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ABSTRACT

Hyperthermia has shown clinical potency as a single agent or as adjuvant to other 
therapies in cancer treatment. However, thermotolerance induced by thermosensitive 
genes such as the heat shock proteins can limit the efficacy of hyperthermic 
treatment. In the present study, we identified HSPB1 (HSP27) is hyperthermically 
inducible or endogenously highly expressed in both murine and human melanoma 
cell lines. We used a siRNA strategy to reduce HSPB1 levels and showed increased 
intolerance to hyperthermia via reduced cell viability and/or proliferation of cells. In 
the investigation of underlying mechanisms, we found knock down of HSPB1 further 
increased the proportion of apoptotic cells in hyperthermic treated melanoma cells 
when compared with either single agent alone, and both agents leaded to cell cycle 
arrest at G0/G1 or G2/M phases. We concluded that hyperthermia combined with 
silencing of HSPB1 enhanced cell death and resulted in failure to thrive in melanoma 
cell lines, implying the potential clinical utility of hyperthermia in combination with 
HSPB1 inhibition in cancer treatment.

INTRODUCTION

Hyperthermia is a procedure by which the 
temperature of a specific body part or the whole 
organism is elevated above the standard physiological 
temperature [1]. A temperature range of 42°C to 45°C is 
used therapeutically as a single agent or as an adjuvant 
to radiotherapy, chemotherapy or immunotherapy in 
the cancer treatment [2, 3]. Hyperthermia alone as a 
cancer treatment can selectively eliminate cancer cells 
by facilitating molecular mechanisms such as cell cycle 
arrest, apoptosis, necrosis and autophagy [4–6], or activate 
NK cells or DCs which in turn stimulates anti-cancer 
immune responses [7, 8]. Both in vitro and in vivo studies 
have reported a clinical benefit from use of hyperthermia 
as a treatment for many cancers including melanoma 
[5, 9, 10], prostate cancer [11], bladder cancer [12] and 
glioblastoma [13]. Hyperthermia acts as a sensitizer to 
radiotherapy, chemotherapy and immunotherapy, and 
thus, this has attracted interest in developing effective 
combination strategies that exploit using hyperthermia in 
combination with other therapies. Successful combinations 

involving hyperthermia have been reported in breast 
cancer [14], bladder cancer [15, 16], cervical cancer [17] 
and prostate cancer [18]. Therefore there is interest in 
developing effective dual therapies that exploit the use of 
hyperthermia.

Hyperthermia regulates a family of molecular 
chaperone proteins, the heat shock proteins (HSPs) [19]. 
HSPs are highly conserved and constitutively expressed 
[20]. They function to facilitate the folding, conformation, 
assembly, and translocation of proteins involved in cell 
growth and survival. Therefore, they have important roles 
in human diseases including cancer [21, 22]. There is a 
precedence for heat shock proteins being associated with 
increased thermotolerance [23, 24]. HSP70 is perhaps the 
best studied in this regard, and HSP70 inhibitors have 
been shown to have anticancer effects [25–28]. However, 
the thermoregulatory role of HSP70 has the potential 
to be confused with its anti-immune activity [29–31]. 
Another heat shock protein, HSP27, is perhaps a better 
candidate. Also known as HSPB1, it is a small HSP that 
plays an essential role in the cytoprotection in cancer, 
and is inducible by various stimuli such as hyperthermia 
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[32]. HSPB1 targets multiple components in the apoptosis 
signaling pathway to reduce levels of apoptosis [33]. 
When overexpressed in cancer HSPB1 is related to poor 
prognosis, tumour progression and metastasis [34–36]. 
All these features make HSPB1 an attractive therapeutic 
target, and indeed HSPB1 inhibitors have been revealed 
to be clinically effective in inhibiting tumour progression, 
promoting apoptosis and sensitizing cancer cells to other 
chemotherapies in pancreatic cancer, head and neck 
squamous cell carcinoma and prostate cancer [37–40].

The efficacy of hyperthermia can be limited by 
thermotolerance, which is a phenomenon in which cells 
become resistant to the heat treatment [2]. Hyperthermia 
induced HSPs may function to protect cells against 
hyperthermia activated cell death mechanisms such 
as necrosis, apoptosis and cell cycle arrest, and thus, 
may be responsible for this thermotolerance [24, 41]. 
Therefore, silencing thermosensitive HSPs may improve 
the antitumour effects of hyperthermia. Additionally, 
as a sensitizer to other therapies, hyperthermia may 
also enhance impaired cytoprotection attributed by 
HSP deficiency. In our study, we have shown HSPB1 
is a thermosensitive HSP that was dramatically 
upregulated by hyperthermia of 45°C in the murine B16 
melanoma cell line. Combination of HSPB1 silencing 
and hyperthermia significantly improved the impact 
of either treatment alone in terms of decreased cell 
viability, apoptosis and cell cycle arrest in B16 cells, as 
well as human cell lines with high HSPB1 expression, 
either endogenous or exogenously upregulated by 
hyperthermia, implying the potential clinical utility of 
hyperthermia in conjunction with HSPB1 silencing in 
melanoma treatment.

RESULTS

Hyperthermia (45°C) decreased the cell viability 
and upregulated Hspb1 expression in murine 
B16 melanoma cell line

We first measured the effect of hyperthermia on the 
cell viability of B16 cells by MTS assay. B16 cells were 
divided into four groups and treated with 37°C (negative 
control group), 39°C, 43°C and 45°C (hyperthermic 
treated groups) by water baths for 30 minutes, respectively. 
As shown in Figure 1A, there was no alteration in the cell 
viability of B16 cells under the conditions of 39°C or 43°C 
compared to that in the control group, but only in cells 
in the 45°C group which showed significantly reduced 
cell viability even after day 1 post heat shock (p<0.001). 
We also observed significantly induced upregulation of 
Hspb1 expression after hyperthermic treatment at 45°C 
(Figure 1B and 1D). There was a sustained increase in 
Hspb1 mRNA expression from 4 hours post hyperthermia 
application by RT-PCR analysis, peaking at 180 fold of 
increase at 24 hours (p<0.001).

