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The heat-induced g-H2AX response does not play a role in hyperthermic
cell killing
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Abstract
Purpose: The goal of this study was to determine whether the heat-induced formation of g-H2AX foci is involved in
hyperthermic cell killing.
Materials and methods: The heat-induced g-H2AX response was determined in cells exhibiting various degrees of heat
sensitivity. The panel of cells tested included cells that are transiently thermotolerant, permanently heat resistant,
permanently heat sensitive, and permanently resistant to oxidative stress. Cells exposed to non-thermal environmental
conditions that lead to protection from, or sensitization to, heat were also tested. The heat sensitivity of cells in which H2AX
was knocked out was also ascertained.
Results: The protein synthesis independent state of thermotolerance, but not the protein synthesis dependent state of
thermotolerance, was found to be involved in the attenuation of the g-H2AX response in thermotolerant cells. The initial
magnitude of the g-H2AX response was found to be the same in all cell lines with altered heat sensitivity. Furthermore, no
differences in the resolution of g-H2AX foci were found among the cell lines tested. We also found that H2AX knock-out
cells were not more heat sensitive.
Conclusions: We conclude that the heat-induced g-H2AX response does not play a role in heat-induced cell killing, thereby
adding further evidence that the heat-induced g-H2AX foci are not due to DNA double strand breaks.
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Introduction

The rapid phosphorylation of the carboxyterminal

SQE motif of histone H2AX and the appearance of

this phosphorylated form in cytologically observable

foci, called g-H2AX foci, is one of the earliest events

in the orchestrated cellular response to DNA double

strand breaks (DSB) generated by a great variety of

agents that induce genotoxic stress, including ioniz-

ing radiation [1, 2]. For ionizing radiation there is

a good correlation between the number of g-H2AX

foci and the number of DSB [3], and the formation

of g-H2AX foci has been used as a criterion for the

induction of DNA DSB [2]. Heat has been shown to

induce g-H2AX foci by several different laboratories

[4–6]. The original report interpreted such induction

of g-H2AX foci by heat as evidence for DNA

DSB induced by heat and that they play a role in

hyperthermic cell killing [4]. With respect to DNA

DSB induction by heat, a recent study did not

find evidence for heat-induced DNA DSB [6]. We

found that while heat induces g-H2AX foci, (60–70

g-H2AX foci after 60 min at 43�C, a number of foci

found after irradiation with 2Gy), it does not induce

DNA DSB after this heat dose, as measured by three

different techniques. The limit of the resolution of

one of our techniques, G2 chromosomal aberrations,

was �4–9 DNA DSB. Thus while cells heated at

43�C for 60 min displayed a number of g-H2AX

foci equivalent to that found after 2Gy, (resulting in

70–80 DNA DSB), the heated cells contain less

than �4–9 DNA DSB.

Correspondence: Andrei Laszlo, Division of Radiation and Cancer Biology, Department of Radiation Oncology, Washington University School of Medicine,

St. Louis, MO, USA. E-mail: alaszlo@radonc.wustl.edu

ISSN 0265–6736 print/ISSN 1464–5157 online � 2009 Informa Healthcare Ltd.

DOI: 10.1080/02656730802631775



Nevertheless heating of cells at temperatures

ranging from 41–45�C induces the formation of

g-H2AX foci [4, 6]. The question addressed in this

study is whether or not the process that results in

and/or is associated with the formation of g-H2AX

foci in heated cells is involved in hyperthermic cell

killing. If the heat-induced g-H2AX response is due

to DNA DSB (albeit a low number, as outlined

above), which in turn would be expected play a role

in cell killing, then it would be predicted that the

g-H2AX response would be modulated in cells

with different heat sensitivities. In this report we

determined the initial magnitude of heat-induced

g-H2AX response and its resolution in cells rendered

thermotolerant by various treatments, in several

different cell lines which are resistant or sensitive to

heat-induced cell killing, and in cells treated with

various agents resulting in heat resistance or heat

sensitivity. Finally, we also determined the heat

sensitivity of H2AX knock-out cells.

