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a  b  s  t  r  a  c  t

Utilization  of  thermal  therapy  (hyperthermia)  is  defined  as  the  application  of  exogenous  heat  induction
and  represents  a concept  that  is far from  new as it goes  back to ancient  times  when  heat  was  used  for
treating  various  diseases,  including  malignancies.  Such  therapeutic  strategy  has  gained  even more  popu-
larity  (over  the  last  few  decades)  since  various  studies  have  shed  light  into  understanding  hyperthermia’s
underlying  molecular  mechanism(s)  of  action.  In  general,  hyperthermia  is  applied  as complementary
(adjuvant)  means  in  therapeutic  protocols  combining  chemotherapy  and/or  irradiation  both  of  which
can  induce  irreversible  cellular  DNA  damage.  Furthermore,  according  to a number  of  in vitro,  in vivo  and
clinical  studies,  hyperthermia  has  been  shown  to  enhance  the  beneficial  effects  of  DNA  targeting  thera-
peutic  strategies  by  interfering  with  DNA  repair response  cascades.  Therefore,  the  continuously  growing
evidence  supporting  hyperthermia’s  beneficial  role  in  cancer  treatment  can also  encourage  its  applica-
tion  as  a DNA  repair  mitigation  strategy.  In  this  review  article,  we  aim to provide  detailed  information  on
how hyperthermia  acts  on  DNA damage  and  repair  pathways  and  thus  potentially  contributing  to various
adjuvant  therapeutic  protocols  relevant  to more  efficient  cancer  treatment  strategies.

© 2016  Elsevier  Ltd.  All  rights  reserved.
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1. Introduction

Hyperthermia is defined as the application of exogenous heat
induction and has been well known for its therapeutic effects
against several diseases including malignancies. Since the 1970s
and 80s, several studies have focused on understanding the biol-
ogy behind hyperthermia’s beneficial effects on various cancer
treatments. Heat induction is most commonly applied in combi-
nation with other primary therapies (e.g. radiation therapy and/or
chemotherapy) since it can enhance their therapeutic effective-
ness [1–3]. Results from in vitro and in vivo studies have shown
that hyperthermia in the range of 41–47 ◦C exerts various effects
including i) direct killing of tumor cells, ii) alterations in the tumor
microenvironment, iii) induction of heat shock proteins, iv) activa-
tion of the immune response, v) induction of the apoptotic cascade,
vi) improvement of therapeutic outcome when applied with other
treatments, vii) changes in cell cycle regulatory signaling path-
ways and viii) alterations in blood flow, oxygen and nutrients’
distribution in the tumor site. From hot water pads to more tech-
nologically advanced hyperthermia platforms (utilizing different
energy sources such as radiofrequencies, microwaves and laser),
the main aim is to maintain the temperature elevation at the level
of whole body (whole-body hyperthermia) and/or at the specific
tumor site (local or regional hyperthermia) [4,5].

Earlier studies have demonstrated that apart from its cytotoxic
properties, heat induction can also act as a “sensitizer” to other
DNA damage-based treatment modalities. In fact, numerous stud-
ies have shown that hyperthermia in combination with radiation
and/or various other chemotherapeutic drug treatments can induce
significant antitumor effects under in vitro and in vivo experi-
mental settings. Moreover, such studies have suggested that heat
induction can cause DNA damage directly [6] and/or interfere with
DNA repair pathways [7] thus enhancing the outcome of antineo-
plastic strategies. To these ends, hyperthermia not only affects a
single DNA repair pathway but rather many different ones thus
resulting in the accumulation of damage lesions which in turn leads
to cell death. Therefore, although enhancing our understanding of
the underlying mechanisms by which hyperthermia can influence
DNA damage is quite intriguing, it is also of great importance when
looking into improving current and designing new, novel and inno-
vative therapeutic approaches. Finally, this review article aims to
describe the effects of hyperthermia as a mitigation strategy in DNA
damage-based cancer therapies due to its ability to influence DNA
damage and repair pathways and how such knowledge is employed
in order to establish adjuvant cancer treatments of greater thera-
peutic effectiveness.