Induction of HSPs overexpression is an essential 
signature of hyperthermia. We have identified that 
45°C dramatically increased Hspb1 expression in B16 
cells. To address if overexpressed Hspb1 influenced 
the thermosensitivity of B16 cells, Hspb1 was knocked 
down by siRNA transfection and cells were treated with a 
temperature change at 24 hours. As shown in Figure 1C, 
two Hspb1 targeted siRNA (siHspb1-1 and siHspb1-2) 
both effectively reduced up to more than 90% of Hspb1 
mRNA expression after 24 hours of transfection (p<0.001). 
Hspb1 was still silenced in siHspb1-1 transfected cells 
after 48 hours, but started to re-express in siHspb1-2 
transfected cells. Successful Hspb1 knock down was also 
proved at protein level by immunoflorescent staining 
(Figure 1D). siRNA transfected cells showed much 
lower level of Hspb1 expression compared with siRNA 
negative control cells. Despite the massive increase in 
Hspb1 expression in non-transfected 45°C treated B16 
cells, Hspb1 expression in siHspb1-1 transfected 45°C 
treated B16 cells remains low (Supplementary Figure S1), 
indicating the successful silencing of Hspb1 by siHspb1-1 
under both normal and hyperthermia conditions.

Hspb1 knock down combined with hyperthermia 
(45°C) significantly reduced cell viability/
proliferation compared with hyperthermia or 
Hspb1 knock down alone

Having demonstrated that hyperthermia (45°C) 
reduced the cell viability of B16 cells, MTS assay was 
then used to compare the impact of hyperthermia (45°C), 
Hspb1 knock down, and the combination of both on B16 
cell viability (Figure 2A). The same number of cells from 
untreated cells (incubated with medium), Silencer® Select 
negative control siRNA 1 treated cells (siRNA neg) and 
Mm_Hspb1_1 treated cells (siHspb1-1), were transferred 
into 96-well plates and measured by MTS assay on day 
0. Each group was then divided into two subgroups and 
incubated with 37°C or 45°C, respectively. The cell 
viability was measured from the following day (day 1) 
until day 4. Compared to the siRNA negative (37°C), 45°C 
or Hspb1 knock down both significantly reduced the cell 
viability. There was a further reduction in the cell viability 
under the condition of a combination of both 45°C and 
Hspb1 knock down (p<0.001), suggesting the combination 
strategy enhanced single agent induced cell death. Colony 
formation assay also confirmed this finding since there 
was a significantly lower colony forming efficiency in the 
combination group compared to 45°C hyperthermia or 
Hspb1 knock down alone (Figure 2B and 2C).

Regulation of apoptosis by hyperthermia (45°C) 
and Hspb1 knock down

Hyperthermia and Hspb1 are both involved in the 
regulation of apoptosis and necrosis. In order to address 
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Figure 1: The cell viability and Hspb1 mRNA expression in murine B16 melanoma cell line after hyperthermic 
treatment, and knock down of Hspb1 by siRNA transfection A. MTS analysis showing the influence of cell viability of B16 
cells by hyperthermia at 39°C, 43°C and 45°C, compared to 37°C (control group). Each point represents the mean ± SD of octuplicates. 
B. mRNA expression of Hspb1 in B16 cell line under hyperthermia time course, shown in means normalized against the endogenous control 
of B2m Data shown were means from three experiments ± SD. C. RNA was extracted from untreated B16 cells, cells treated with Silencer® 
Select negative control siRNA 1 (siRNA neg), and cells transfected by Mm_Hspb1_1 (siHspb1-1) or Mm_Hspb1_2 (siHspb1-2). The 
mRNA expression level of Hspb1 was normalized against the endogenous control of B2m. D. Representative confocal microscopy images 
showing Hspb1 expression in B16 cells treated with siRNA negative control, siHspb1-1 (48 hours after transfection) and hyperthermia 
(45°C). Hspb1 was labeled by TRITC (red) and nuclei were visualized by DAPI staining (blue).
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the possible mechanisms by which hyperthermia (45°C) 
combined with Hspb1 knock down reduces the cell 
viability and/or proliferation, we quantified the number 
of apoptotic cells by flow cytometry analysis (Figure 3). 
Compared to the siRNA negative group (37°C), there 

was a 1.7 and a 3.0 fold change of increase in the total 
apoptotic cells in the hyperthermia (45°C) group and 
Hspb1 knock down group, respectively (p<0.05) (Figure 
3B). The total apoptotic cells further increased up to 4.0 
fold change (p<0.05) in the combination group. However, 

