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A microRNA-27a mimic sensitizes human oral squamous
cell carcinoma HSC-4 cells to hyperthermia through
downregulation of Hsp110 and Hsp90
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Abstract. Hyperthermia (HT) is an important modality in
cancer treatment; however, the acquisition of thermal resis-
tance in cancer cells due to the elevation of heat shock proteins
(HSPs) makes HT less effective. Accumulating evidence
suggests that microRNAs (miRNAs) play an important role in
regulating cellular stress sensitivities, such as drug sensitivity
and radio-sensitivity, in cancer cells. However, few studies
have investigated the involvement of miRNAs in thermal
sensitivity. The aim of this study was thus to investigate the
contribution of miRNAs to the thermal sensitivity of human
oral squamous cell carcinoma (OSCC) cells. When the HSC-2,
HSC-3 and HSC-4 OSCC cell lines were treated with HT
at 44°C for 60 min, a significant increase in cell death was
observed in HSC-2 and HSC-3 cells but not HSC-4 cells,
suggesting that HSC-4 cells were thermally resistant under
the present experimental conditions. Moreover, the expression
levels of HSPs were most elevated in HSC-4 cells. When the
basal expression levels of miRNAs were monitored using two
different microarray systems in thermal-sensitive HSC-2 and
HSC-3 cells and thermal-resistant HSC-4 cells, five miRNAs
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that were differentially expressed were identified. Among
these miRNAs, the expression level of miR-27a in HSC-4 cells
was markedly reducec compared to the expression levels in
HSC-2 and HSC-3 cells. Interestingly, treatment of HSC-4
cells with a miR-27a mimic oligonucleotide significantly
enhanced HT-induced cell death. Furthermore, the miR-27a
mimic oligonucleotide suppressed the elevation of the expres-
sion of Hsp90 and Hspl110 in HSC-4 cells, suggesting that
these HSPs may be involved in a mechanism of thermal resis-
tance. From these findings, we concluded that in OSCC cells,
miR-27a may contribute to thermal sensitivity by modulating
the HSP expression.

Introduction

Local cancer control is an important objective of primary
treatment, and decreasing the rate of recurrence is also
important for patients. Hyperthermia (HT) induced by heat
stress is a promising approach for the treatment of various
types of malignant tumor, and is mainly used in combination
with radiation therapy and/or chemotherapy (1). The great
advantage of HT therapy is that it is tolerable for the majority
of patients without severe toxicity. A better understanding of
the mechanisms underlying its effects may provide important
information for clinical HT therapy; thus, the biological effects
have also been investigated for more than a decade. However,
the heat sensitivities of cancer cells vary widely because of
the differences in intrinsic heat sensitivity and resistance
development. Since thermal-resistant cancer cells reduce the
therapeutic effects of HT treatment, control of thermal resis-
tance is a substantial clinical problem.

The mechanism of thermal resistance in most cancer
cells involves the elevation of heat shock proteins (HSPs).
Mammalian HSPs have been classified according to their
molecular weights: Hsp110, Hsp90, Hsp70 and small HSPs
(15-30 kDa) (2). HSPs are conserved proteins that are produced
to protect cells from stress-induced damage by assisting the
correct folding of nascent and stress-accumulated misfolded
proteins, and by preventing their aggregation (3,4). Cancer
cells must expand their metabolic and signal transduction
pathways, thereby becoming dependent on proteins, including
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stress-inducible HSPs, that are dispensable for the survival of
normal cells. Therefore, the cytoprotective functions of HSPs
mentioned above are necessary to maintain the survival of
cancer cells (5). The expression and/or activity of HSPs are
abnormally high in cancer cells and further increased after a
variety of death stimuli, including HT (6).

microRNAs (miRNAs) are endogenous, evolutionarily
conserved small (18-22 nucleotides) non-coding RNAs that
have been shown to regulate gene expression post-transcrip-
tionally (7). Currently, miRNAs are known to regulate the
expression of their target genes by suppressing mRNA transla-
tion and/or degrading target mRNA transcription (8,9). Due to
their highly pleiotropic nature, each miRNA has the potential
to regulate hundreds or even thousands of protein-coding
RNA transcripts, and thus miRNAs are potentially capable of
influencing many different molecules. Previous studies (8-10)
have revealed that hundreds of miRNAs are found in the
human genome and are critical in various important biological
processes, including cell growth, proliferation, apoptosis and
tumorigenesis. However, because of their complex mecha-
nisms, the functions of miRNAs are not fully understood.

