Technology, Inc.),
mouse monoclonal anti‑total ERK1/2 antibody (1:3,000
dilution, cat. no. 9107, Cell Signaling Technology, Inc.),
anti‑phospho‑ERK1/2 (Thr202/Tyr204) (pERK1/2) rabbit
monoclonal antibody (1:3,000 dilution, cat. no. 4370, Cell
Signaling Technology, Inc.), rabbit monoclonal anti‑FBL
antibody (1:2,000 dilution, cat. no. 2639; Cell Signaling
Technology, Inc.) and mouse monoclonal anti‑GAPDH
antibody (as a loading reference; 1:2,000 dilution,
cat. no. MAB347; EMD Millipore). Secondary fluorescent
IRDye‑conjugated anti‑rabbit and anti‑mouse antibodies
(1:10,000 dilution, LI‑COR Biosciences) were also used.
Fluorescence images were acquired using an Odyssey
Infrared Imager (LI‑COR Biosciences), and the band density
was quantified using Image Studio 5.1 software (LI‑COR
Biosciences).
Immunocytochemistry. Cells were grown in a collagen
type I‑precoated glass coverslip (AGC Techno Glass Co., Ltd.).
The cells were fixed in 4% paraformaldehyde phosphate‑buffered solution (Nacalai Tesque, Inc.) for 15 min at 25˚C. The
cells were incubated with a mouse monoclonal anti‑Hsp70 antibody (1:200 dilution, cat. no. SR‑B810; Medical & Biological
Laboratories Co., Ltd.) for 18 h at 4˚C, followed by Chromeo™
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Table I. Nucleotide sequences of siRNAs for HIKESHI and luciferase.
Name
siHIK‑1
siHIK‑2
siLuc

Sequence‑TT
AUUACCUACAGGAGUCUGC	
AAGAAAAGUAGACAGAUCC
CGUACGCGGAAUACUUCGA

Position

GenBank accession nos.

607
392
282

NM_016401
NM_016401
MH759210

siHIK‑1, siRNA for human HIKESHI‑1; siHIK‑2, siRNA for human HIKESHI‑2; siLuc, siRNA for luciferase; HIKESHI, heat shock protein
nuclear import factor hikeshi.

Table II. Nucleotide sequences of primers for target genes.
Genes

Orientation

Nucleotide sequence (5'‑3')

GenBank accession nos.

DNAJB1

Sense
Antisense
Sense
Antisense
Sense
Antisense
Sense
Antisense

ACCCGGACAAGAACAAGGAG
GCCACCGAAGAACTCAGCAA
AAGGCTGGGGCTCATTTGCA
ATGACCTTGCCCACAGCCTT
AGGGAATGGGAGGATCTGTC	
GATGTTGGCTTCCTTCTCCA
AGGTGCAGGTGAGCTACAAG
ATGATCCGCAGCACGTTGAG

NM_006145

GAPDH
HIKESHI
HSPA1

NM_002046
NM_016401
NM_005346

DNAJB1, DnaJ (Hsp40) homolog, subfamily B, member 1; GAPDH, glyceraldehyde‑3‑phosphate dehydrogenase; HIKESHI, heat shock
protein nuclear import factor hikeshi; HSPA1, heat shock 70 kDa protein 1.

488‑labeled secondary antibody (1:500 dilution, cat. no. 15031;
Active Motif) for 1 h at 25˚C. The nucleus was stained for
5 min at 25˚C with DAPI. Immunofluorescence images were
visualized by using a fluorescence microscope at a magnification of x20 (BX‑50; Olympus Corporation). Fluorescence
intensity was measured using softWoRx Explorer software,
version 1.3 (Applied Precision, Inc.).
Reverse transcription‑quantitative PCR (RT‑qPCR) assay.
Total RNA was extracted from cells using a NucleoSpin®
RNA isolation kit (Takara Bio, Inc.). RNA quality was
analyzed using a Bioanalyzer 2100 (Agilent Technologies,
Inc.). Complementary DNA (cDNA) was produced from the
reverse transcription of total RNA using a PrimeScript RT
kit (Takara Bio Inc.) with random 6‑mers and an oligo dT
primer. qPCR was performed on a Mx3005P real‑time PCR
system (Agilent Technologies, Inc.) using a SYBR® Premix
Ex Taq™ II kit (Takara Bio, Inc.). The thermocycling conditions for each primer consisted of 10 min at 95˚C followed by
40 cycles of 10 sec at 95˚C and 40 sec at 60˚C. The specific
primers are listed in Table II. GAPDH was used for normalization (40).
Statistical analysis. Data are shown as means ± standard
deviation. Differences between groups were analyzed by
ANOVA, and correction for multiple comparisons was made
using Tukey's post hoc test. Comparisons between two groups
were made by using Student's t‑test. P<0.05 was considered to
indicate statistically significant differences.