Figure 2: The effect of hyperthermia (45°C) and Hspb1 knock down on cell viability and colony formation of B16 
cell line. A. MTS analysis of B16 cell viability after heat shock (45°C) and Hspb1 knock down. B. Representative images of the colony 
formation assay. C. Quantification of the colony formation efficiency. * indicates a significant difference between each group and siRNA 
negative (37°C) (* p<0.05, ** p<0.01, *** p<0.001, by one way ANOVA); ^^^ indicates a significant difference between siHspb1-1 (45°C) 
and siHspb1-1 (37°C) (p<0.001, by student’s t-test); ### indicates a significant difference between siHspb1-1 (45°C) and siRNA negative 
(45°C) (p<0.001, by student’s t-test).
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Figure 3: The effect of hyperthermia (45°C) and Hspb1 knock down on apoptosis and necrosis in B16 cell line analysed 
by flow cytometry. A. Flow cytometric images of apoptosis and necrosis in B16 cells treated with hyperthermia and siHspb1-1 
transfection. Cells stained with Annexin V+/ PI−, Annexin V+/ PI+, and Annexin-V−/PI+ were interpreted as early apoptotic cells, late 
apoptotic cells, and necrotic cells, respectively. B. Apoptosis and necrosis level of B16 cells were shown as fold change against siRNA 
negative group (37°C), and data shown were means from three independent experiments ± SD. * indicates a significant difference between 
each group and siRNA negative (37°C) (* p<0.05, by one way ANOVA); ^ siHspb1-1 (45°C) vs siHspb1-1 (37°C) (p<0.05, by student’s 
t-test); # siHspb1-1 (45°C) vs siRNA negative (45°C) (p<0.05, by student’s t-test).
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there was no obvious difference in cell necrosis between 
each group. Taken together, 45°C treatment enhanced 
single agent induced cell apoptosis, but did not influence 
the cell necrosis.

Knock down of Hspb1 induced G0/G1 cell cycle 
arrest, and hyperthermia (45°C) induced G2/M 
cell cycle arrest

The colony formation results illustrated the impact 
of hyperthermia and Hsbp1 knock down on colony 
forming ability, which prompted us to investigate if cell 
cycle arrest was a mechanism involved in sensitizing 
B16 cells to hyperthermia (45°C) and Hspb1 knock 
down. As shown in Figure 4, the percentage of cells in 
the G2/M phase increased from 3.2% in the negative 
group (37°C) to 19.4% in the hyperthermia group, 
suggesting induction of G2/M cell cycle arrest by 
hyperthermia (p<0.001). Interestingly G2/M arrest 
did not occur when Hsbp1 siRNA treated cells were 
subjected to 45°C, suggesting G2/M arrest was not a 
mechanism of Hsbp1 action in hyperthermia. Hspb1 
silencing, on the other hand, induced G0/G1 cell cycle 
arrest by showing an increase in the cell percentage 
from 73.0% (siRNA negative group, 37°C) to 90.3% 
(Hspb1 transfected group, 37°C) in this phase. Whereas 
in the combination treatment group, cells arrested in 
the G0/G1 phase were moderately increased to 93.1% 
when compared with Hspb1 knock down group (90.3%) 
(p<0.001). These results suggested a role of Hsbp1 as 
a powerful controller of cell cycle, and Hspb1 related 
cell cycle arrest may have gained additive effect by 
hyperthermic treatment.

Hyperthermia (45°C) upregulated HSPB1 
expression in human melanoma cell lines

To further validate the findings from the 
murine B16 melanoma cell lines, we expanded our 
investigations into two human melanoma cell lines 
A375 and MDA-MB-435S. The thermo-sensitivity 
of these two lines was first measured by MTS 
assay (Figure 5A and 5B). Both cell lines showed 
significantly reduced cell viability upon hyperthermic 
stimulation (45°C) when compared to the control 
conditions (37 °C), with MDA-MB-435S being more 
thermo-sensitive. The impact of hyperthermia on 
HSPB1 expression was then examined. HSPB1 mRNA 
expression level moderately increased in both A375 
and MDA-MB-435S cell lines after hyperthermic 
treatment (Figure 5C and 5D). HSPB1 protein 
expression was abundantly increased in 45 °C treated 
MDA-MB-435S cells (Figure 5F and Supplementary 
Figure S2B), but sustained at a high level in both 37 
°C and 45 °C groups in A375 cells (Figure 5E and 
Supplementary Figure S2A).

HSPB1 knock down combined with 
hyperthermia (45°C) significantly reduced cell 
viability/proliferation of human melanoma cell 
lines compared with hyperthermia or HSPB1 
knock down alone

HSPB1 was effectively knocked down in A375 
and MDA-MB-435S cell lines by siRNA transfection at 
both mRNA and protein level (Figure 6A-6F). Consistent 
with our findings in B16 cells, we found that combining 
HSPB1 knockdown and hyperthermia produced a 
significantly larger reduction in cell viability than either 
agent alone: A375 (Figure 7A) and MDA-MB-435S 
(Figure 7B). Regardless of how the reduction of HSBP1 is 
achieved, melanoma cells without HSBP1 show increased 
thermosensitivity. Increase of apoptotic or necrotic cells 
(Supplementary Figure S3), and induction of cell cycle 
arrest at G0/G1 or G2/M phases (Supplementary Figure 
S4) were likely to be the essential underlying molecular 
mechanisms by which the combination strategy showed 
an additive effect over single agent treatment on reducing 
the cell viability.

DISCUSSION

Here we present our data suggesting that silencing 
thermosensitive HSPB1 sensitized murine melanoma 
and human melanoma cell lines to hyperthermia induced 
cell death. It is known that HSPB1 expression increases 
dramatically upon hyperthermic insult and that reduction 
of HSPB1 activity with inhibitors will increase cancer cell 
sensitivity to a range of chemotherapies [32, 34–36]. Here 
using a siRNA strategy we reduced HSPB1 levels and 
showed increased intolerance to hyperthermia via reduced 
cell viability and/or proliferation, increased proportion of 
apoptotic cells, and induced cell cycle arrest.

Taking advantage of the fact that cancer cells being 
more sensitive to the heat, hyperthermia has been explored 
and exploited for decades in cancer treatments [42, 43]. 
Hyperthermia injures or kills cancer cells by disrupting 
the integrity of cell membrane, cytoskeleton and the 
mitochondrial machinery that leads to cell necrosis, 
or activating apoptosis and cell cycle arrest [4-6, 44]. 
Hyperthermia in combination with radiotherapies or 
chemotherapies has shown more promising clinical 
efficacy in treating various cancers, as the combination 
therapy leads to accumulation of cell toxicity, as well as 
increased blood flow and drug delivery [14, 15, 17, 18].

