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Abstract : Hyperthermia is widely used to treat patients with various types of cancers. However, the
molecular mechanisms involved in heat-induced cell killing are not yet fully understood. Although
protein denaturation is known to be a major type of damage caused by heat treatment, recent work has
revealed that DNA double-strand breaks (DSBs) play important roles in heat-induced cell killing. The
aim of this review is to specifically examine the formation and repair of DSBs and their role in heat

sensitivity and thermotolerance.
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Introduction

Heat can lead to the denaturation of cellular structures and also affect enzymatic activities.
However, the question of whether or not proteins are the sole target of heat exposure still remains to be
examined?. In eukaryotes, DNA is primarily packaged around a histone octamer (histones H2A, H2B,
H3 and H4) to form nucleosomes*®. The tails of these core histones which help to form nucleosomes
can be modified by a wide range of post-translational reactions, including acetylation, phosphorylation,
methylation, ubiquitination, glycosylation and ADP-ribosylation. These chromatin modifications can
act as dynamic signals which are capable of coding for specific activities*®, and can play an important
role in the regulation of diverse chromatin functions such as gene expression, DNA replication and
chromosome segregation®~®. Recently, the measurement of yH2AX (histone H2AX phosphorylated at
serine 139) foci formation has attracted considerable attention because this data can provide very sensitive
and specific signals to indicate the existence of DSBs*'?. Heat shock has recently been reported to
induce DSBs!? and yH2AX focus formation'*!?. The aim of this review is to examine heat-induced cell

killing, along with the role and biological importance of heat-induced DSBs.

DSB production
In contrast to DNA double-strand breaks (DSBs), DNA single-strand breaks (SSBs) are frequently

occurring endogenous DNA lesions in cells (10*/cell/day)'®. Failure to repair such lesions can lead to
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mutations, genomic instability, or cell death. SSBs can be induced directly by free radicals, or more
commonly as a consequence of the repair of apurinic sites caused by the depurination or repair of
deaminated cytosine or other damaged bases'®. In normal human cells, it is estimated that
approximately 1% of cellular single-strand lesions are converted to approximately 100 endogenous DSBs
per cell per cell cycle’®. This number is similar to the number of exogenously generated DSBs produced
by 1.5-2.0 Gy of sparsely ionizing radiation. Although endogenous DSBs are usually repaired with high
fidelity, errors in their repair contribute significantly to the rate of cancer in humans. The doubling dose
for induced DSBs is similar to the doubling doses for mutations and for the induction of carcinomas by
ionizing radiation. Thus, spontaneous DNA damage could contribute significantly to the production of
endogenous DNA damage at physiological temperatures!®.

yH2AX is widely accepted as a specific indicator for the presence of DSBs'®. Using this sensitive
detection method, various factors have now been associated with DSB formation. DSBs can be caused
by both exogenous agents, such as ionizing radiation and certain chemicals, as well as by endogenous
agents, including the byproducts of cellular metabolism such as oxygen free radicals!®. DSBs are
generated endogenously during regulated DNA transposition events in which H2AX has also been shown
to play a role. Such processes include meiotic recombination!'”, V(D)J recombination'®, heavy chain
class switching!®, apoptotic DNA fragmentation?®, senescence?” and dysfunctional telomeres?®. DSBs
can also arise spontaneously in each S-phase. For example, if a SSB in a parental strand is passed by
a replication fork, a DSB will result?®. In addition, the background expression of yH2AX in
S/G,-phase cells could be an indication of the presence of DSBs or stalled replication forks at damage
sites introduced during normal DNA replication’?¥. Thus, it appears likely that spontaneous DNA
damage could contribute significantly to the production of endogenous DSBs at physiological
temperatures’®.

Besides the stresses above mentioned, hyper-osmotic stress®®, hypoxia® and heat!'? induce the
formation of yH2AX foci. Although the mechanisms through which these types of stress induce DSBs
has not yet been clarified, the occurrence of DSB production has been confirmed using pulsed-field gel
electrophoresis and the comet assay'’?%*” showing that these treatments do induce DSBs. Many
investigators have reported that cellular DNA strand breaks are detected in heat-treated cells using
alkaline elution methods!?, alkaline unwinding methods?®, in situ nick translation methods?®, and
pulsed-field gel electrophoresis methods?®. It has also been thought that the inhibition of DNA repair
under hyperosmotic conditions can lead to an increase in the number of existing DSBs, because transient
DNA strand breaks are continuously created during transcription and replication?®. Inhibition of poly
(ADP) ribose polymerase (PARP), which is involved in base excision repair and SSB repair, does induce
yH2AX foci®®. It has also been hypothesized that a nick is converted to a DSB at a DNA replication
fork. Ifso,then yH2AX foci might accumulate more readily when cells are heated in S-phase than when