Materials and methods

Cell lines and cell culture

Chinese hamster HA-1 wild type cells and the HR-1

heat resistant variant cells, and OC-14 oxidative

stress resistant variant isolated from them, were

grown in minimal essential medium (MEM) supple-

mented with 10% fetal calf serum, non-essential

amino acids and antibiotics. O23 Chinese hamster

lung cells and two cell lines, 1–2 and 2–2, transfected

with human hsp27 were grown in Dulbecco’s

modified Eagle’s medium (D-MEM) supplemented

with 10% fetal calf serum and antibiotics. CHO-

10B2 wild type cells and HS-36, a permanently heat

sensitive variant derived from them, were grown in

Hams F-12 medium supplemented with 10% fetal

calf serum and antibiotics. Wild type and H2AX�/�

MEFs (gifts of A. Nussenzweig) were grown in DME

supplemented with 10% fetal calf serum and sodium

pyruvate. All cell lines were grown at 37�C, in a

humidified atmosphere and 5% CO2.

For immunofluorescence studies, cells were grown

on 9� 9 mm coverslips (BellCo Glass, NJ), which

have been pretreated with a few drops of glacial

acetic acid in 95% ethanol, then rinsed thoroughly in

distilled water and stored in 70% ethanol.

Heating

Before heating, 60 mm dishes containing coverslips

were sealed with parafilm, incubated in a 37�C

water-bath for 10 min followed by immersion into a

precision controlled water-bath at 43�C (�0.05�C),

for appropriate periods of time. Coverslips were fixed

immediately or at various times post treatment, and

then prepared for immunofluorescence.

Immunofluorescence

Immunofluorescence was performed as described

[7]. Briefly, cells were fixed in PBS containing 3.7%

formaldehyde and 0.2% TritonX-100 for 10 min at

room temperature, washed three times with phos-

phate buffered saline (PBS), treated with acetone at

�20�C for 10 min and washed three times with PBS.

The polyclonal and monoclonal g-H2AX antibodies

were obtained from Upstate Biotechnology, while

Alexa-595 tagged secondary antibodies were

obtained from Molecular Probes. Cells with greater

than 7 or 8 g-H2AX foci depending on the cell line,

and the same brightness were counted as being

positive, a method used by other workers [8, 9].

Clonogenic survival

Clonogenic survival was determined as described

[10]. H2AXþ/þ and H2AX�/� MEFs were heated at

43�C for various lengths of time, or irradiated with

different doses of 250 Kev X-rays, trypsinized,

and plated at appropriate dilutions. Colonies were

allowed to grow for 10 days, fixed, stained with

methylene blue and the colonies were counted.

Treatment with amino acid analogs

HA-1 cells were treated with 2.5 mM azetidine-

carboxylic acid, an analog of proline for 8 hours in

MEM lacking non-essential amino acids, supplemen-

ted with 10% dialyzed fetal calf serum. Treatment

with 1.0 mM canavanine, an analog of arginine for

8 hours was performed in arginine-free MEM,

supplemented with 10% dialyzed fetal calf serum.

Glycerol treatment

HA-1 cells were incubated with 1 M glycerol in

complete medium for 30 min at 37�C. Following

such incubation the medium was changed and the

cells were immediately heated at 43�C for various

lengths of time.

Results

Which state of thermotolerance is involved in the

attenuation of the g-H2AX response?

It has been reported that the magnitude of g-H2AX

response is attenuated in thermotolerant cells [4].

The following sets of experiments were designed to

determine which two components of thermotoler-

ance, the protein synthesis dependent (PSD) and

protein synthesis independent (PSI) [11, 12] affect

the g-H2AX response and if recovery from the
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response is enhanced in thermotolerant cells. The

initial report about the attenuation of the g-H2AX

response in thermotolerant (TT) cells did not

determine which of the two states of thermotolerance,

[11, 12], may be involved, and also did not examine

the decay of such attenuation nor the resolution of the

response [4]. One of the hallmarks of thermotolerant

cells is the more rapid recovery from cellular

perturbations involved in heat-killing [13, 14].

When thermotolerance in HA-1 cells was induced

by 30 min at 43�C treatment, followed by recovery

for 18 hours at 37�C, the induction of g-H2AX foci

by increasing doses at 43�C was attenuated when

compared to control cells (Figure 1). (The typical

induction of foci containing g-H2AX by 60 min

heating of control HA-1 cells at 43�C is illustrated in

Figure 2). This observation confirms those reported

earlier [4]. Determination of the decay of the atte-

nuated g-H2AX response in heat-induced TT cells

indicated that the effect was significantly diminished

at 24 hours and not observed at 36 hours after the

induction of thermotolerance (Figure 3).