Since temperatures in excess of 60°C have 
been shown to kill cancer cells [45], we exploited the 
conventional hyperthermia with a range from 42°C to 
45°C in our study. Haghniaz et al. showed a minimum 
temperature of 45°C was required to decrease the viability 
of the melanoma cell line B16F [1]. Our study obtained 
consistent results by using temperatures lower than 45°C 
and showed these temperatures failed to eliminate B16 
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cells. It is notable that the cell viability curve of B16 
cells in the hyperthermia group was not sustained flat but 
started to climb up from day 3 (Figure 1A), suggesting that 
the capability of hyperthermia in reducing the cell viability 
was attenuated.

Following hyperthermia HSP’s are overexpressed, 
these HSPs exhibit chaperone functions to maintain the 
protein homeostasis, and cytoprotective machineries are 
switched on to assist the tumour cells to adapt the cellular 
and microenvironmental changes. Our results demonstrated 

Figure 4: Flow cytometric analysis of the effect of heat shock (45°C) and Hspb1 siRNA transfection on cell cycle 
regulation in B16 cell line using PI staining. A. Representative flow cytometric images of cell cycle distribution. B. Graphs showed 
the mean values from three independent experiments ± SD. Statistical significance was calculated by Student’s t-test: NS, not significant, 
* p<0.05, ** p<0.01, *** p<0.001.
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HSPB1 expression could be strikingly upregulated by 
hyperthermia (Figure 1A, D; Figure 5E), and knock down 
of HSPB1 further reduced cell viability and proliferation 
in hyperthermic treated melanoma cells when compared 

with either single agent alone (Figure 2A-C, Figure 7A-B), 
providing evidence that silencing of thermosensitive HSPB1 
combined with hyperthermia could increase the sensitivity of 
melanoma cells to each agent and improve the overall impact 

Figure 5: The cell viability and HSPB1 mRNA expression in human melanoma cell line after hyperthermic treatment. 
A, B. MTS analysis showing the cell viability of A375 cells (A) and MDA-MB-435S cells (B) in control group (37°C) and hyperthermia 
group (45°C). Each point represents the mean ± SD of octuplicates. C, D. mRNA expression of HSPB1 in A375 and MDA-MB-435S cell 
lines under hyperthermia time course, shown in means normalized against the endogenous control of GAPDH. Data shown were means 
from three experiments ± SD. E, F. Western blots of HSPB1 protein expression in control group and hyperthermia group (45°C) in A375 
and MDA-MB-435S cell lines. ACTIN was used as the loading control.
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on cell survival or cell proliferation. Importantly, we have 
proved these findings in both mouse and human melanoma 
cells, indicating this combination strategy is not limitedly 
applicable on one particular cell line. It is also noteworthy 
that such a combination strategy displayed considerable 

cytotoxicity in A375 melanoma cell line which endogenously 
expressed high level of HSPB1 protein (Figure 7B), implying 
the potential clinical utility of this combination strategy in 
eliminating melanoma cells with endogenous or exogenously 
induced high expression of HSPB1.

Figure 6: Knock down of HSPB1 by siRNA transfection in A375 and MDA-MB-435S cell lines. A, D. RT-PCR analysis 
showing effective reduction of HSPB1 gene expression in A375 (A) and MDA-MB-435S (D) cell lines after 24 hours, 48 hours and 72 hours 
of transfection. The mRNA expression level of HSPB1 was normalized against the endogenous control of GAPDH. B, E.: Representative 
confocal microscopy images showing HSPB1 expression in two human melanoma cells treated with siRNA negative control and HSPB1 
siRNA (after 48 hours of transfection). HSPB1 was labeled by TRITC (red) and nuclei were visualized by DAPI staining (blue). C, F.: 
Western blots showing reduced HSPB1 protein expression in A375 (C) and MDA-MB-435S (F) cell lines after 24 hours, 48 hours and 72 
hours of transfection. Actin was used as the loading control.
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Figure 7: The effect of hyperthermia (45°C) and HSPB1 knock down on cell viability of A375 A. and MDA-MB-435S 
B. cell lines. * indicates a significant difference between each group and siRNA negative (37°C) (* p<0.05, ** p<0.01, *** p<0.001, by 
one way ANOVA); ^ indicates a significant difference between siHSPB1 (45°C) and siHSPB1 (37°C) (^ p<0.05, ^^ p<0.01, ^^^ p<0.001, 
by student’s t-test); # indicates a significant difference between siHSPB1 (45°C) and siRNA negative (45°C) ((# p<0.05, ## p<0.01, ### 
p<0.001, by student’s t-test).
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We also showed that reduction of HSPB1 in both 
murine and human melanoma cells increased apoptosis 
and cell cycle changes. These changes were not 
unexpected given that the anti-apoptotic role of HSPB1 
has been well studied. HSPB1 has been reported to trigger 
the apoptotic cascade directly through caspase 3 inhibition 
and indirectly through promotion of BAX phosphorylation 
and BAD inactivation using AKt kinase and IGF-1 
pathways, respectively [33, 46]. Hyperthermia, on the 
other hand, has been shown to activate apoptosis through 
MAPK signaling or by accumulation of damaged proteins 
in a cell [47]. Therefore, it is not surprising that combining 
HSPB1 with hyperthermia resulted in additive apoptotic 
effects. A more detailed pathway analysis will be a feature 
of future studies by our group.

