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Abstract. Background: Several studies have highlighted
hyperthermia’s ability to enhance the effectiveness of radiation
and chemotherapy in various in vitro and in vivo cancer
models. Materials and Methods: In vivo murine models of
malignant melanoma and colon carcinoma were utilized for
demonstrating hyperthermia’s therapeutic effectiveness by
examining levels of caspase 3, COX-2 and phospho-H2A.X
(Ser139) as endpoints of apoptosis, proliferation and DNA
damage respectively. Results: Hyperthermia induced in vitro
cytotoxicity in malignant melanoma (B16-F10) and colon
carcinoma (CT26) cell lines. In addition, it reduced post-in
vitro proliferation and suppression of tumor growth by
inducing the expression of caspase-3 and phospho-H2A.X
(Ser139) while reducing the expression of COX-2 in both
murine cancer models. Conclusion: Hyperthermia can exert
therapeutic effectiveness against melanoma and colon
carcinoma by inhibiting a number of critical cellular cascades
including apoptosis, proliferation and DNA damage.
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One of the most aggressive and deadliest malignancies of all
solid tumors is malignant melanoma (MM). Its incidence
rates have been continuously rising worldwide while the
disease accounts for the majority of skin cancer-related
deaths (1-4). MM occurs from the accumulation of genetic
and metabolic abnormalities of melanocytes as well as other
contributing factors like numerous atypical nevi (i.e. benign
proliferations of melanocytes), genetic predisposition and
solar ultraviolet (UV) (5-7). In particular, evidence from
various studies have linked exposure to UV radiation with
the increased occurrence of the disease, due to the mutagenic
properties of UVR, thus making it the leading risk factor (810). The majority of MM cases present an active BRAF
mutation, with V600E being the most common one
accounting for 90% of cases. The activation of other
oncogene pathways including RAS, c-KIT, NRAS, PI3K and
PTEN as well as inactivation of tumor suppressors such as
CDKN2A have been also associated with the development of
the disease (11, 12). However, although there has been
significant progress on understanding MM’s biology, the
disease’s pathogenesis has yet to be well characterized.
Although there is remarkable progress in developing more
targeted therapeutic approaches there is still a great need to
design more effective treatment strategies due to the poor
responsiveness of MM to current therapeutic means (13-15).
On the other hand, colorectal or colon carcinoma (CRC)
is a tumor type originating from epithelial cells residing in
the colon or rectum of the gastrointestinal tract (16, 17).
CRC is the third most common type of cancer diagnosed
globally while it is the fourth leading cause of cancer-related
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deaths worldwide (18, 19). About 70% of the cases are
caused by somatic mutations with familial and hereditary
CRC representing 10-30% of these cases (20-22). Findings
from various studies have revealed a number of molecular
events responsible for the development of the disease
including lack of genomic stability, chromosomal instability,
defects in DNA repair pathways, epigenetically-induced gene
silencing, mutation-induced inactivation and/or activation of
tumor-suppressor genes and oncogenes respectively (23, 24).
Undoubtedly, current therapeutic regimens including
adjuvant treatment protocols, with chemotherapeutic drugs
as well as monoclonal antibodies, have improved the overall
CRC survival rates. However, due the disease’s
heterogeneity, many patients still do not respond to current
treatments thus making the quest for more effective
therapeutic options far more important (25-27).
Hyperthermia is the application of exogenous heat
resulting in either direct or indirect killing of tumor cells
when applied alone or in combination with other therapeutic
means (e.g. radiation, chemotherapy, etc.) respectively. It
represents the fourth most common cancer treatment modality
following surgery, radiation and chemotherapy (28). Early
studies have shown that hyperthermia, in combination with
radiation therapy, exerts a potentiation effect of its therapeutic
potential (29, 30). Since then, a number of studies have aimed
to investigate hyperthermia’s therapeutic potential on various
cancer types (e.g. mammary and prostate carcinomas,
osteosarcoma, glioma, melanoma, etc.) by utilizing a number
of in vitro and in vivo models (31-35). Overall, hyperthermia
it has been shown to exert a wide range of effects including
i) direct cytotoxicity in tumor cells, ii) modifications in the
tumor microenvironment, iii) induction of heat shock
proteins, iv), alterations in the immune response, v)
stimulation of necrotic and apoptotic cascades, vi) changes in
cell cycle-related signaling pathways, vii) changes in blood
flow, oxygen and nutrient delivery to the site of tumor and
finally, viii) enhancement of therapeutic outcome when
applied in combination with other regimens (36-38). To this
end, a recent study from our group has demonstrated the
application of hyperthermia in an in vitro model of human
malignant melanoma resulting in apoptotic activation while
enhancing the efficacy of both targeted and non-targeted
therapeutic drugs (39). Hence, in this study, we have aimed
to utilize post-in vitro murine models of malignant melanoma
and colon carcinoma in order to validate hyperthermia’s
effectiveness as a monotherapy protocol.