It has been suggested that miRNAs can functionally
interact with a variety of environmental factors (11), including
radiation (12), and HT (13). Results of recent studies have
also shown that miRNAs play a role in the radiosensitivity of
cancer cells (14,15). However, few studies have been conducted
specifically to investigate the involvement of miRNAs in
thermal resistance in cancer cells. The aim of this study was to
examine the effect of miRNAs on thermal resistance in human
oral squamous cell carcinoma (OSCC) cell lines. The results
showed that elevation of the expression level of miR-27a rein-
forces HT-induced cell death in thermal-resistant cells via a
decrease in the expression levels of HSPs, especially Hsp110
and Hsp90.

Materials and methods

Cell culture and HT treatment. The human OSCC cell lines
HSC-2, HSC-3 and HSC-4 were obtained from the Human
Science Research Resources Bank of the Japan Health Sciences
Foundation (Tokyo, Japan). The cell lines were cultured in
E-MEM medium (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan) supplemented with 10% fetal bovine serum
(FBS) at 37°C in humidified air with 5% CO,. For the HT
treatment, cells were cultured in 6- or 12-well plates for 72 h
prior to HT treatment. The plates were sealed with Parafilm®
and heated at 44°C for 60 min in a water bath. After HT treat-
ment, the cells were incubated at 37°C for the indicated time
periods until analysis (16).

Analysis of cell death. Cells were collected 24 h after HT
treatment. For the detection of total cell death (apoptotic
and necrotic cell death), the cells were washed with ice-cold
phosphate-buffered saline (PBS) and treated with 2.5 ug/ml
propidium iodide (PI) solution. For the detection of chromatin
condensation, the cells were stained using a Nuclear-ID
Green Chromatin Condensation kit (Enzo Life Sciences Inc.,
Farmingdale, NY, USA) according to the manufacturer's
instructions. To obtain the distribution of cells in a sub-Gl1
phase of the cell cycle, the cells were fixed with 70% ice-cold
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ethanol, and subsequently treated with 0.25 yg/ml RNase A
and 50 pg/ml PI. The samples were then run on an Epics XL
flow cytometer (Beckman Coulter, Fullerton, CA, USA) (17).

Western blot analysis. Whole-cell extracts were prepared
in RIPA lysis buffer containing a cocktail of protease
inhibitors (Nacalai Tesque, Kyoto, Japan). The polyvinyli-
dene difluoride membranes were incubated with the primary
antibody at 4°C for 18 h, and exposed to the peroxidase-
conjugated secondary antibody at room temperature for 1 h.
Immunoreactive proteins were visualized by a luminescent
image analyzer using a chemiluminescence detection system.
Primary antibodies used were as follows: a rabbit polyclonal
anti-Hsp110 antibody, a rat monoclonal anti-Hsp90 antibody,
a mouse monoclonal anti-Hsp70 antibody, a mouse mono-
clonal anti-Hsp40 antibody (all from MBL, Nagoya, Japan),
a rabbit polyclonal anti-caspase-3 antibody (Cell Signaling
Technology, Danvers, MA, USA) or a mouse monoclonal
anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
antibody (Millipore Co., Temecula, CA, USA).