In addition, HSPB1 has been reported to promote 
cell progression from G0/G1 to S phase [48], and our data 
showed that silenced Hspb1 produced such a potent G0/
G1 arrest that almost all cells were arrested at the G0/
G1 checkpoint if Hspb1 was not active in the B16 cells. 
G2/M arrest is a feature of hyperthermia, however, cell 
cycle arrest features due to hyperthermia were masked 
by Hspb1 silencing. Despite Hspb1 silencing being the 
dominant mechanism in terms of cell cycle control, this 
result also highlighted the differing mechanisms of action 
of hyperthermia and Hspb1 silencing, and this bodes well 
in terms of reduced resistance to therapy.

Given the role of some heat shock proteins, such as 
HSP70, in immunosurveillance [29–31], HSP inhibitors 
may abrogate the anti-cancer immune responses at the 
same time as eliminating cancer cells. Therefore, it will 
be important to establish the immunoregulatory role of 
HSPB1, if any, in further investigation of this protein. In 
conclusion, we present evidence that HSPB1 silencing 
may improve cancer cell thermosensitivity when in 
combination with hyperthermia and have clinical potential 
in cancer treatments.

MATERIALS AND METHODS

Cell culture

Melanoma cell lines were were maintained in 
complete growth medium of Roswell Park Memorial 
Institute medium (RPMI, Life technologies) or Dulbecco’s 
modified Eagle medium (DMEM, Life technologies) 
(RPMI for the murine B16 melanoma cell line and 
human melanoma cell line A375; DMEM for the human 
melanoma cell line MDA-MB-435S, supplemented 
with 10% fetal bovine serum (FBS, Gibco) at 37°C in a 
humidified incubator with 5% CO2.

MTS assay

Cell viability was measured by using the MTS assay 
(Promega, Madison, WI) following the manufacturer’s 
instructions. In brief, the cells were seeded in 96-well 

plates at a density of 5000 cells/well, and the cell viability 
was determined by measuring the absorbance at 490 nm at 
day 0, day 1, day 2, day3 and day 4 when the cell density 
reach 100% of confluence. All assays were completed in 
octuplicates and repeated three times.

Heat stress

Cells were grown in culture plates and subjected to 
heat stress in a water bath. The bottom of culture plates 
was submerged in the water and incubated at 39 °C, 43 °C 
or 45°C for 30 minutes. Control cells were incubated in 
the water bath at 37°C for 30 minutes.

siRNA transfection

Cells were seeded the day before transfection in 
antibiotics-free Medium. Lipofectamine™ RNAiMAX 
(Thermo Fisher scientific, USA) was used as siRNA 
transfection reagent according to the manufacturer’s 
instructions. Cells grown in medium only and cells 
treated with Silencer® Select negative control siRNA 
1 were used as negative controls. A final concentration 
of 10 nmol of siRNA was used after optimization. The 
targeted sequences for Hspb1 siRNAs (mouse) were: Mm_
Hspb1_1-TCCGGAGGAGCTCACAGTGAA and Mm_
Hspb1_2-TCGGTGCTTCACCCGGAAATA (Qiagen). 
The targeted sequence for HSPB1 siRNAs (human) was: 
GCCGCCAAGUAAAGCCUUA (Ambion).

Real time PCR (RT-PCR) analysis

RNA was extracted by miRNeasy mini kit 
(Qiagen, Germany). cDNA was synthesized from RNA 
by GoScript™ Reverse Transcription System (Promega, 
USA). Primers for mouse Hspb1 (Mm_Hspb1_1_SG) 
and the endogenous control B2m (Mm_B2m_2_SG) 
were purchased from Qiagen. Primers for human 
HSPB1 (F: 5’ CACGCAGTCCAACGAGATCA; R: 5’ 
AAAGAACACACAGGTGGCGG) and GAPDH (F: 
5’ CCAGCAAGAGCACAAGAGGAAGAG; R: 5’ 
GTCTACATGGCAACTGTGAGGAG) were purchased 
from Invitrogen. RT-PCR was performed in 96-well plates 
by 7900HT Fast Real-Time PCR system (Thermo Fisher 
scientific, USA). Each reaction mixture is composed of 
10μl GoTaq® qPCR Master Mix, 0.2μl CXR Reference 
Dye, 2μl primer, cDNA template (100ng) and additional 
Nuclease-free water to a final volume of 20μl. Ct values 
were calculated using RQ Manager Software (Thermo 
Fisher scientific, USA). Each assay was performed in 
triplicate and repeated three times.

Immunofluorescence

Cells grown as monolayer were fixed with 4% 
paraformaldehyde for 20 minutes and permeabilized by 
0.1% triton for 10 minutes. Cells were then blocked by 
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0.3% BSA for 1 hour, incubated with HSPB1 antibody 
(Abcam, China) at 4°C overnight, incubated with 
fluorescent conjugated secondary antibody in the dark 
for 2 hours before visualisation by confocal microscope. 
Nuclei were visualized by 4’, 6-diamidino-2-phenylindole 
(DAPI) staining.

Western blot

Adherent cells were lysed by Radio-immune 
Precipitation (RIPA) buffer (Thermo Scientific), 
supplemented with a cocktail of protease inhibitors. 
Protein concentration in cell lysate was measured with 
the BCA Protein Assay Kit (Pierce, USA). 30μg of total 
protein from each sample were electrophoresed on a 
NuPAGE® 4-12% Bis Tris gel, and the proteins on the 
gel were transferred onto a PVDF membrane contained 
by iBlot® Gel Transfer Stacks (Invitrogen, Israel). The 
membranes were blocked with TBST with 5% non-
fat milk for one hour at room temperature, incubated 
with HSPB1 antibody (Abcam, China) or ACTIN 
(Proteintech, China) overnight at 4°C, and incubated with 
a HRP-conjugated secondary antibody and detected by 
Clarity™ Western ECL Substrate (Bio-Rad, USA) on the 
following day.