This result is in contrast with clonogenic thermo-

tolerance, which decays between 72–96 hours after

its induction under these experimental conditions

[7]. To determine if the PSD or PSI thermotolerance

was involved in the attenuation of the g-H2AX

response in thermotolerant cells, thermotolerance

was induced by a treatment with 100 mM of sodium

arsenite for 1 h followed by recovery for 12 h, a

treatment that has been shown to induce thermo-

tolerance in HA-1 cells [13]. No attenuation of the

g-H2AX response was observed under these experi-

mental conditions (Figure 1). The fact that
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Figure 1. The effect of thermotolerance on the initial
magnitude of the heat-induced g-H2AX response.
Untreated HA-1 cells (g), HA-1 cells heated at 43�C for
30 min and allowed to recover at 37�C for 12 h (.) and
HA-1 cells treated with 100 mM sodium arsenite for 1 h and
allowed recover at 37�C for 6 h (m) were heated
for increasing times at 43�C, processed for immediately
for immunofluorescence, and the number of g-H2AX
positive cells determined as described under Materials and
methods.

Figure 2. Heat induces the formation of g-H2AX-containing foci in HA-1 cells. Untreated cells (A) and cells heated at
43�C for 60 min (B) were fixed and stained with an antibody against g-H2AX described under Materials and methods.
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thermotolerance for g-H2AX induction was not

induced by sodium arsenite and that the attenuation

of the g-H2AX response decayed faster than clono-

genic thermotolerance, suggested that the PSI state

of thermotolerance [11, 12], may be involved in the

attenuation of the g-H2AX response in heat-induced

TT cells. HA-1 cells were heated for 30 min at 43�C

and allowed to recover in the presence of 100 mg/ml

of cycloheximide for 6 hours. The attenuation of the

heat-induced g-H2AX response was found in such

cells (Figure 4).

Thus, the attenuation of the g-H2AX response is

associated with the PSI state of thermotolerance.

Comparison of the resolution of the g-H2AX foci

in control and thermotolerant cells (Figure 5) indi-

cated that this process was not faster in thermo-

tolerant than in control cells.

The role of molecular chaperones in the attenuation

of the heat-induced g-H2AX response

Thermotolerance induced by different agents is

known to be associated with the increased expres-

sion of molecular chaperones [15, 16]. The possi-

bility that molecular chaperones play a role in the

attenuation of the g-H2AX response was ascer-

tained by determining the heat-induced g-H2AX

response in cell lines that are permanently heat

resistant due to the overexpression of molecular

chaperones. HR-1 cells are a heat-resistant variant

of HA-1 hamster cells that overexpresses hsc70

due to gene amplification [17]. Clone 1.2 and 2.2

are two heat-resistant cell lines derived from

O23 Chinese hamster cells in which the human

hsp27 is overexpressed [18]. There is an increased

expression of hsc70 and hsp27 in thermotolerant

cells [18–20]. A more rapid recovery from heat-

induced perturbation of cellular physiology asso-

ciated with hyperthermic cell killing was reported

in these two types of permanently heat-resistant

cell lines [13, 21]. We found that neither the

initial magnitude of the heat-induced g-H2AX

response after heating at 43�C for various lengths

of time, nor its resolution was altered in the two

different permanently heat-resistant cell lines
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Figure 4. Attenuation of the g-H2AX response in cells
recovering from a thermotolerance induction protocol in
the absence or presence of cycloheximide in HA-1 cells.
The fraction of cells positive for g-H2AX foci was
determined in control cells (g), cells heated at 43�C for
30 min and allowed to recover for 12 h (.) and cells
recovering from a 43�C heating for 30 min in the presence
of 100 mM cycloheximide for 6 h (m).
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Figure 5. Resolution of g-H2AX foci in control and
thermotolerant HA-1 cells. Control (g) heat-induced
thermotolerant (.) and arsenite-induced thermotolerant
(m) HA-1 cells were heated at 43�C for 60 min at various
times after the original thermotolerance inducing treat-
ment and the fraction of g-H2AX foci positive cells was
determined.
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Figure 3. The decay of the attenuation of the g-H2AX
response in thermotolerant HA-1 cells. Control cells (g)
and cells heated at 43�C for 30 min allowed to recover
for 12 h (.) were heated at 43�C for 60 min at various
times post treatment and the fraction of cells positive for
g-H2AX foci cells was determined.