Materials and Methods

Cell lines. The murine malignant melanoma (B16-F10) cell line was
purchased from LGC Standards (Middlesex, UK). The murine colon
carcinoma (CT26) cell line was a kind gift from Dr. Chlichlia
(Department of Molecular Biology & Genetics, Democritus
University of Thrace). Both cell lines were maintained in Dulbeccos’s
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Modified Eagle Medium (DMEM), supplemented with 10% fetal
bovine serum, 2 mM L-glutamine and 1% pen/strep (100 U/ml
penicillin, 100 μg/ml streptomycin). Cells were cultured in a
humidified atmosphere at 37˚C and 5% CO2. They were grown as
monolayer cultures and sub-cultured when reaching 80-90%
confluence. Both cell lines were cultured for up to 15-20 passages
before new vials were utilized. All cell culture media and reagents
were purchased from Labtech International Ltd (East Sussex, UK)
and cell culture plasticware were obtained from Corning (NY, USA).

Hyperthermia exposures. Cells were exposed to either 43˚C or 45˚C
for various time periods in a standard 5% CO2 incubator. Briefly,
the appropriate number of cells was plated and incubated at 37˚C
overnight. On the following day, the medium was refreshed and
cells were transferred into a 5% CO2 incubator set at either of the
hyperthermic temperatures before exposure to various time points.
Then, cells were returned back to a 37˚C incubator for additional
incubation periods (post-exposure).

Cell viability assay. Cell viability levels were determined
immediately after exposure, as well as at 24 h post-exposure, by
utilizing the Alamar-blue assay. In brief, 10 μl of resazurin sodium
salt dissolved in PBS (1 mg/ml) was added into each well of α 96well plate (100 μl) and mixed by gentle shaking. The plates were
incubated at 37˚C for 2 h and then the samples were transferred into
the wells of a black opaque plate. Fluorescence was monitored at
400 Exc/505 Emm (nm) by using a SpectraMax M5 multimode
plate reader (Molecular Devices, LLC, Sunnyvale, USA). Cell
viability was expressed as percentage of control (37˚C) cells. Five
replicates (n=5) of each experimental condition were used under
each experiment.

Animals. C57BL/6J mice were purchased from the Hellenic Pasteur
Institute (Athens, Greece) and were raised at the Animal House Unit
(Laboratory of Experimental Surgery, Democritus University of
Thrace, Alexandroupolis, Greece). On the other hand, BALB/c mice
were kindly provided by Dr Chlichlia (Department of Molecular
Biology & Genetics, Democritus University of Thrace, Greece) and
were also maintained at the Animal House Unit of the same
Institution. The mice were housed in sterile polycarbonate cages
(maximum 5 mice per cage) at RT, on a 12 h light-12 h dark cycle,
and were provided with tap water and commercial pelleted diet
(Mucedola, Italy).