Flow cytometry

B16 cells were divided into six groups: untreated 
cells 37°C, siRNA negative 37°C, siHspb1-1 37°C, 
untreated cells 45°C, siRNA negative 45°C and siHspb1-1 
45°C. For apoptosis and necrosis analysis, B16 cells were 
stained with the FITC Annexin V apoptosis detection 
kit (BD Biosciences, USA) in accordance with the 
manufacturer’s instructions. In brief, the cells were 
trypsinized and washed with cold PBS, incubated with 
5 μL of FITC Annexin V and 5μL of propidium iodide 
(PI) for 15 minutes at room temperature in the dark, and 
then analyzed within 1 hour. For cell cycle analysis, the 
cells were fixed with 70% cold ethanol overnight, and 
each sample was incubated with 1ml of PI (40 ug/ml) and 
50 µl of RNase A (10 ug/ml) at 37 °C for 20 minutes. 
Samples for apoptosis and cell cycle distribution were 
analyzed by BD LSRFortessa (BD Biosciences, USA), 
and the percentage of cells at G0/G1, S, or G2/M phase 
was analysed using ModFit software (Becton Dickinson, 
USA). Experiments were repeated three times.

Colony formation

Six groups of B16 cells: untreated cells 37°C, siRNA 
negative 37°C, siHspb1-1 37°C, untreated cells 45°C, 
siRNA negative 45°C and siHspb1-1 45°C, were plated in 
60 mm dishes (200 cells/dish) and cultured for 2 weeks to 
allow assessment of colony formation. The colonies were 
fixed with methanol and stained with 0.1% crystal violet 
before counting. Experiments were performed in triplicate.

Statistical analysis

Statistical analysis, including Student’s t test 
and one-way analysis of variance (ANOVA) were 
all performed by GraphPad Prism software, and a p 
value<0.05 was considered to be statistically significant.

ACKNOWLEDGMENTS

We would like to thank Dr. Lynda Weir (Jacqui 
Wood Cancer Centre, Ninewells Hospital & Medical 
School, University of Dundee, UK) for revising this 
manuscript.

CONFLICTS OF INTEREST

No conflict of interest.

GRANT SUPPORT

This work was supported by Talents Supporting 
Plans in Universities of Liaoning Province 
(LJQ20100715LJQ).

REFERENCES

1. Haghniaz R, Umrani RD, and Paknikar KM. Temperature-
dependent and time-dependent effects of hyperthermia 
mediated by dextran-coated La0.7Sr0.3MnO3: in vitro 
studies. Int J Nanomedicine. 2015; 10: 1609-23 doi: 
10.2147/IJN.S78167.

2. Page RL, Thrall DE, Dewhirst MW, and Meyer RE. Whole-
body hyperthermia. Rationale and potential use for cancer 
treatment. J Vet Intern Med. 1987; 1: 110-20.

3. Soares PI, Ferreira IM, Igreja RA, Novo CM, and Borges JP. 
Application of hyperthermia for cancer treatment: recent patents 
review. Recent Pat Anticancer Drug Discov. 2012; 7: 64-73.

4. Mouratidis PX, Rivens I, and Ter Haar G. A study of 
thermal dose-induced autophagy, apoptosis and necroptosis 
in colon cancer cells. Int J Hyperthermia. 2015; 31: 476-88.

5. Radzi R, Osaki T, Tsuka T, Imagawa T, Minami S, 
Nakayama Y, and Okamoto Y. Photodynamic hyperthermal 
therapy with indocyanine green (ICG) induces apoptosis 
and cell cycle arrest in B16F10 murine melanoma cells. 
J Vet Med Sci. 2012; 74: 545-51.

6. Chu KF and Dupuy DE. Thermal ablation of tumours: 
biological mechanisms and advances in therapy. Nat Rev 
Cancer. 2014; 14: 199-208.

7. Frey B, Weiss EM, Rubner Y, Wunderlich R, Ott OJ, Sauer 
R, Fietkau R, and Gaipl US. Old and new facts about 
hyperthermia-induced modulations of the immune system. 
Int J Hyperthermia. 2012; 28: 528-42.

8. den Brok MH, Sutmuller RP, Nierkens S, Bennink EJ, 
Frielink C, Toonen LW, Boerman OC, Figdor CG, Ruers 
TJ, and Adema GJ. Efficient loading of dendritic cells 



Oncotarget67461www.impactjournals.com/oncotarget

following cryo and radiofrequency ablation in combination 
with immune modulation induces anti-tumour immunity. Br 
J Cancer. 2006; 95: 896-905.

9. Li DY, Tang YP, Zhao LY, Geng CY, and Tang JT. Antitumor 
effect and immune response induced by local hyperthermia 
in B16 murine melanoma: Effect of thermal dose. Oncol 
Lett. 2012; 4: 711-718.

10. Garcia MP, Cavalheiro JR, and Fernandes MH. Acute and 
long-term effects of hyperthermia in B16-F10 melanoma 
cells. PLoS One. 2012; 7: e35489.

11. Kawai N, Ito A, Nakahara Y, Futakuchi M, Shirai T, 
Honda H, Kobayashi T, and Kohri K. Anticancer effect of 
hyperthermia on prostate cancer mediated by magnetite 
cationic liposomes and immune-response induction in 
transplanted syngeneic rats. Prostate. 2005; 64: 373-81.

12. Juang T, Stauffer PR, Craciunescu OA, Maccarini PF, Yuan 
Y, Das SK, Dewhirst MW, Inman BA, and Vujaskovic Z. 
Thermal dosimetry characteristics of deep regional heating 
of non-muscle invasive bladder cancer. Int J Hyperthermia. 
2014; 30: 176-83.