Results
Effects of HIKESHI‑KD on the viability in HSC‑3 cells.
To evaluate the ability of siHIK‑1 and siHIK‑2 to inhibit
HIKESHI expression, RT‑qPCR and western blot analyses
were carried out. The treatment of HSC‑3 cells with siLuc
did not alter the mRNA and protein expression of HIKESHI
(Fig. S1). Therefore, siLuc treatment was used as control in
further experiments. As shown in Fig. 1A, the two siRNAs
for HIKESHI markedly reduced the mRNA expression level
of HIKESHI in HSC‑3 cells. This silencing was confirmed
by western blotting, whereas the inhibition percentage
was ~85% (Fig. 1B and C). There was no difference in the
silencing efficiency between the two siHIKs. Next, the effects
of HIKESHI‑KD on the cell growth under normal conditions
were monitored. Treatment of the cells with the siRNAs for
HIKESHI did not change the cell number at 37˚C (Fig. 1D).
With respect to MHT, the viability of cells exposed to MHT
(42˚C for 90 min) alone was slightly decreased compared
with that of non‑treated cells; the mean values were 73 and
92% by trypan blue dye exclusion test and WST‑8 assay,
respectively. HIKESHI‑KD prior to MHT further decreased
the number of viable cells, with mean values of ~55 and 75%
by trypan blue dye exclusion test and WST‑8 assay, respectively (Fig. 2).
Effects of HIKESHI‑KD on the localization of Hsp70 in
HSC‑3 cells. As demonstrated in Fig. 3A, Hsp70 was principally localized in the cytosolic compartment, and neither
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Figure 1. (A‑C) Inhibition of HIKESHI mRNA and protein expression by HIKESHI siRNA in human oral squamous cell carcinoma HSC‑3 cells. Cells
transfected with siLuc (siRNA for luciferase) or siHIKE‑1 and siHIKE‑2 (siRNAs for HIKESHI) were maintained at 37˚C. At 48 h after transfection, the cells
were harvested. The expression levels of (A) mRNA and (B) protein were detected by quantitative PCR and western blot analyses, respectively. The level of
HIKESHI was normalized to the expression level of GAPDH. (C) The protein band intensity was assessed using densitometry. (D) Effects of knockdown of
HIKESHI on the cell growth under non‑stress conditions at 37˚C. The number of viable cells was measured using the trypan blue dye exclusion test. Data are
presented as means ± standard deviation (n=4). *P<0.05 vs. the control (siLuc treatment). HIKESHI, heat shock protein nuclear import factor hikeshi.

siHIK‑1 nor siHIK‑2 affected the intracellular localization
of this protein under non‑MHT conditions. Treatment of
cells with MHT at 42˚C for 60 min markedly induced the
nuclear localization of Hsp70, as reported previously (28,29).
Furthermore, the MHT‑induced nuclear localization was
significantly inhibited in HIKESHI‑KD cells (Fig. 3A and B).
Next, cytoplasmic and nucleic fractions were prepared from
the cells, and the protein levels were verified by western blot
analysis. As expected, MHT at 42˚C for 60 min induced
the nuclear translocation of Hsp70, and this induction of
Hsp70 translocation by MHT was significantly decreased in
HIKESHI‑KD cells (Fig. 4A and B).

Figure 2. Effects of knockdown of HIKESHI on the viability in HSC‑3 cells
under mild hyperthermia (MHT) conditions. HIKESHI‑knockdown HSC‑3
cells were incubated at 42˚C for 90 min. The cell viability was evaluated
24 h after heating using (A) the trypan blue dye exclusion test or (B) WST‑8
assay. Data are presented as mean ± standard deviation (n=4‑8). *P<0.05 vs.
each 37˚C‑treated group; #P<0.05 vs. the siLuc‑treated group at 42˚C. siLuc,
siRNA for luciferase; siHIKE, siRNA for HIKESHI; HIKESHI, heat shock
protein nuclear import factor hikeshi.