Detection of miRNAs. Total RNA containing small RNAs
was extracted from the cultured cells using a miRNeasy Mini
kit (Qiagen, Valencia, CA, USA) according to the manufac-
ture's instructions and used for the global miRNA expression
analysis. The quality of RNA was determined with an Agilent
Bioanalyzer 2100 (Agilent Technologies, Inc., Santa Clara,
CA, USA). The miRNA microarray profiling was performed
using two miRNA array systems. One was the GeneChip®
miRNA 2.0 array, which has unique probes for 15,644 mature
miRNAs from miRBase and 2,202 probes for pre-miRNA
hairpin sequences (Affymetrix, Inc., Santa Clara, CA, USA).
Total RNA (1 pg) was labeled by poly(A) polymerase addition
using a Genisphere FlashTag HSR kit following the manufac-
turer's instructions (Genisphere, Hatfield, PA, USA). Labeled
RNA was hybridized to the miRNA 2.0 arrays. The arrays
were washed and stained in a Fluidics Station 450, and image
scanning was performed using an Affymetrix scanner. The
other array system was Toray's 3D-Gene™ human miRNA
array, which contains ~1,700 probes selected from miRBase
(Toray Industries, Inc., Tokyo, Japan). Labeling, scanning and
data mining were performed at the Toray Research Center
(Toray Industries, Inc.).

Quantitative polymerase chain reaction (qPCR) assay. Total
RNA was extracted from cells using an RNeasy total RNA
extraction kit (Qiagen). qPCR was performed on a Real-Time
gPCR system (Mx3000P; Agilent Technologies, Inc.) using
SYBR Premix DimerEraser™ (Takara Bio, Inc., Shiga, Japan)
according to the manufacturer's instructions. The reverse
transcriptase reaction was carried out with total RNA by using
a random 6 mers and an oligo(dT) primer (PrimeScript RT
reagent kit; Takara Bio, Inc.). PCR primers were designed
based on the database. GAPDH was used as a control for the
normalization (17,18).

miRNA transfection. The pre-miRNAs, hsa-miR-23a mimic,
hsa-miR-27a-3p mimic/antisense, hsa-miR-30a antisense,
has-miR-30c antisense, hsa-miR-203 antisense, and miScript
inhibitor negative control were obtained from Qiagen. miRNA
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Figure 1. Effects of hyperthermia (HT) on the cell death in oral squamous cell carcinoma (OSCC) cells. HSC-2, HSC-3, and HSC-4 OSCC cell lines were
treated with HT at 44°C for 60 min and then cultured at 37°C for 24 h. (A) Total cell death (apoptotic and necrotic cell death), (B) chromatin condensation, and
(C) sub-Gl phase of the cell cycle were measured. Gray columns, non-treated group; black columns, HT-treated group. Data are presented as the means + stan-

dard deviations (SDs) (n=4). "P<0.05 vs. each non-treated group.
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Figure 2. Measurement of the protein expression levels of heat shock proteins (HSPs) induced by hyperthermia (HT). Cells were exposed to HT at 44°C for
60 min and then cultured at 37°C for 24 h. Protein expression levels of HSPs and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were determined by

western blot analysis. Ctr, non-treated cells.

was transfected to cells using Lipofectamine™ RNAIMAX
(Life Technologies Co., Grand Island, N'Y, USA) according to
the manufacturer's instructions. Briefly, the cells were plated
in 12-well plates in E-MEM medium supplemented with
10% FBS. After growth for 20-24 h, the cells were replaced in
serum-reduced Opti-MEM (Life Technologies Co.) containing
the Lipofectamine™ RNAiMax/miRNA complexes that were
prepared 20 min before addition to the cells (forward transfec-
tion protocol). To decrease the cellular toxicity of the complexes,
Opti-MEM containing the complexes was replaced with the
complete culture medium 6 h after transfection. Forty-eight
hours after transfection, the cells were exposed to HT.

Statistical analysis. Data are presented as the means + stan-
dard deviations (SDs). Differences between pairs of data sets
were analyzed using the Student's t-test, with values of P<0.05
considered to indicate statistically significant differences.

Results

Effects of HT on the cell death in OSCC cells. To evaluate the
thermo-sensitivity of the HSC-2, HSC-3 and HSC-4 OSCC cell

lines, the effects of HT on the cell death were examined using
flow cytometry. Twenty-four hours after HT treatment (44°C,
60 min), the percentages of total cell death (apoptotic and
necrotic dead cells) and condensed chromatin condensation
(apoptotic cell death) were significantly increased in the HSC-2
and HSC-3 cells but not in the HSC-4 cells (Fig. 1A and B).
The measurement of the distribution of cells in a sub-G1 phase
of the cell cycle, a marker for apoptosis, also supported the idea
that HSC-2 and HSC-3 were more sensitive to HT than HSC-4
cells (Fig. 1C). The results suggested that HT induces cell death
in HSC-2 and HSC-3 but not in HSC-4 cells. Therefore, HSC-4
cells were less sensitive to HT than the other two cell lines.