13. Fernandez Cabada T, Sanchez Lopez de Pablo C, Martinez 
Serrano A, del Pozo Guerrero F, Serrano Olmedo JJ, and 
Ramos Gomez M. Induction of cell death in a glioblastoma 
line by hyperthermic therapy based on gold nanorods. Int J 
Nanomedicine. 2012; 7: 1511-23 doi: 10.2147/IJN.S28470.

14. Vujaskovic Z, Kim DW, Jones E, Lan L, McCall L, 
Dewhirst MW, Craciunescu O, Stauffer P, Liotcheva V, 
Betof A, and Blackwell K. A phase I/II study of neoadjuvant 
liposomal doxorubicin, paclitaxel, and hyperthermia in 
locally advanced breast cancer. Int J Hyperthermia. 2010; 
26: 514-21.

15. Inman BA, Stauffer PR, Craciunescu OA, Maccarini PF, 
Dewhirst MW, and Vujaskovic Z. A pilot clinical trial 
of intravesical mitomycin-C and external deep pelvic 
hyperthermia for non-muscle-invasive bladder cancer. Int 
J Hyperthermia. 2014; 30: 171-5.

16. Yuan Y, Cheng KS, Craciunescu OI, Stauffer PR, Maccarini 
PF, Arunachalam K, Vujaskovic Z, Dewhirst MW, and Das 
SK. Utility of treatment planning for thermochemotherapy 
treatment of nonmuscle invasive bladder carcinoma. Med 
Phys. 2012; 39: 1170-81.

17. van der Zee J and van Rhoon GC. Cervical cancer: 
radiotherapy and hyperthermia. Int J Hyperthermia. 2006; 
22: 229-34.

18. Hurwitz MD, Hansen JL, Prokopios-Davos S, Manola J, Wang 
Q, Bornstein BA, Hynynen K, and Kaplan ID. Hyperthermia 
combined with radiation for the treatment of locally advanced 
prostate cancer: long-term results from Dana-Farber Cancer 
Institute study 94-153. Cancer. 2011; 117: 510-6.

19. Li GC and Mak JY. Induction of heat shock protein 
synthesis in murine tumors during the development of 
thermotolerance. Cancer Res. 1985; 45: 3816-24.

20. Schmitt E, Gehrmann M, Brunet M, Multhoff G, and 
Garrido C. Intracellular and extracellular functions of heat 

shock proteins: repercussions in cancer therapy. J Leukoc 
Biol. 2007; 81: 15-27.

21. Powers MV and Workman P. Targeting of multiple 
signalling pathways by heat shock protein 90 molecular 
chaperone inhibitors. Endocr Relat Cancer. 2006; 13: 
S125-35.

22. Powers MV, Clarke PA, and Workman P. Death by 
chaperone: HSP90, HSP70 or both? Cell Cycle. 2009; 8: 
518-26.

23. Gabai VL, Yaglom JA, Volloch V, Meriin AB, Force T, 
Koutroumanis M, Massie B, Mosser DD, and Sherman 
MY. Hsp72-mediated suppression of c-Jun N-terminal 
kinase is implicated in development of tolerance to caspase-
independent cell death. Mol Cell Biol. 2000; 20: 6826-36.

24. Barnes JA, Dix DJ, Collins BW, Luft C, and Allen JW. 
Expression of inducible Hsp70 enhances the proliferation of 
MCF-7 breast cancer cells and protects against the cytotoxic 
effects of hyperthermia. Cell Stress Chaperones. 2001; 6: 
316-25.

25. Massey AJ, Williamson DS, Browne H, Murray JB, Dokurno 
P, Shaw T, Macias AT, Daniels Z, Geoffroy S, Dopson M, 
Lavan P, Matassova N, Francis GL, et al. A novel, small 
molecule inhibitor of Hsc70/Hsp70 potentiates Hsp90 
inhibitor induced apoptosis in HCT116 colon carcinoma 
cells. Cancer Chemother Pharmacol. 2010; 66: 535-45.

26. Braunstein MJ, Scott SS, Scott CM, Behrman S, Walter P, 
Wipf P, Coplan JD, Chrico W, Joseph D, Brodsky JL, and 
Batuman O. Antimyeloma Effects of the Heat Shock Protein 
70 Molecular Chaperone Inhibitor MAL3-101. J Oncol. 
2011; 2011: 232037 doi: 10.1155/2011/232037.

27. Schmitt E, Maingret L, Puig PE, Rerole AL, Ghiringhelli 
F, Hammann A, Solary E, Kroemer G, and Garrido C. Heat 
shock protein 70 neutralization exerts potent antitumor 
effects in animal models of colon cancer and melanoma. 
Cancer Res. 2006; 66: 4191-7.

28. Williamson DS, Borgognoni J, Clay A, Daniels Z, Dokurno 
P, Drysdale MJ, Foloppe N, Francis GL, Graham CJ, 
Howes R, Macias AT, Murray JB, Parsons R, et al. Novel 
adenosine-derived inhibitors of 70 kDa heat shock protein, 
discovered through structure-based design. J Med Chem. 
2009; 52: 1510-3.

29. Etminan N, Peters C, Lakbir D, Bunemann E, Borger V, 
Sabel MC, Hanggi D, Steiger HJ, Stummer W, and Sorg RV. 
Heat-shock protein 70-dependent dendritic cell activation 
by 5-aminolevulinic acid-mediated photodynamic treatment 
of human glioblastoma spheroids in vitro. Br J Cancer. 
2011; 105: 961-9.