they are heated in G;-or G,-phase!?.
Heat throws light on endogenous DSBs

Spontaneous DNA damage could contribute significantly to the production of endogenous DSBs at

physiological temperatures'¥. According to estimates!®, spontaneous DNA damage, specifically
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single-strand lesions (SSLs), in mammalian cells could occur at a rate of several hundred to 10® DNA
lesions/cell per h (approximately 10-15/cell/min) at 37°C under normal conditions (Fig. 1A). If the
temperature is raised from 37°C to 45.5°C, the estimated number of DNA lesions would increase 4 fold
(Table I). The rate for the conversion of single strand lesions to endogenous DSBs is at least 1% at 37°C
under normal conditions!®. Even if this conversion rate does not change at 45.5°C, the number of
endogenous DSBs would be 4 times higher at 45.5°C than at 37°C. As discussed above, temperature
elevations induce protein conformational changes, and can down-regulate the enzymatic activity of repair
factors which are active in the repair of single strand lesions. Thus, it can easily be imagined that this
conversion rate could be higher at 45.5°C. If this estimation is used in conjunction with a report showing
that heat induces 5 yH2AX foci/cell/min at 45.5°C*V, the conversion rate from spontaneous single-strand
lesions to DSBs (yH2AX foci) would be about 9 times higher (approximately 9%) (Fig. 1B). In
addition, the conversion ratio does not increases rapidly until the temperature reaches the inflection point
in the graph for protein denaturation vs yH2AX induction (42.5°C).

Several laboratories have reported that heat induces yH2AX!:1230 foci. The induction of
endogenous DSBs has recently been recognized'®, and constitutive histone H2AX phosphorylation3?
and ATM activation are used as indicators for the occurrence of DNA damage generated by endogenous

oxidants®?. Taking these facts into account, yH2AX foci induced by heat resemble “a character written

A 37°C B 45.5°C
Spontaneous SSLs Increase of spontaneous SSLs (4 fold)
Conversion rate Higher conversion rate (9%) due to
(1%) decrease in SSB repair efficiency
Endogenous DSBs Increase of DSBs

Fig. 1. A model for the production of DSBs from SSLs at different temperatures.
(A) Production of endogenous DSBs at 37°C.  (B) Production of DSBs from
increased numbers of SSLs and an altered conversion rate at 45.5°C.

Table I. DNA damage at different temperatures.

Temperature (°C) 37 42.5 45.5
Spontaneous SSL (/cell/min)* 14.3 34.5 55.1

(2.4 fold increase) (3.9 fold increase)
Estimated DBS arising from spontaneous SSLs (/cell/min)' 0.143 0.345 0.551
yH2AX focus formation (/cell/min)* — 0.465 4.825
Estimated conversion rate from SSLs to DSBs (%)* 1 1.3 8.8

* log, K =—6813/T+24.91
K : the rate coefficient of production at a given temperature (/cell/h); T =the absolute temperature®.
T When conversion factor to calculate the rate of conversion from spontaneous SSLs to DSBs at a specific temperature (1%).
f According to a previous report!'V.
§ [Conversion rate from spontaneous SSLs to DSBs]=[yH2AX focus formation]/[Spontaneous SSLs]
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in secret ink,” or in other words, heat can indicate something about endogenously produced DSBs.
These indicators, constitutive histone H2AX phosphorylation®® and ATM activation, can also be
applied to the studies of other DNA damaging agents and environmental stresses which are not believed
to induce DSBs.

DNA polymerase 3 and thermotolerance

DNA polymerase 8 (Polg) is a key enzyme involved in protecting the genome from DNA damage
through its role in base excision repair (BER), and in mammalian cells, most BER synthesis is carried out
by Polg®34. Polg not only functions as a DNA polymerase, but also catalyzes the excision of
deoxyribose phosphate®®. The activation enthalpy for cell killing is also similar to that of protein
denaturation®®, such as that for Pol3*”. There is an inflection point at 42.5°C in the Arrhenius plot of
cell killing and Polg inactivation®®. Moreover, there is an inflection point at 42.5°C in the Arrhenius
plot of cell killing and yH2AX foci formation, and the thermal activation energies for both cell killing
and foci formation are almost the same above and below this inflection point!?.

Exposure of cells to a transient, non-lethal temperature elevation results in the activation of cellular
stress responses, and induces a state of thermotolerance in cells which renders them resistant to subsequent
lethal insults®®. Thermotolerant cells are less sensitive to hyperthermia-induced cytotoxicity, growth
factor withdrawal, heavy metals, radiation and anti-cancer drugs*®. Thermotolerance is associated with
the synthesis and cellular accumulation of a family of highly conserved proteins referred to as heat shock
proteins (HSPs) such as Hsp27 and Hsp70*'~*¥, and these proteins contribute to the protection of other
cellular proteins, presumably due to their chaperone activity*+4%.