Effects of HIKESHI‑KD on HSF1 activation in HSC‑3 cells.
It is well known that the mobility shift and nuclear translocation of HSF1 due to its phosphorylation indicates activation of
the molecule (42). In our experiments, either a mobility shift
or nuclear translocation of HSF1 was observed immediately
after MHT (42˚C for 60 min), whereas silencing of HIKESHI
did not affect the activation of HSF1 under MHT conditions
(Fig. 4A). Moreover, the effects of HIKESHI‑KD on the gene
expression of HIKESHI, HSPA1 and DNAJB1 were evaluated
using RT‑qPCR. The expression level of HIKESHI was slightly
but significantly increased 3 h after MHT, to a level 1.3‑fold
higher compared with that of non‑treated cells. As expected,
the expression of HIKESHI was almost completely eradicated
in HIKESHI‑KD cells under MHT conditions (Fig. 5A). The
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Figure 3. Immunocytochemical analysis of the localization of Hsp70 in HIKESHI‑knockdown cells under mild hyperthermia (MHT) conditions.
HIKESHI‑knockdown HSC‑3 cells were incubated at 42˚C for 60 min. The cells were fixed immediately after heat exposure. (A) Immunofluorescence staining
with an antibody against Hsp70 (green) was performed. The nucleus was stained with DAPI, and pseudo‑colored in red. Bar, 50 µm. (B) The fluorescence
intensity of Hsp70 in either the nucleus or cytoplasm was measured, and the ratio (nucleus to cytoplasm) was calculated. Each value and means ± standard
deviation (n=40) are presented for each group. *P<0.05 vs. the siLuc‑treated group at 37˚C; #P<0.05 vs. the siLuc‑treated group at 42˚C. siLuc, siRNA for
luciferase; siHIKE, siRNA for HIKESHI; HIKESHI, heat shock protein nuclear import factor hikeshi; Hsp70, heat shock protein 70 kDa.

expression levels of HSPA1 and DNAJB1 were markedly
increased in a time‑dependent‑manner, by 66‑ and 40‑fold,
respectively, compared with the levels in non‑treated cells.
However, the expressions of these genes were not affected by
HIKESHI‑KD (Fig. 5B and C).
Effects of HIKESHI‑KD on ERK2 activation in HSC‑3 cells
and the role of the MAPK/ERK pathway in the enhancement
of MHT sensitivity by HIKESHI‑KD. The expression levels
of total and pERK1/2 proteins were assessed using western
blot analysis. In HSC‑3 cells, a relatively high expression
level of total ERK2 (42 kDa) was observed, while total ERK1
(44 kDa) was hardly detected. ERK2 expression levels were
almost constant under all the treatments tested. A significant
and transient induction of pERK2 was observed immediately
after MHT treatment (0 h). In addition, an elevated level of
pERK2 was sustained for 0‑1 or 0‑3 h after treatment in cells

treated with siHIK‑1 or siHIK‑2, respectively (Fig. 6A and B).
This increase in the level of pERK2 was completely abolished by pretreatment with U0126, a MAPK/ERK inhibitor,
under both normal and MHT conditions (Fig. 7A). Next, the
effects of U0126 on the viability of HIKESHI‑KD cells were
investigated and the results are shown in Fig. 7B. In control
siLuc‑treated cells, U0126 did not affect the cell viability
under MHT conditions. By contrast, the inhibitor significantly
decreased the viability of cells treated with the combination of
HIKESHI‑KD and MHT.
Discussion
The present study investigated whether silencing of HIKESHI
by siRNA can sensitize human OSCC HSC‑3 cells to MHT.
The results demonstrated that the downregulation of HIKESHI
enhanced MHT sensitivity, and inhibition of the MAPK/ERK
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Figure 4. Western blot analysis of the intracellular localization of Hsp70 and HSF1 in HIKESHI‑knockdown cells under mild hyperthermia (MHT) conditions.
HIKESHI‑knockdown HSC‑3 cells were incubated at 42˚C for 60 min. Immediately after heat exposure, the cells were harvested and either the cytoplasmic or
nuclear fraction was separated. (A) Western blotting was carried out using specific primary antibodies against Hsp70, HSF1, GAPDH and FBL. GAPDH and
FBL served as marker proteins for the cytoplasm and nucleus, respectively. (B) Each band density of Hsp70 was quantified, and the ratio (nucleus to cytoplasm)
was calculated. Data are presented as means ± standard deviation (n=3). *P<0.05 vs. the siLuc‑treated group at 37˚C; #P<0.05 vs. the siLuc‑treated group
at 42˚C. siLuc, siRNA for luciferase; siHIKE, siRNA for HIKESHI; HIKESHI, heat shock protein nuclear import factor hikeshi; Hsp70, heat shock protein
70 kDa; HSF, heat shock transcription factor; FBL, fibrillarin.