30. Dressel R, Grzeszik C, Kreiss M, Lindemann D, Herrmann 
T, Walter L, and Gunther E. Differential effect of acute and 
permanent heat shock protein 70 overexpression in tumor 
cells on lysability by cytotoxic T lymphocytes. Cancer Res. 
2003; 63: 8212-20.

31. Tani F, Ohno M, Furukawa Y, Sakamoto M, Masuda S, 
and Kitabatake N. Surface expression of a C-terminal 



Oncotarget67462www.impactjournals.com/oncotarget

alpha-helix region in heat shock protein 72 on murine 
LL/2 lung carcinoma can be recognized by innate immune 
sentinels. Mol Immunol. 2009; 46: 1326-39.

32. Straume O, Shimamura T, Lampa MJ, Carretero J, Oyan 
AM, Jia D, Borgman CL, Soucheray M, Downing SR, 
Short SM, Kang SY, Wang S, Chen L, et al. Suppression 
of heat shock protein 27 induces long-term dormancy in 
human breast cancer. Proc Natl Acad Sci U S A. 2012; 109: 
8699-704.

33. Garrido C, Brunet M, Didelot C, Zermati Y, Schmitt E, and 
Kroemer G. Heat shock proteins 27 and 70: anti-apoptotic 
proteins with tumorigenic properties. Cell Cycle. 2006; 5: 
2592-601.

34. Lemieux P, Oesterreich S, Lawrence JA, Steeg PS, 
Hilsenbeck SG, Harvey JM, and Fuqua SA. The small heat 
shock protein hsp27 increases invasiveness but decreases 
motility of breast cancer cells. Invasion Metastasis. 1997; 
17: 113-23.

35. Miyake H, Muramaki M, Kurahashi T, Yamanaka K, Hara I, 
and Fujisawa M. Enhanced expression of heat shock protein 
27 following neoadjuvant hormonal therapy is associated 
with poor clinical outcome in patients undergoing radical 
prostatectomy for prostate cancer. Anticancer Res. 2006; 
26: 1583-7.

36. Rocchi P, Beraldi E, Ettinger S, Fazli L, Vessella RL, 
Nelson C, and Gleave M. Increased Hsp27 after androgen 
ablation facilitates androgen-independent progression in 
prostate cancer via signal transducers and activators of 
transcription 3-mediated suppression of apoptosis. Cancer 
Res. 2005; 65: 11083-93.

37. Baylot V, Andrieu C, Katsogiannou M, Taieb D, Garcia S, 
Giusiano S, Acunzo J, Iovanna J, Gleave M, Garrido C, 
and Rocchi P. OGX-427 inhibits tumor progression and 
enhances gemcitabine chemotherapy in pancreatic cancer. 
Cell Death Dis. 2011; 2: e221 doi: 10.1038/cddis.2011.104.

38. Hadchity E, Aloy MT, Paulin C, Armandy E, Watkin E, 
Rousson R, Gleave M, Chapet O, and Rodriguez-Lafrasse 
C. Heat shock protein 27 as a new therapeutic target for 
radiation sensitization of head and neck squamous cell 
carcinoma. Mol Ther. 2009; 17: 1387-94.

39. Lamoureux F, Thomas C, Yin MJ, Fazli L, Zoubeidi A, 
and Gleave ME. Suppression of heat shock protein 27 
using OGX-427 induces endoplasmic reticulum stress 
and potentiates heat shock protein 90 inhibitors to delay 
castrate-resistant prostate cancer. Eur Urol. 2014; 66: 
145-55.

40. Heinrich JC, Tuukkanen A, Schroeder M, Fahrig T, and 
Fahrig R. RP101 (brivudine) binds to heat shock protein 
HSP27 (HSPB1) and enhances survival in animals and 
pancreatic cancer patients. J Cancer Res Clin Oncol. 2011; 
137: 1349-61.

41. Kourtis N, Nikoletopoulou V, and Tavernarakis N. Small 
heat-shock proteins protect from heat-stroke-associated 
neurodegeneration. Nature. 2012; 490: 213-8.

42. Dickson JA and Calderwood SK. Temperature range and 
selective sensitivity of tumors to hyperthermia: a critical 
review. Ann N Y Acad Sci. 1980; 335: 180-205.

43. Bender E and Schramm T. [Further studies of the problem 
of different thermosensitivity of tumor and normal 
cells in vitro and in vivo]. [Article in German]. Arch 
Geschwulstforsch. 1968; 32: 215-30.

44. Fajardo LF, Egbert B, Marmor J, and Hahn GM. Effects 
of hyperthermia in a malignant tumor. Cancer. 1980; 45: 
613-23.

45. Heisterkamp J, van Hillegersberg R, Sinofsky E, and Jzermans 
JN I. Heat-resistant cylindrical diffuser for interstitial laser 
coagulation: comparison with the bare-tip fiber in a porcine 
liver model. Lasers Surg Med. 1997; 20: 304-9.

46. Acunzo J, Andrieu C, Baylot V, So A, and Rocchi P. Hsp27 
as a therapeutic target in cancers. Curr Drug Targets. 2014; 
15: 423-31.

47.  Bellmann K, Charette SJ, Nadeau PJ, Poirier DJ, Loranger 
A, and Landry J. The mechanism whereby heat shock 
induces apoptosis depends on the innate sensitivity of cells 
to stress. Cell Stress Chaperones. 2010; 15: 101-13.

48. Parcellier A, Brunet M, Schmitt E, Col E, Didelot C, 
Hammann A, Nakayama K, Nakayama KI, Khochbin S, 
Solary E, and Garrido C. HSP27 favors ubiquitination and 
proteasomal degradation of p27Kip1 and helps S-phase 
re-entry in stressed cells. FASEB J. 2006; 20: 1179-81.