The widespread conservation of HSPs in organisms may be the result of selection, because HSPs can
protect the genomes of cells from oxidation and radiation damage through their stimulation of DNA
repair enzymes. Interestingly, Hsp70.1 and Hsp70.3, which are stress-induced HSPs, have an essential
role in maintaining genomic stability under stress conditions*®. HSPs have been implicated in the
induction of radiation resistance via the adaptive response’”. BER plays an important role in
radiosensitivity*®, and Hsp70 association with Polg stimulates this activity*®. In addition, uracil DNA
glycosylase and apurinic-apyrimidinic endonuclease (APE) are associated with Hsp70 and Hsp27 related
BER enzymes®”. Thus, Hsp27 and Hsp70 appear likely to have a role in the repair of DNA damage.

Although HSPs are known to contribute to thermotolerance, they play only a supporting role in this
phenomenon. A positive correlation was seen between thermotolerance for heat killing and the
heat-induced loss of Polg activity in cells®”, and heat-induced yH2AX foci formation was suppressed in
cells which had developed thermotolerance!V. Moreover, Polg contributes to thermotolerance through
its reactivation and stimulation by Hsp27 and Hsp70, suggesting Polg functions as a critical element
involved in thermotolerance and exerts an important role in cellular handling of heat-induced DSB®?.

Polg is more sensitive to heat than incision enzymes such as APE. Heat increases the basal level
of base damage through the production of reactive oxygen species®®59, At the same time, heat induced
inhibition of BER would lead to an increase in the number of inappropriately repaired base damage sites,
leading to an elevation in the number of nicks generated during repair attempts. Therefore, it appears

that there is a possible mechanism to explain how heat induces nick formation through enzymatic repair
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processes. DSBs could then be generated where nicks form in close proximity to each other on opposite
DNA strands. This theoretically provides a mechanism which could account for the increased numbers
of DSBs observed in heat-treated cells (Fig. 2).

The inhibition of PARP-1, which is involved with BER, SSB repair, and the induction of yH2AX
foci?, can provide additional support for the above hypothesis. Although Polg, XRCCI (x-ray repair
cross-complementing group 1), PARP-1, and DNA ligase III (Lig3) are considered to contribute
predominantly to BER and SSB repair®*-59, XRCC1, PARP-1, and Lig3 have also been reported to be
candidates for components of backup repair pathways for non-homologous end joining (NHEJ)%=%® and
presumably Pols would then also participate in these pathways. If so, then there may be a possibility

that elevated temperatures could produce DSBs by inactivating these components of alternative repair

pathways.
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Fig. 2. A model for the production of DSBs by heat treatment. Heat induces DSBs
through the BER pathway, and a pre-heating (or a conditioning) treatment
induces HSPs leading to fewer DSBs during thermotolerance development.

Heat interferes with DSB recognition

DSBs are highly cytotoxic lesions, and to ensure that they are repaired with a minimal impact on
genome stability, cells mount a complex DN A-damage response which includes the spatial reorganization
of DSB repair and signaling proteins into sub-nuclear structures which surround DSB sites®*%». Most
ionizing radiation-induced foci formation depends on the phosphorylation of the histone variant H2ZAX
by ATM and DNA-dependent protein kinase (DNA-PK)®®. The phosphorylated yH2AX epitope is
bound by a mediator of DNA damage checkpoint 1 (MDC1)%"®® which then promotes ionizing
radiation-induced foci formation by utilizing other proteins, including p53 binding protein 1 (53BP1),
Nijmegen breakage syndrome 1 (NBS1), meiotic recombination 11 (MRE11), RADS50, and the breast and
ovarian cancer susceptibility protein 1 (BRCA1)%-72. 53BPI also interacts with DSBs via binding to
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constitutively methylated residues on histones (H3/H4)779.  Structural maintenance of chromosomes 1
(SMC1), the structural component of the multiprotein cohesin complex, has a role in DSB recognition”,
and phosphorylation of SMC1 on serine 957 (one of the key ATM target sites) allows it to co-localize
with yH2AX foci’™.