2. Hyperthermia and DNA damage response

2.1. Direct effects

The prospect of hyperthermia inducing DNA damage directly
rather than by other indirect means (i.e.  ROS generation) has been
the subject of several studies. Results from initial reports demon-
strated that heat elevation can lead to the generation of DNA
breaks after exposing Chinese hamster ovary cells to 45 ◦C [6].
Additional studies using HeLa cells have showed that heat treat-
ment at 43 ◦C resulted in the induction of DNA lesions observed as
early as a 15 min  of exposure. Moreover, it was  evident that there
was a strong correlation between the amount of hyperthermia-

induced DNA strand breaks and cytotoxicity [8]. In an attempt to
further characterize DNA breakage (in CHO cells following heat
treatment), elevated levels of apurinic/apyrimidinic or abasic sites
were observed [9]. In addition, work by other groups has sug-
gested that although hyperthermia cannot induce the generation
of double strand breaks (DSBs) by itself, it can alter the rates of
observed DSBs (in radio-sensitization experiments) by increas-
ing the levels of slowly rejoined DSBs instead [10]. Furthermore,
experiments with primary human fibroblasts have also demon-
strated that hyperthermia does affect the kinetics of DNA  repair
mechanisms by considerably slowing down cells. Elevated levels of
mis-rejoined and non-repairable DSBs were accompanied by a drop
in the rates of successfully completed DNA repair after heat expo-
sure in combination with irradiation. To this end, it was  supported
that hyperthermia by promoting delayed DNA repair processes can
have an impact on the observed increase on levels of DNA breaks,
after irradiation, which if not correctly repaired they will either stay
non-rejoined or rejoin with a wrong broken end. It has been postu-
lated that the latter hypothesis is more likely to occur due to their
higher detection levels [11].

Evidence from several hyperthermia-induced radio-
sensitization studies has shown that heat induction can affect DNA
repair pathways as it restricts replication by reducing the activity
of DNA polymerases, thus eventually increasing the appearance
of more DNA breaks after irradiation [12–14]. In addition, data
from early research reports suggested that heat treatment can
promote topoisomerase inactivation in HeLa S3 cells [15] while
other studies conducted in human epidermoid cancer (KB) cells
have reported increased transcription and translation levels of
topoisomerase II after exposure to 42 ◦C or 45 ◦C. To this end,
treatment of KB cells with the etoposide VP-16 (a topoisomerase II
targeting drug) was  accompanied by further potentiation of cyto-
toxicity following these hyperthermia exposures [16]. The nature
of these contradicting results (e.g. decreased enzyme activity or
upregulation of expression levels of topoisomerase II) may  be the
end result of variations in experimental conditions regarding the
duration and/or temperature of exposures in addition to the usage
of different cell types. On the other hand, later research reports
have outlined the induction of DSBs along with focal phosphoryla-
tion of histone H2AX (at Ser139) in response to heat treatments in
H1229 cells. In general, �H2AX foci are considered to be indicators
of DSBs [17] whereas other studies have addressed the importance
of H2AX’s role in recruiting several repair factor molecules to areas
exposed to DNA damage [18]. A number of studies investigating
the induction of �H2AX foci formation by hyperthermia have
resulted in the publication of opposing results. For instance, some
of these studies support a direct association of �H2AX foci with
DSBs whereas other findings support an indirect role where H2AX
phosphorylation occurs due to other cellular processes being
“disturbed” by hyperthermia. The generation of �H2AX foci was
found to increase linearly in an exposure duration-dependent
manner when exposing cells at temperatures from 41.5 ◦C to
45.5 ◦C. In addition, the contribution of each cell cycle phase to
enhancing the formation of �H2AX foci was studied with cells in
the S phase exhibiting significantly more potential compared to
those at the G1 or G2-M phase, thus suggesting the involvement
of DSBs induction in triggering hyperthermia-induced cell death
pathways [19]. Moreover, findings from subsequent studies con-
firmed that hyperthermia can promote the formation of �H2AX
foci, whilst also revealing the dependence of this process on
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