Induction of HSPs in OSCC cells by HT. Having established
that the OSCC cell lines showed different levels of thermal
sensitivity, we examined the expression patterns of HSPs in
the OSCC cell lines by means of western blot analysis. The
basal expression level of the Hsp70 protein was higher in
HSC-3 and HSC-4 cells than in the HSC-2 cells (Fig. 2). On
the other hand, the basal expression level of the Hsp40 protein
was higher in the HSC-2 and HSC-4 cells than in the HSC-3
cells. In terms of the Hsp90 and Hsp110 proteins, HSC-4 cells
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Figure 3. Comprehensive expression analysis for the detection of miRNAs that were differentially expressed in the oral squamous cell carcinoma (OSCC)
cell lines. Two miRNA array systems, the GeneChip® miRNA 2.0 array and Toray's 3D-Gene™ human microRNA, were used to analyze the expression
profiles of miRNAs in OSCC cells. (A and B) The expression levels of hsa-miR-23a and hsa-miR-27a in HSC-4 cells were lower than those of other cells.
(C-E) hsa-miR-30a, hsa-miR-30c and hsa-miR-203 were preferentially expressed in HSC-4 cells compared with HSC-2 and HSC-3 cells. Gray columns, HSC-2
cells; white columns, HSC-3 cells; black columns, HSC-4 cells. An arbitrary number was determined by each miRNA expression level in HSC-4 cells as 1.0.

showed the highest expression levels of these HSPs among
the three cell lines examined. After HT treatment, the protein
expression levels of HSPs were increased in a time-dependent
manner, and the induction rates of Hsp70 and Hsp40 were
marked in all the cell lines. Notably, 6 h after HT exposure,
the protein expression levels of Hsp110 and Hsp90 in HSC-4
cells were further increased and were the highest among the
three cell lines (Fig. 2). Therefore, we hypothesized that the
different protein expression patterns of HSPs may explain
the differences in thermal sensitivity of the OSCC cells lines,
especially the thermo-resistance of HSC-4 cells.

Expression profiles of miRNAs in OSCC cells. To identify
miRNAs that were differentially expressed and associated
with the thermal sensitivity, we utilized two different miRNA
microarray systems provided by Affymetrix, Inc. and Toray
Industries, Inc. The results showed marked differences in the
miRNA expression patterns between the thermo-sensitive cell
lines, HSC-2 and HSC-3 cells, and the thermo-resistant cell
line, HSC-4, in the two systems. The basal expression levels
of several miRNAs in HSC-4 cells were significantly different
compared with those in HSC-2 and HSC-3 cells. The expres-
sion levels of hsa-miR-23a and hsa-miR-27a in HSC-4 cells
were lower than those of other cells (Fig. 3A and B). On the
other hand, hsa-miR-30a, hsa-miR-30c and hsa-miR-203 were
preferentially expressed in HSC-4 cells compared with HSC-2
and HSC-3 cells (Fig. 3C-E).

Effects of miRNA mimic or antisense oligonucleotides on
HT-induced cell death in HSC-4 cells. The two independent
microarray systems clearly demonstrated that five miRNAs
(miR-23a, miR-27a, miR-30a, miR-30c and miR-203) were
candidate miRNAs for thermal sensitivity in OSCC cells.
Therefore, we examined the effects of miRNA mimic or
antisense oligonucleotides on HT-induced cell death. HSC-4
cells were treated with HT 48 h after being transfected
with the oligonucleotide, and then cell death was evaluated
24 h after HT treatment. Treatments of HSC-4 cells with
mimic oligonucleotides for miR-23a (20 nM) and miR-27a
(20 nM) followed by HT significantly elevated cell death,
with the mean percentages of cell death being 8.5 and 18.0%,
respectively (Fig. 4A and B). However, cell death was hardly
enhanced by the treatment with a high concentration (100 nM)
of antisense oligonucleotide for miR-30, miR-30c or miR-203
in HT-exposed cells (data not shown). These results demon-
strated that miR-23a and miR-27a may be involved in thermal
sensitivity in HSC-4 cells.