Many factors are known to be involved in DSB recognition, signaling, and repair pathways.
However, how these proteins react in different conditions remains unclear. Heat activates ATM"”, and
heat-induced H2AX phosphorylation is mediated by ATM and DNA-PK!? (Fig. 3B). In addition,
NBSI1 is phosphorylated and involved in cellular responses to DNA damage which are induced by heat
treatment’. However, BRCA1 is rapidly degraded after heat treatment’®. Moreover, the MRE11/
RAD50/NBS1 (MRN) complex does not form foci in the nucleus, rather the MRN complex exits from
the nucleus after heat treatment®®®V (Fig. 3C). Furthermore, phospho-ATM, 53BPI1, and
phospho-SMC1 do not co-localize at heat-induced yH2AX foci together with MDC1 foci®®. However,
at 8 h after a heat-treatment, both phospho-NBS1 and MREI11 co-localize with yH2AX foci®?, indicating
delayed recognition of heat-induced yH2AX foci by the MRN complex after heat treatment (Fig. 3D).
These data are consistent with the prolonged existence of yH2AX foci in the nuclei after heat treatment!?,

probably due to the reduced repair ability of cells exposed to heat.
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Fig. 3. A model for heat-induced DSB recognition. (A) MRN complex recognizes
heat-induced DSB. (B) H2AX is phosphorylated by ATM and/or
DNA-PK. (C) MDCI1 binds to heat-induced yH2AX, but the MRN
complex translocates from the nucleus to the cytoplasm soon after heat

treatment. (D) MRN complexes accumulates and form foci in the nucleus
at 8 h after heat treatment.

Pathways for DSB repair

Failure to repair DSBs can lead to mutations, genomic instability, or cell death. Thus, cells have
developed 2 major repair pathways in which different kinds of DNA damage can be detected and
repaired : these are homologous recombination (HR) and NHEJ.

HR is generally an error-free pathway for homology-directed repair. A DSB is accurately repaired
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by using the undamaged sister chromatid as a template for the repair of the broken sister chromatid. The
proteins which function in HR include the MRN (MRE11/RAD50/NBS1) complex, RAD51, the RADS51
paralogs (RADS1B, RADS51C, RADS1D, XRCC2, XRCC3), RAD54 and RAD354B®*). The products of
the breast cancer susceptibility genes, BRCA1 and BRCA?2 (which are responsible for the Fanconi anemia
complementation groups D1, FANCD1), are also involved in the modulation of HR# 8%,

NHEJ is the simplest way of repairing DSBs : this is the straightforward re-ligation of broken DNA
ends without the requirement for a template. NHEJ plays a major role in the elimination of DSBs
during the G;-phase of the cell cycle since HR is not efficient in this phase due to the lack of sister
chromatids. After DSB formation, the Ku70/80 heterodimer binds to the DNA ends. This facilitates
the recruitment of the DNA-PK catalytic subunit (DNA-PKcs) to the DSB. The sequential binding of
these proteins activates the phosphorylation function of DNA-PKcs, which phosphorylates itself, the Ku
heterodimer, and other proteins involved in cell cycle regulation®”. It has been speculated that Ku70/80
might also function as an alignment factor which binds the severed DSB ends, creating easy access for and
greatly stimulating the function of the DNA ligase IV (Lig4)-XRCC4 complex, increasing the efficiency
and accuracy of NHEJ®*~%, The Ligd-XRCC4 complex then ligates the juxtaposed DNA ends.

Recently, it has been suggested that several factors are involved in alternative or backup pathways
for NHEJ. These pathways are independent of Ku®" and suppressed by DNA-PK®?. Lig3 provides a
major ligation activity for these other NHEJ pathways®®).  However, very low residual ligation activity
is still observed without Lig4 and Lig3, indicating other additional factors may act to ensure ligation®®.
PARP-1 plays a role as an additional contributing factor®*~¢%%).  Furthermore, histone H1 may function
as a stimulatory factor in backup pathways for NHEJ®®. 1In addition, these backup pathways for NHEJ
are markedly dependent on growth state®®, and enhanced repair activity is observed in G,-phase®”. It
is expected that additional factors will be discovered which participate in the support, not only of NHEJ,
but also in HR to protect DNA from lethal DSBs.

Compared to the observed kinetics for radiation-induced yH2AX foci, the rate of decrease in the
number of heat-induced yH2AX foci is slower'”. This can be explained if some of the major
components of conventional DSB repair pathways (NHEJ or HR) were disrupted or affected by heat
treatment. Analysis of heat sensitivity in several radiation sensitive cell lines showed a weak correlation
between radiation sensitivity and heat sensitivity®®. However, this analysis was done for only a few cell
lines which were radiation sensitive. Thus, it is too soon to conclude that the gene products involved
in DSB repair do not play important roles in heat induced cell killing. Certainly, further study is

required to learn more about this complex phenomenon.

Conclusion

DSB production generated by exposure to heat has recently been observed to occur, and an
involvement of Pols in DSB production and thermotolerance has been shown. Delayed recognition of
yH2AX foci by the MRN complex also contributes to slower repair kinetics for heat-induced DSBs.
However, whether the repair process for heat-induced DSBs utilizes the same pathways which used for the
repair of radiation-induced DSBs remains unknown. Further studies are still necessary to learn how

heat-induced DSBs are recognized and repaired.
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