In vivo xenograft murine models of melanoma and colon carcinoma.
A total of 30 female mice (8-12 weeks old, weighted 20-25 gr) were
separated into 3 groups (10 mice per group): Group 1: control
(37˚C)-untreated, Group 2: hyperthermia (43˚C)-treated and Group
3: hyperthermia (45˚C)-treated. B16-F10 (melanoma) or CT26
(colon carcinoma) cells were plated in 100 mm3 dishes and on the
following day were exposed to either 37˚C, 43˚C or 45˚C, for 1 h.
Then, the cells were returned to 37˚C for a 24 h post-exposure
incubation period. Cells were trypsinized and a cell suspension
containing 0.5×106 cells in 150 μl PBS was injected subcutaneously
into the back of the neck of each mouse. B16-F10 and CT26 cells
were utilized for inducing the melanoma and colon carcinoma
tumors respectively. Tumors were grown for 12-14 days until they
became visible. Then, the mice were sacrificed by cervical
dislocation and the tumors were excised. Tumor volume and
incidence were determined. Tumor dimensions were measured by
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an electronic caliper whereas tumor volume was calculated by using
the modified ellipsoid formula (width2 × length)/2. The weight of
each mouse was monitored during the experiment as well as signs
of disease and/or discomfort. All efforts were made to ameliorate
suffering whereas two independent experiments were performed to
confirm the results.

Immunohistochemistry. Tumors were fixed in 10% formalin, then
dehydrated in graded concentrations of ethanol and xylol and finally
embedded in paraffin. Serial sections (3 μm thick) from the
formalin-fixed paraffin-embedded tissue blocks were prepared and
floated onto charged glass slides. A hematoxylin and eosin stained
section was obtained from each tissue block. Immunostaining was
performed on formalin-fixed, paraffin-embedded tissue sections by
the streptavidin-biotin peroxidase labeled (LSAB) method. Sections
were de-paraffinized after being washed 3 times (5 min each) in
xylene. Afterwards, they were hydrated by using graded
concentrations of ethanol to dH2O. Tissue sections were subjected
to antigen retrieval by heating in 1× citrate unmasking solution until
boiling, followed by an additional incubation at a sub-boiling
temperature (95-98˚C) for 10 min. For blocking endogenous
peroxidase activity, the slides were incubated with 3% (v/v)
hydrogen peroxide (10 min), washed twice with dH2O (5 min) and
once in TBST buffer (5 min). During the next step, the sections
were incubated with blocking buffer (1 h at RT) followed by
overnight incubation with primary antibody at 4˚C. The sections
were washed with TBST buffer 3 times (5 min) after removing the
primary antibody, covered with a few drops of SignalStain Boost
Detection Reagent (HRP, rabbit) and then were further incubated in
a humidified chamber (30 min at RT). Moreover, they were washed
3 times with TBST buffer (5 min each) before adding DAB
chromogen solution onto each slide, incubated for further 1-10 min
(while staining was monitored under a microscope), washed 3 times
with TBST buffer (10 min each) and finally washed in dH2O.
Staining was followed by counterstaining with hematoxylin and
eventually samples were mounted and covered with coverslips. An
image analysis system composed of the Olympus BX43 upright
microscope, digital camera Olympus Cam-SC30 and soft analysis
(analySISH) was used for all tumor sections (stained with antibodies
and counterstained with hematoxylin). Immunostaining was
assessed by a developed continuous score system where the number
of immunopositive cells was divided by the total number of the
counted cells while the expression was defined as the percentage of
positive cells of the total number of counted cells. All antibodies
were obtained from Cell Signaling Technology (Danvers, MA,
USA) and were utilized according to the manufacturer’s
instructions.

Data analysis. Data were expressed as mean values±SEM and
comparisons were made between control and treatment groups.
Calculations were performed by using the Microsoft Office Excel
2016 software. Means were compared by one-way analysis of
variance (one-way ANOVA) with Tukey’s test for multiple
comparisons. SPSS v.22 or PRISM v5.01 software was used for
statistical tests. A value of p<0.05 was considered statistically
significant.

Ethics statement. All animal experiments were approved by the
Animal Care and Use Committee of the Veterinary Department of
Evros Prefecture (License No. EL1BIOexp1) and complied with the

requirements set by Directive 86/609/EEC and PD160/91 (the
legislation in force at the time of experimentation). All experiments
were conducted considering the 3R’s (Replacement, Refinement,
Reduction) policy while all mice were not subjected to any painful
or discomforting conditions.