202 A. Laszlo & I. Fleischer



when compared to their wild type counterparts

(Figures 6 and 7).

Permanently heat-sensitive cells

HS-36 is a permanently heat-sensitive cell line

derived from Chinese hamster CHO-10B2 cells

[22]. The mechanism of the heat sensitivity has

not been elucidated. However, although the mag-

nitude of initial perturbations in cellular physio-

logy associated with hyperthermic cell killing was

similar in HS-36 cells when compared with its

wild type counterpart, the recovery from such

perturbations is delayed [21]. The initial magni-

tude of the g-H2AX response induced by heating

for different times at 43�C was similar in HS-36

and wild type cells (Figure 8A). The time course

of the resolution of the heat-induced g-H2AX

foci was found not to differ in the two cell types

(Figure 8B).

Transiently heat-resistant and heat-sensitive cells

Treatment of cells with 1 M glycerol prior to

exposure to elevated temperatures has been shown

to protect them from heat-induced cell killing [23].

This treatment has also been shown to protect cells

from protein denaturation and aggregation [24–26].

The heat-induced g-H2AX response was compared

in control and glycerol treated cells. Although

there might be a slight protection after 15 min at

43�C, no protection was observed at either 30 min

or 60 min at 43�C (Figure 9). Treatment with the

amino acid analog of arginine, canavanine or the
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Figure 6. Comparison of the heat-induced g-H2AX
response in wild type HA-1 cells and the HR-1 perma-
nently heat resistant cells derived from them. (A) HA-1
(g) and HR-1 cells (.) were heated for various lengths of
time at 43�C and the fraction of g-H2AX foci positive
cells was determined. (B) Resolution of the heat-induced
g-H2AX foci in HA-1 (g) and HR-1 cells (.). Cells were
heated at 43�C for 60 min and the fraction of g-H2AX
foci positive cells was determined at various times post
treatment.
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Figure 7. Comparison of the heat-induced g-H2AX
response in wild type O23 cells and two heat resistant
cell lines derived from them that overexpress human hsp
27. (A) Control O23 cells (g) and heat resistant clones
1.2 (.) and 2.2 (m) were all heated at 43�C for various
lengths of time and the fraction of g-H2AX foci posi-
tive cells was determined. (B) Control O23 cells (g) and
clones 1.2 (.) and 2.2 (m) were heated at 43�C for 60 min
and the fraction of cells positive for g-H2AX foci was
determined at various times post treatment.
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proline analog azetidine has been shown to sensitize

cells to heat-induced cell killing by two orders

of magnitude and to inhibit the development of

thermotolerance [27, 28]. HA-1 cells were treated

with canavanine or azetidine for 8 hours, and the

induction of g-H2AX foci after heating at 43�C for

various lengths of time was determined (Figure 10).

There was no significant difference between the

response of the control and amino acid analog

treated cells.

Oxidative stress resistant cells

It has been suggested that the heat-induced g-H2AX

foci are not due to DNA DSB induced by heat

directly, but are rather associated with the oxidative

stress associated with the heat treatment [29]. Such

oxidative stress is proposed to interfere with the

excision step of the nucleotide excision repair of

heat-induced DNA base damage, leading to DNA

DSB [29]. OC-14 cells were selected from HA-1

cells for resistance to H2O2 [30]. This cell line is

also resistant to other oxidative stress-inducing

agents, such as hyperoxia and 4-hydroxy-2-nonenal

[31]. The resistance to oxidative stress of OC-14

cells has been associated with elevated levels of

catalase and glutathione [30, 32]. OC-14 cells have

also been reported to display resistance to heat [33].