Effects of the miR-27a mimic oligonucleotide on the protein
expression of HSPs and cleavage of caspase-3 in HSC-4
cells under HT-treated conditions. We examined whether
the protein expression of HSPs was influenced by treatment
with the miR-27a mimic oligonucleotide in HSC-4 cells. The
protein expression levels of Hsp110 and Hsp90 were signifi-
cantly decreased in HSC-4 cells treated with the miR-27a
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Figure 4. Effects of the microRNA mimic oligonucleotides on hyperthermia (HT)-induced cell death in HSC-4 cells. HSC-4 cells were transfected with
(A) miR-23a mimic (20 nM) or (B) miR-27a mimic (20 nM) oligonucleotides. Forty-eight hours after transfection, the cells were treated with HT at 44°C for
60 min followed by culturing at 37°C for 24 h. Cell death was monitored using propidium iodide staining. Gray columns, mock (transfection reagent only);

white columns, NT (non-targeted miRNA control); black columns, each oligonucleotide. Data are presented as the means + standard deviations (SDs) (n=3).
“P<0.05 vs. each mock control.
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Figure 5. Effects of the miR-27a mimic oligonucleotide on the expression of heat shock proteins (HSPs) and cleavage of caspase-3 in HSC-4 cells under
hyperthermia (HT)-treated conditions. HSC-4 cells were exposed to HT at 44°C for 60 min after 48 h of transfection with the miR-27a mimic oligonucleotide
(20 nM) and then cultured at 37°C for 1 and 6 h. Protein expression levels of HSPs, caspase-3 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were
determined by western blot analysis. Ctr, non-treated cells. Mock, transfection reagent only; NT, non-targeted miRNA control.
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Figure 6. Effects of the miR-27a mimic oligonucleotide on mRNA expression of heat shock proteins (HSPs) in HSC-4 cells under hyperthermia (HT)-treated
conditions. HSC-4 cells were exposed to HT at 44°C for 60 min 48 h after transfection of the miR-27a mimic oligonucleotide (20 nM) and then cultured at
37°C for 1 and 3 h. Quantitative polymerase chain reaction was performed with specific primers for (A) HSPH1 or (B) HSP90OAA1. Each mRNA expression
level was normalized to the expression level of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Gray columns, mock (transfection reagent only); white
columns, NT (non-targeted miRNA control); black columns, miR-27a (miR-27a mimic oligonucleotide). Ctr, non-treated cells. Data are presented as the
means + standard deviations (SDs) (n=4). "P<0.05 vs. each mock control.
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mimic oligonucleotide (20 nM) under HT conditions (Fig. 5).
Simultaneously, the oligonucleotide slightly decreased the
expression levels of Hsp70 and Hsp40. A significant increase
in caspase-3 cleavage, a marker of apoptosis, was observed
in the cells following combination treatment with HT and
oligonucleotide transfection. These results suggested that the
increased cleavage of caspase-3 may be due to the decreased
expression levels of HSPs, especially Hsp110 and Hsp90,
which promote cancer cell survival (19,20).