Results

In the present study, we utilized two in vivo murine models
of malignant melanoma and colon carcinoma in order to
examine hyperthermia’s therapeutic effectiveness. Firstly, we
aimed to validate our previous in vitro findings showing
hyperthermia’s capacity to activate apoptotic cell death in
human malignant melanoma (A375) cells (39). For this
reason, an in vivo murine model of malignant melanoma was
utilized by injecting B16-F10 cells into the subcutaneous
tissue of the back of the neck of C57BL/6 female mice.
Although we exposed B16-F10 cells to 43˚C or 45˚C for
various incubation periods, 1 h of hyperthermic exposure
was considered optimal as shorter or longer incubation
periods caused either no significant or very extensive
induction of cytotoxicity (data not shown). Consequently,
1 h of hyperthermic exposure led to significant drop in cell
viability levels recorded 24 h post exposure (Figure 1A). For
the induction of tumors, B16-F10 cells were exposed to 43˚C
and 45˚C (treatment groups) or to 37˚C (control group) for
1 h, incubated for 24 h post-exposure and then injected
subcutaneously in female C57BL/6 mice. Our results showed
that there was a significant effect of hyperthermia in
inhibiting tumor growth at 43˚C which was even more
profound at 45˚C. More specifically, the average tumor size
dropped from about 3,000 mm3 (37˚C) to 2,000 mm3 (43˚C)
to even lower than 1,000 mm3 (45˚C) (Figures 1B-C). In
addition, changes in protein expression levels of different
markers associated with the observed reduction in tumor size
were examined by immunohistochemistry. To this end,
increased levels of active caspase-3, reduced levels of
COX-2 and increased levels of phospho-H2A.X (Ser139)
were recorded in both hyperthermia-treated groups compared
to the control group thus indicating the effectiveness of
hyperthermia as a treatment modality (Figure 1D).
In addition, we utilized an in vivo model of colon
carcinoma in order to demonstrate hyperthermia’s therapeutic
efficacy in a different type of cancer. For this reason, we
have utilized the CT26 colon carcinoma cell line in which,
once again, 1 h of exposure at 43˚C or 45˚C respectively had
a similar effect on cell viability levels as the one observed
with B16-F10 cells (Figure 2A). Similarly, CT-26 cells
exposed to hyperthermic conditions, for 1 h, were further
incubated for 24 h post-exposure at 37˚C and then injected
subcutaneously in female BALB/c mice. Our data indicated
that there was a considerable reduction in tumor size in both
hyperthermia-treated groups compared to control. More
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Figure 1. Therapeutic effectiveness of hyperthermia in an in vivo murine model of malignant melanoma. (A) Cell viability levels of B16-F10 cells
immediately after and 24 h after exposures at 37, 43 and 45˚C for 1 h (N=5); (B) Average tumor volume growth (N=10) (p<0.05); (C) representative
tumors; (D) Immunohistological staining of caspase-3 (upper panel), COX-2 (middle panel) and phospho-H2A.X (Ser139) (lower panel); Asterisk
(*) indicates statistical significance at p<0.05 for comparison with control at 37˚C.

specifically, average tumor size for the control group was
about 2,000 mm3 in comparison to about 1,500 mm3 and
lower than 1,000 mm3 in both hyperthermia-treated groups
respectively (Figures 2B and C). In addition, cleaved
caspase-3 protein levels demonstrated a considerable
2310

elevation in the tumors from the 43˚C hyperthermia-treated
group, compared to the control (37˚C) group, and even more
so with the 45˚C hyperthermia-treated group (Figure 2D).
Furthermore, COX-2 protein levels were found to be
decreased while phospho-H2A.X (Ser139) increased in both
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Figure 2. Therapeutic effectiveness of hyperthermia in an in vivo murine model of colon carcinoma. (A) Cell viability levels of CT26 cells immediately
after and 24 h after exposure at 37, 43 and 45˚C for 1 h (N=5); (B) Average tumor volume growth (N=5) (p<0.05); (C) representative tumors; (D)
Immunohistological staining of caspase-3 (upper panel), COX-2 (middle panel) and phospho-H2A.X (Ser139) (lower panel); Asterisk (*) indicates
statistical significance at p<0.05 for comparison with control at 37˚C.

hyperthermia-treated groups when compared to the control
group (Figure 2D).
Overall, our data document hyperthermia’s potential to
inhibit tumor growth in in vivo murine models of melanoma
and colon carcinoma thus representing an alternative and
efficient approach in the context of cancer therapeutics.