The initial magnitude of the g-H2AX response

after treatment at 43�C for various lengths of time
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Figure 8. Comparison of the heat-induced g-H2AX
response in wild type 10B-2 CHO cells and the heat
sensitive HS-36 cell line derived from them. (A) Wild type
10B-2 (g) and heat sensitive HS-36 (.) cells were heated
at 43�C for various lengths of time and the fraction of
g-H2AX positive cells was determined. (B) 10B-2 cells
(g) and HS-36 cells (.) were heated at 43�C for 60 min
and the fraction of g-H2AX foci positive cells was
determined at various times post treatment.
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Figure 9. The effect of glycerol on the heat-induced
g-H2AX response in HA-1 cells. Control cells (g) and cell
treated with 1 M glycerol for 30 min (.) were heated at
43�C for various lengths of time and the fraction of cells
positive for g-H2AX foci was determined.
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Figure 10. The effect of treatment with amino acid
analogs on the heat-induced g-H2AX response in HA-1
cells. Control HA-1 cells (g), and HA-1 cells treated for 8
hours with 2.5 mM azetidine (.) or HA-1 cells treated for 8
hours with 1 mM canavanine (m) were exposed to 43�C
for various lengths of time and the fraction of cells positive
for g-H2AX foci was determined.
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was not different in OC-14 cells and wild type

HA-1 cells (Figure 11A). The resolution of the

g-H2AX foci was also not different in the two cell

types (Figure 11B).

Lack of correlation between heat sensitivity and the

heat-induced g-H2AX response

Table I summarizes the characterization of the initial

magnitude and the resolution of the heat-induced

formation of foci containing g-H2AX, and heat-

induced cell killing associated with a 60-min treat-

ment at 43�C. The heat-induced cell killing is not

correlated with either the initial fraction of cells that

contain 47 g-H2AX foci, nor the half time of the

resolution of the response (Figures 12A and B).

Furthermore, the overall decay curve of the response

is similar in all the wild type/control and differing

heat sensitivity pairwise combinations that were

examined (Figures 2–11). These results constitute

strong evidence that heat-induced cell killing and the

heat-induced g-H2AX response are not related.

H2AX knock-out cells

We also ascertained the heat sensitivity of cells in

which H2AX has been knocked out, as a further

test of whether or not the g-H2AX response plays

a role in the heat-induced cell killing. Although

the H2AX knock out cells were radiosensitive, as

reported before [34, 35], they did not display greater

heat sensitivity or resistance (Figure 13A and B).

Discussion

Heat induces the formation of g-H2AX foci. One

laboratory reported that heat induces DNA DSB by

using the neutral comet assay [4]. A recent report

indicates that heat does not induce DNA DSB,

using pulse field electrophoresis, the fluorescent halo

assay and G2 type chromosomal aberrations [6]. To

further determine if heat-induced g-H2AX foci were

related to DNA DSB, we assayed how the induction

of g-H2AX foci by heat is associated with heat-

induced cell killing. The observations that there is

a dose response for the induction of g-H2AX foci

and there is thermotolerance for the effect have been

used to support this idea [4]. We reasoned if the

induction and/or resolution of the g-H2AX foci play

a role in heat-induced cell killing, then this response

may be modified in cells in which hyperthermic cell

killing has been modified. We tested this hypothesis

by determining the g-H2AX response in cells that are

resistant or sensitive to hyperthermic cell killing,

including thermotolerant cells, a panel of heat-

resistant and heat-sensitive variants, cells that are

resistant to oxidative stress and in cells exposed to

chemical treatments that protect or sensitize to heat-

induced cells killing (summarized in Table I).

The attenuation of the heat-induced g-H2AX

response in transiently TT cells was found when

clonogenic thermotolerance was induced by heat

but not by sodium arsenite. Heat-induced thermo-

tolerance has a component that is independent of

protein synthesis while the arsenite induced one

is not [11]. Since the attenuation of the g-H2AX

response is observed in cells that recover from

a thermotolerance-inducing heat treatment in the

presence of cycloheximide, the attenuation of the

g-H2AX response in heat-induced transiently therm-

otolerant cells is probably associated with the PSI

state of thermotolerance and not associated with the

increased levels of heat shock proteins. In order to

further test the notion that the heat-induced g-H2AX
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Figure 11. Comparison of the g-H2AX response of wild
type HA-1 cell and the OC-14 oxidative stress resistant
cells derived from them. (A) HA-1 cells (g) and OC-14
cells (.) were heated at 43�C for various lengths of time
and the fraction of positive cells for g-H2AX foci was
determined. (B) HA-1 (g) and OC-14 (.) cells were
heated at 43�C for 60 min and the fraction of cells positive
for g-H2AX foci was determined at various times post
treatment.
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response plays a role in heat-induced cell killing,