pathway further potentiated the synergistic effects of MHT
and HIKESHI‑KD.
HT and the combination of HT with radiotherapy, chemotherapy, or both, have been recognized as effective treatments
for malignant tumors (1‑10). However, the acquisition of thermotolerance constitutes a limitation of HT therapy (11‑15).
Although the detailed mechanisms are not well known, the
induction of HSPs, particularly Hsp70, plays a central role in
the acquisition of thermotolerance (19,23). Therefore, Hsp70
has been considered as a valuable target in HT therapy (23).
Furthermore, previous findings suggest the utilization of Hsp70
tumor antigens for cancer immunotherapy based on HT (43,44).
When the cells are exposed to heat stress, Hsp70 rapidly translocates from the cytoplasm into the nucleus (28,29). Recently,
HIKESHI was reported to be a nuclear import carrier of Hsp70
under heat stress conditions (30). In addition, previous reports
demonstrated that HIKESHI expression was induced by HT in
cancer cells (30,32). These findings prompted us to investigate
a unique strategy, namely MHT in combination with targeting
of HIKESHI, which prevents only the nuclear translocation
of Hsp70 under heat stress conditions. In the present study,
it was confirmed that HIKESHI was induced at the mRNA
level under MHT conditions. However, its induction ratio was
markedly lower compared with those of HSPA1 and DNAJB1,

the expression levels of which are principally regulated by
HSF1 (21,22). These results indicated that heat may promote
the expression of HIKESHI via HSF1‑independent transcriptional mechanisms.
In line with previous reports (30‑32), our experiments
demonstrated that HIKESHI‑KD did not affect the number of
viable cells under normal conditions at 37˚C, suggesting that
HIKESHI may not be required for the normal growth of OSCC
HSC‑3 cells. Interestingly, HIKESHI silencing significantly
enhanced MHT sensitivity of HSC‑3 cells, as demonstrated by
the cell viability assay. These results were comparable to those
of previous studies (30‑32). Immunocytochemical analysis
clearly demonstrated that HIKESHI‑KD effectively prevented
the nuclear translocation of Hsp70. This was confirmed by
western blotting with the cellular fractionation assay. Of note,
neither HSF1 activation nor HSP expression were affected
by downregulation of HIKESHI under MHT conditions.
Thus, disruption of the nuclear translocation of Hsp70 may
play a major role in the enhancement of thermosensitivity by
HIKESHI‑KD. However, over half of HSC‑3 cells were viable
even after combined treatment with MHT (42˚C for 90 min)
and siRNA for HIKESHI. We previously reported that, under
comparable experimental conditions, HSF1 silencing markedly enhanced MHT sensitivity, with damage occurring in
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Figure 6. (A and B) Effects of HIKESHI knockdown on the ERK phosphorylation level in mild hyperthermia‑treated HSC‑3 cells. HIKESHI‑knockdown
HSC‑3 cells were treated with mild hyperthermia (MHT) at 42˚C for 90 min,
then cultured for 0, 1 or 3 h at 37˚C. (A) Western blot analysis was performed
with the specific primary antibodies for pERK1/2 (green), total ERK1/2
(red) and GAPDH (green). (B) Each band density of pERK2 or total ERK2
was quantified, and the ratio (pERK2 to total ERK2) was expressed. Data
are presented as mean ± standard deviation (n=3). Non‑MHT‑treated cells
served as the control (Ctr). *P<0.05 vs. each Ctr. siLuc, siRNA for luciferase;
siHIKE, siRNA for HIKESHI; HIKESHI, heat shock protein nuclear import
factor hikeshi; ERK, extracellular signal‑regulated kinase.