Discussion

Early studies have shown that hyperthermia in combination
with radiation therapy can exert beneficial effects in treating
tumor cells (30). Various studies utilizing different cancer cell
lines and models have looked into the role of apoptosis as a
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consequence of heat application. According to their findings,
the induction of cell death pathways is dependent on i) cancer
cell type, ii) temperature and iii) duration of heat exposure
(40, 41). Previously we demonstrated that hyperthermia
induces various apoptotic cascades and enhances the
therapeutic effectiveness of non-targeted and targeted drugs in
an in vitro model of human malignant melanoma (39). To this
end, the aim of this study was to validate our previous in vitro
findings in two in vivo models of murine malignant melanoma
and colon carcinoma in an attempt to demonstrate
hyperthermia’s effectiveness as a cancer treatment option.
Overall, we have shown that exposure to hyperthermic
conditions increased cytotoxicity in both melanoma (B16-F10)
and colon carcinoma (CT26) cells. Our in vitro findings are
aligned with those of several studies examining hyperthermia’s
effectiveness on proliferation and therapeutic potential in these
cell lines (33, 42-45). Furthermore, we have shown a
remarkably prominent inhibition of tumor volume and size
between hyperthermic and control conditions which further
supports the significance of hyperthermia’s therapeutic
potential. A large number of studies are also in agreement with
our in vivo findings although their focus was primarily on
determining the efficacy of various clinical therapeutic
protocols in combination with hyperthermia (43-52).
A prominent finding in our study was the activation of the
apoptotic pathway as evidenced by an increased expression
of cleaved caspase-3 in both hyperthermia-treated groups.
These results are in accordance with our previous in vitro
findings together with observations, by other groups,
showing the involvement of caspase-3 in triggering the
apoptotic response in a number of different therapeutic
protocols combined with hyperthermia (45, 46, 48, 51). In
contrast, COX-2 was shown to be expressed in significantly
lower levels in the tumors of both hyperthermia-treated
groups, a finding also in agreement with earlier studies
exhibiting an increased expression of COX-2 in metastatic
melanoma lesions and cell lines while being undetected in
lesions of primary stages (53). Consequently, COX-2 levels
are utilized as a prognostic marker for melanoma
development (54, 55). Furthermore, results from a recent
study have shown an increased expression of COX-2 in
clinical samples, from patients with cutaneous melanoma, to
be associated with poor prognosis and a high metastatic risk
(56). Similarly, there is clear evidence for the role of
elevated COX-2 expression levels concomitant with an
increased metastatic potential and poor prognosis in
colorectal carcinoma (57, 58). Therefore, the remarkable
hyperthermia-induced reduction in the expression levels of
COX-2, in both experimental models, further strengthens the
evidence for its role as a promising therapeutic strategy. Last
but not least, our data indicated that there was a considerable
hyperthermia-induced increase in the protein content of
phospho-H2A.X (Ser139) in tumors from both experimental
2312

models suggestive of a temperature-dependent elevation in
double-stranded DNA breaks as a response to hyperthermia.
Previous studies have demonstrated that exposing cells to
>40˚C triggers the generation of double-stranded DNA
breaks which, in turn, can induce cell death (59-61) and/or
interfere with DNA repair mechanisms (62-64). Furthermore,
results from another study revealed elevated phospho-H2A.X
levels in clinical samples from colon carcinoma patients to
be associated with poor prognosis of the disease (65). These
findings illustrate the significance of implementing
hyperthermia as a means of targeting the DNA of tumor cells
and thus exert its therapeutic potency.
Overall, our study demonstrated that exposure to
hyperthermia was associated with reduced post-in vitro
proliferation, reduction of tumor cell growth, as well as
activation of apoptotic cell death and induction of DNA
damage in both in vivo models of malignant melanoma and
colon carcinoma. Collectively, our data demonstrate the
capacity of hyperthermia to exert its therapeutic benefits
(against different types of cancers) by affecting a range of
critical cellular cascades. However, although our findings
support the significance of implementing hyperthermia as a
therapeutic strategy, further exploitation is necessary in order
to identify the molecular underlying mechanisms by which
heat elevation exerts its cancer therapeutic effectiveness.
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