we took advantage of a collection of mutants and

variants of Chinese hamster cells that have altered

heat sensitivities due to different mechanisms. We

asked two questions. First, is the initial magnitude

of the g-H2AX response found in cells of different

heat sensitivities the same as found in their wild type

counterparts, and second, is the resolution of the

heat-induced g-H2AX foci modified in parallel with

heat sensitivity. We have shown earlier that with

respect to heat-induced alterations in several cellular

parameters involved in cell killing by heat, the initial

magnitude of the perturbations did not correlate with

thermal sensitivity, while the recovery from such

perturbations did [21, 36]. We found that the initial

g-H2AX response was not attenuated in any of the

cell lines we examined and that the resolution of

the heat-induced g-H2AX foci was independent

of thermal sensitivity. Furthermore, the g-H2AX

response was not modified in cells treated with

agents that protect or sensitize cells to hyperthermic

cell killing such as glycerol and amino acid analogs.

We also found that while H2AX knock-out cells

are radiosensitive, they are not heat sensitive.

Thus, we have demonstrated using several different

approaches, that the heat-induced g-H2AX response

is not associated with a process that plays a role

in thermal sensitivity and by implication, in heat-

induced cell killing.

Exposure of cells to elevated temperatures induces

oxidative stress, generating free radicals that have

been reported to induce DNA base damage [37].

A mechanism for the generation of additional DNA

DSB in heated-irradiated cells through interference

with the repair of base damage by the nucleotide

excision repair pathway has been proposed [38, 39].

It has been hypothesized that heat-induced oxidative

stress is involved in such a mechanism in cells

exposed to heat alone [29]. Therefore, we also ascer-

tained the heat-induced g-H2AX response in an

oxidative stress-resistant cell line that overexpresses

catalase and glutathione [31, 32]. However, neither

the heat-induced g-H2AX response nor its resolution

was altered in this cell line when compared to its

wild-type counterpart, a result that is not consistent

with the notion that heat-induced oxidative stress

leads to the generation of DNA DSB [29].

The original report on the heat-induced g-H2AX

response proposed that heat induces g-H2AX foci

through heat-induced protein damage [4], a process

that is known to be involved in hyperthermic cell

killing [15, 40, 41]. Several of our results argue

against this possibility. First, molecular chaperones,

that are known to attenuate heat-induced proteo-

toxicity, do not protect against induction of g-H2AX

foci by heat, since over-expression of either

hsc70 or hsp27 did not attenuate either the initial

magnitude of, or recovery from, the heat-induced

Table I. Summary of the relationship of heat sensitivity and the heat induced g-H2AX response.

Cell Line Heat sensitivity Mechanism

Survival

43�C 60 min

Fraction

of cells with

47 g-H2AX foci

Half time of

resolution of the

g-H2AX responsea Referenceb

HA-1 Basal NA 0.39 0.91 5 hours 19, 27, 42

HA-1 TTh1 Resistant

thermotolerant

Heat shock

proteins other

0.78 0.44 4.8 hours 27, 28

HA-1 TTars2 Resistant Heat shock proteins 0.65 0.86 4.2 hours 42

HA-1 TTcx3 Resistant Other 0.8 0.59 ND 11

HA-1 Glycerol Resistant Chemical chaperone 0.72 0.86 ND 23, 42

HA-1 Canavenine Sensitive Aberrant proteins 0.072 0.87 ND 27, 28

HA-1 Azetidine Sensitive Aberrant proteins 0.09 0.82 ND 27, 28

HR-1 Resistant hsc70

overexpression

0.81 0.93 4.8 hours 19

OC-14 Resistant* Unknown 0.75 0.87 5.1 hours 33

O23 Basal NA 0.21 0.86 3.8 hours 18

Clone 1.2 Resistant hsp27

overexpression

0.66 0.86 4.1 hours 18

Clone 2.2 Resistant hsp27

overexpression

0.72 0.79 4.0 hours 18

CHO-10B Basal NA 0.28 0.92 4.2 hours 22

HS-36 Sensitive Unknown 0.06 0.87 4.8 hours 22

a Time to reach ½ of the maximum fraction of cells with47 g-H2AX foci.
b References for heat survival.
1 Thermotolerance after recovery for 24 h at 37�C from a trigger of 30 min at 43�C.
2 Thermotolerance after recovery for 6 h at 37�C from 1 h treatment with 200 mM/ml sodium arsenite.
3 Thermotolerance after recovery for 6 h at 37�C from a trigger of 30 min at 43�C, in the presence of 100 mg/ml cycloheximide.
NA, not applicable; ND, not done.
*OC-14 cells are oxidative stress resistant due to the amplification of catalase [30]. After treatment with 40 mM of H2O2, the relative
survival of HA-1 cells is 0.000025 while that of OC-14 cells is 0.74.
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g-H2AX response. Second, the thermotolerance for