Effects of the miR-27a mimic oligonucleotide on the mRNA
expression of HSPs in HSC-4 cells under HT-treated condi-
tions. A bioinformatics-based approach was employed to
predict the putative targets using the TargetScan program
hosted by the Wellcome Trust Sanger Institute (21) and
GGRNA hosted by DBCLS (22). We noted that one potential
binding site was found in the 3'-untranslated region (3'-UTR)
or amino acid coding sequences (CDS) of the human HSPH1
(Hspl110), HSP9OA A1 (Hsp90), HSPA1A (Hsp70), HSPAIB
(Hsp70), DNAJA1 (Hsp40), and DNAJB1 (HSp40) genes
for human miR-27a. We also investigated whether a miR-27a
mimic oligonucleotide would affect the mRNA expres-
sion levels of HSPs in HSC-4 cells. In the miR-27a mimic
oligonucleotide-transfected cells, the mRNA expression levels
of HSPH1 and HSP90A A1 were significantly reduced when
the cells were exposed to HT (Fig. 6). By contrast, the oligo-
nucleotide did not affect the mRNA expression of HSPAIA,
HSPA1B, DNAJA1 and DNAJBI under either regular or HT
conditions (data not shown).

Discussion

Control of thermal resistance is one of the most important issues
in HT therapy. It has been reported that miRNAs can play a
critical role in cancer cells (23) by regulating cancer-related
pathways such as the cell cycle control, DNA damage response
and stress-sensitivity pathways (23,24). Microarray expres-
sion data from a wide spectrum of cancers have provided
evidence that aberrant miRNA expression is the rule rather
than the exception in cancer (25). However, the resistance to
heat stress in cancer cells remains largely unexplored. In the
present study, we revealed that OSCC HSC-4 cells, the model
of thermally resistant cells used in the present study, had char-
acteristic patterns of miRNA expression compared with the
thermal-sensitive HSC-2 and HSC-3 OSCC cell lines. Of the
miRNAs expressed in this manner, miR-27a was most likely to
be involved in the thermal resistance in HSC-4 cells, because
its constitutive expression level was lower than the levels in
thermal-sensitive OSCC cells. Notably, transfection of HSC-4
cells with a miR-27a mimic oligonucleotide elicited cell death
under the HT conditions. These results suggest that the low
expression level of miR-27a likely contributes to the mecha-
nism of thermal resistance in OSCC HSC-4 cells.

As for the targets of miR-27a, we focused on the HSP
family genes. miR-27a partially shares the seed sequence (26)
to bind to the 3'-UTR or the amino acid CDS region of HSP
family genes. In general, miRNAs modulate the gene expres-
sion in mammalian cells by base pairing to complementary
sites in the 3'-UTR of their target miRNAs. However, results
of a recent study showed that miRNAs can regulate target
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miRNAs by binding to the CDS region (27). In the present
study, the expression levels of Hspl10 and Hsp90 signifi-
cantly decreased when HSC-4 cells were transfected with
the miRNA-27a mimic oligonucleotide under the HT condi-
tions (Fig. 5), despite the low homology of the seed sequence
to these 3'-UTR regions. Additionally, these CDS regions have
partial homology to the miR-27a seed. Notably, the miR-27a
mimic oligonucleotide significantly suppressed the expression
of Hsp110 and Hsp90, not only at the levels of translation, but
also transcription. The detailed mechanism underlying the
control of gene expression via the CDS regions has not yet
been identified, although the homology between the miR-27a
seed sequence and CDS regions of Hspl10 and Hsp90 genes
may be important for the regulation of those expressions.

It is generally recognized that HSPs confer substantial
thermal resistance to cancer cells (6). Hsp110, one of the earliest
HSPs described in mammalian cells, plays an important role as
a chaperone under stress conditions (19,28) and participates in
cellular thermal resistance (29). In addition, it has been recently
demonstrated that the expression level of Hspl10 is elevated
in highly metastatic colon cancer cell lines, and is correlated
with advanced clinical stages (30). Hsp90 is also a molecular
chaperone protein and is crucially involved in the function
and stability of many oncogene products and cell-signaling
molecules (31,32). Functional inhibition of Hsp90 also appears
to enhance the sensitivity to HT on the incidence of cell
death (33). Overexpression of Hsp90 was frequently observed
in cancer cells, and, therefore, the pharmacological inhibition
of Hsp90 is an attractive strategy for cancer therapy (34).

In conclusion, miR-27a may contribute to the thermal
sensitivity of OSCCs, presumably through regulation of the
expression of Hsp110 and Hsp90. Our data supports a model
in which miR-27a may overcome thermal resistance and serve
as a predictive marker of thermal sensitivity.
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