Figure 5. Effects of HIKESHI knockdown on the gene expression in
mild hyperthermia (MHT)‑treated HSC‑3 cells. After treatment of
HIKESHI‑knockdown HSC‑3 cells with mild hyperthermia at 42˚C for
90 min, the cells were cultured for 0, 1 or 3 h at 37˚C. quantitative PCR was
carried out with specific primers for (A) HIKESHI, (B) HSPA1, (C) DNAJB1
and GAPDH. The expression level was normalized to that of GAPDH. siLuc,
Data are presented as means ± standard deviation (n=4). Non‑MHT‑treated
cells served as the control (Ctr). *P<0.05 vs. each Ctr. siRNA for luciferase;
siHIKE, siRNA for HIKESHI; HIKESHI, heat shock protein nuclear import
factor hikeshi; HSPA1, heat shock 70 kDa protein 1; DNAJB1, DnaJ (Hsp40)
homolog, subfamily B, member 1.

~75% of HSC‑3 cells treated with MHT (42˚C for 90 min) and
siRNA for HSF1 (25). Under these HSF1‑silencing conditions,
the expressions of HSF1‑regulated proteins, such as Hsp70,
Hsp40 and Hsp27, were maintained at a low level. It appears
likely that the potential of HIKESHI‑KD for enhancement of
MHT is weaker compared with that of HSF1‑KD.
The ERK1/2 cascade is a central signaling pathway activated by a wide variety of stressors, including heat (45‑47). In
the present study, although a significant increase in pERK2 was
observed in HSC‑3 cells treated with MHT, cells pretreated with
U0126, an inhibitor of MAPK/ERK, exhibited little change in
viability, which was consistent with the findings of previous
studies using heat‑treated cancer cells (46,47). Chen et al (46)
reported that pretreatment of human HT‑29 colon cancer cells
with U0126 resulted in enhancement of HT (43˚C for 60 min)
sensitivity in cells treated with a combination of HT and
MG132, a proteasome inhibitor, suggesting that activated ERK
is a prosurvival mechanism under conditions of combination of
HT with proteasome inhibition. By contrast, ERK activity was
reported to be a proapoptotic mechanism in human Y79 retinoblastoma cells treated with HT (44˚C for 60 min) combined with

Figure 7. Effects of U0126 on the enhancement of mild hyperther m ia ( M H T) sensitivit y induced by H I K ESH I k nockdown.
(A and B) HIKESHI‑knockdown HSC‑3 cells were incubated at 37˚C for
60 min in the culture medium containing U0126 (10 µM) followed by incubation at 42˚C for 90 min (MHT treatment). (A) Effects of U0126 on the ERK
phosphorylation level in MHT‑treated HSC‑3 cells. The cells were harvested
immediately after the MHT‑treatment. Western blot analysis was performed
with the specific primary antibodies for pERK1/2 (green), total ERK1/2
(green) and GAPDH (red). Typical results are shown. (B) The cell viability
was evaluated 24 h after MHT using the WST‑8 assay. Data are presented
as mean ± standard deviation (n=8). *P<0.05 vs. the siLuc‑treated group.
#
P<0.05 vs. each non‑U0126‑teated group. siLuc, siRNA for luciferase;
siHIKE, siRNA for HIKESHI; HIKESHI, heat shock protein nuclear import
factor hikeshi; ERK, extracellular signal‑regulated kinase.

silencing of BAG cochaperone 3, a cochaperone for Hsp70 (47).
In the present study, inhibition of the sustained activation of
ERK by U0126 induced enhancement of MHT sensitivity in
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HSC‑3 cells treated with a combination of MHT and siRNA for
HIKESHI. These data suggest that the addition of HIKESHI
silencing to MHT triggers ERK activation as a prosurvival
mechanism, as reported previously (46). However, the molecular
mechanism through which HIKESHI silencing induces the
sustained activation of ERK under MHT conditions is unclear.
Moreover, it has been demonstrated that nucleocytoplasmic
transport is affected by the MAPK/ERK pathway under stress
conditions (48,49). At present, few details are known on the
role of the MAPK/ERK pathway in the enhancement of MHT
sensitivity by HIKESHI silencing.
In conclusion, the findings of the present study clearly
demonstrated that downregulation of HIKESHI enhances the
sensitivity to MHT in human OSCC HSC‑3 cells; therefore,
this molecule may be considered as a potential target in HT
therapy of cancer. However, further studies are needed to
investigate the detailed mechanisms underlying the effects of
HIKESHI in HT therapy of cancer in animals and humans.
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