the g-H2AX response is only observed in heat-

induced, but not sodium arsenite-induced thermo-

tolerance. The heat shock proteins induced by

sodium arsenite are the same as are induced by

heat shock [16, 19, 42]. Third, the observation that

the heat-induced g-H2AX response is attenuated in

cells that recover from a thermotolerance-inducing

heat treatment in the presence of cycloheximide, the

so-called PSI state of thermotolerance, indicates that

elevated expression of molecular chaperones is not

required for an attenuation of the g-H2AX response.

Fourth, neither the induction nor the resolution of

heat-induced g-H2AX foci was affected in hsp70

knockout cells [6]. Last, the heat protector glycerol

has been shown to protect against proteotoxicity

[24–26], yet the g-H2AX response is not attenuated

in glycerol treated cells. Overall, our results argue

against a role for heat-induced proteotoxicity in the

g-H2AX response observed in heated cells.

The mechanism by which heat induces g-H2AX

foci still remains unclear. We have shown that such

induction is dependent on ataxia-telangiectasia

mutated protein (ATM) and that heat activates

ATM [6]. Thus, the involvement of heat-induced

chromatin structure alterations in this process is an

attractive hypothesis. The only set of experiments

that have examined whether global chromatin

structure alterations can lead to the formation of

g-H2AX foci have used hypotonic treatments for 1 h,

chloroquine for 4 h or trichostatin for 8 h and found

that such treatments did not induce g-H2AX [43].

On the other hand, g-H2AX foci are observed

immediately after heating with as little as 15 min at

43�C. Therefore, heat may induce a rapid transitory

chromatin alteration which allows the heat-activated

ATM to phosphorylate chromatin-associated H2AX
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Figure 12. Lack of correlation between heat-induced cell
killing after heating for 60 min at 43�C and the fraction of
cells with47 g-H2AX foci immediately after heating (A) or
the half-time for the resolution of the g-H2AX foci, as
indicated by the decrease in the fraction of cells with 47
g-H2AX foci to 50% of the original value.
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Figure 13. Comparison of the radiation and heat response
of H2AXþ/þ and H2AX�/� MEFs. (A) H2AXþ/þ (g) and
H2AX�/� MEFs (.) were irradiated with various doses of
X-rays and clonogenic survival was determined. (B)
H2AXþ/þ (g) and H2AX�/�(.) MEFs were heated at
43�C for various lengths of time and clonogenic survival
was determined.
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molecules. The resolution of the g-H2AX foci would

then involve the dephosphorylation of g-H2AX and/

or its removal by exchange, as has been shown for

ionizing radiation [44, 45], since the time course of

resolution of the majority of g-H2AX is similar in

heated and irradiated cells [see this paper and [46].

Recently it has been reported that the DNA damage

response, including the induction of g-H2AX foci,

can be induced in the absence of DNA lesions [47].

This was demonstrated by tethering MDC1 to

chromatin to sites of a transfected bacterial gene,

an interaction that resulted in the formation of

g-H2AX foci. We have shown that heat also induces

MDC1 foci [6]. Thus, heat may lead to a tethering or

interaction of MDC1with chromatin that leads to the

formation of g-H2AX foci. This possibility appears to

be likely because heat has been shown to induce new

interactions of nuclear proteins with chromatin [48].

Thus, heating may result in the interaction of MDC1

with chromatin, either transitory or permanent,

leading to the formation of g-H2AX. MDC1 has

been shown to exchange very rapidly in its interac-

tion with chromatin in non-treated cells [49]. Thus,

as an alternate or complementary mechanism for

the formation of g-H2AX foci, heat may lead to

an increase in the residence time of MDC1 on

chromatin, resulting in the formation of g-H2AX

foci. The putative heat-induced alterations in chro-

matin that result in the formation of g-H2AX foci

may represent a new and novel effect of heat on

cellular structures such as chromatin, the mechanism

of which remains to be elucidated.
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