Development of thermotolerance requires interaction
between polymerase-p and heat shock proteins
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Although heat shock proteins (HSP) are well known to contribute to
thermotolerance, they only play a supporting role in the phenomenon.
Recently, it has been reported that heat sensitivity depends on heat-
induced DNA double-strand breaks (DSB), and that thermotolerance
also depends on the suppression of DSB formation. However the
critical elements involved in thermotolerance have not yet been
fully identified. Heat produces DSB and leads to cell death through
denaturation and dysfunction of heat-labile repair proteins such as
DNA polymerase-B (Polf). Here the authors show that thermotolerance
was partially suppressed in Polf”~ mouse embryonic fibroblasts
(MEF) when compared to the wild-type MEF, and was also
suppressed in the presence of the HSP inhibitor, KNK437, in both cell
lines. Moreover, the authors found that heat-induced YH2AX was
suppressed in the thermotolerant cells. These results suggest that
Polp at least contributes to thermotolerance through its reactivation
and stimulation by Hsp27 and Hsp70. In addition, it appears possible
that fewer DSB were formed after a challenging heat exposure
because preheat-induced Hsp27 and Hsp70 can rescue or restore
other, as yet unidentified, heat-labile proteins besides Polf. The
present novel findings provide strong evidence that Polf functions
as a critical element involved in thermotolerance and exerts an
important role in heat-induced DSB. (Cancer Sci 2008; 99: 973-978)

H yperthermia is widely used to treat patients with various
types of cancers, and is performed in combination with
radiation and/or anticancer agents.” The enhancement of
radiation-induced cell killing by heat,® and the existence of an
inflection point in Arrhenius plots of 1/7, (the mean lethal
heating period [min]) versus temperature,” indicate that heat-
induced protein inactivation is critically involved in heat-
induced cell killing. Heat-induced protein denaturation results
in the disruption of centrosome-dependent mitosis,” and of
multiple nuclear matrix-dependent functions.®

Exposure of cells to a transient, non-lethal elevation in tem-
perature results in the activation of cellular stress responses and
induces a state of thermotolerance in cells that renders them
resistant to subsequent lethal insults.® Thermotolerant cells are
less sensitive to hyperthermia-induced cytotoxicity, growth fac-
tor withdrawal, heavy metals, radiation, and anticancer drugs.”
Thermotolerance is associated with the synthesis and cellular
accumulation of a family of highly conserved proteins referred
to as heat shock proteins (HSP). It has been reported that Hsp27
and Hsp70 mainly contribute to thermotolerance®'? through
molecular chaperone activity.'"'? However, little is known
about their partners in the mechanism of thermotolerance.
Therefore, the authors focused on just Hsp27 and Hsp70.

Among the variety of possible DNA-damaging events that
can occur, DNA double-strand breaks (DSB) are the most serious.
Genome integrity is maintained by dynamic responses to the
presence of DNA damage, in which damage sensing, cell-cycle
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arrest, and repair factors are involved.'® Therefore, the existence
of DSB repair systems is a critical component in cellular radiation
sensitivity and may be important in the mechanisms involved in
heat sensitivity of cancer cells. Recently, heat-induced DSB
have been detected and shown to be involved in heat-induced
cell killing."¥ A positive correlation was seen between thermo-
tolerance for heat killing and the heat-induced loss of DNA
polymerase-B (Polf) activity in cells."> Moreover, recent work
has indicated that heat-induced YH2AX (histone H2AX phos-
phorylated at serine 139) foci formation was suppressed in
thermotolerance development.' However, the physiological
function of Polf in vivo has not been investigated. It is hypoth-
esized that heat induces DSB formation through the denatura-
tion and dysfunction of heat-labile repair enzymes such as Pol[3
because DNA alone is quite resistant to heat, and because the in
vitro polymerase chain reaction (PCR) assay results in almost
no DNA lesions."® In the present study, the role of Polf in
thermotolerance development was investigated using PolB-knockout
mouse embryonic fibroblasts (Pol7~ MEF).(

Materials and Methods

Cells. H1299 (human non-small lung carcinoma p353 deficient
cells) cells were provided by Dr M. Oren (Department of Molecular
Cell Biology, Weizmann Institute of Science, Israel).!'¥ PolB~-
MEF was established as previously described."® These cells
were cultured in Dulbecco’s modified Eagle’s medium-10
(DMEM-10; MP Biomedicals Inc., Illkirch, France) containing
10% (v/v) fetal bovine serum (FBS; MP Biomedicals Inc.),
20 mmol/L 2-[4-(2-hydroxyethyl)-/-piperazinyl] ethanesulfonic
acid (Nacalai Tesque, Kyoto, Japan), 30 pg/mL penicillin (Meiji
Seika Kaisha Ltd, Tokyo, Japan), 50 ug/mL streptomycin (Meiji
Seika Kaisha Ltd), and 50 pg/mL kanamycin (Nacalai Tesque).
The cells were cultured at 37°C in a humidified CO, incubator.

Hyperthermia. Exponentially growing cells were immersed in
a water bath (Thermominder EX; Taitec Co., Ltd, Koshigaya,
Japan) maintained at 45.5°C. After a preheating treatment and a
challenging heat treatment, the cells were cool down immediately
and then incubated at 37°C in a humidified CO, incubator.
Under the present experimental conditions, no marked change in
pH values was detected in the medium during the treatment.

Co-immunoprecipitation and Western blot analysis. Exponentially
growing H1299 cells were cultured in 25-cm? flasks. For the
immunoprecipitation studies, the medium was removed, and the
cells were washed with phosphate-buffered saline (PBS) buffer.
Nuclear extracts from cells were obtained using a NE-PER
Nuclear and Cytoplasmic Extraction Reagents Kit and Slide-A-
Lyzer 3.5K MWCO Dialysis Cassettes (Pierce Biotechnology,
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Inc., Rockford, IL, USA). 10 ng of antimouse IgG1 antibody
(IHC, BD Biosciences Pharmingen, San Diego, CA, USA) was
added to 100 pg of nuclear proteins, and the mixture was gently
rotated at 4°C for 1 h. MagaCell Protein G beads (150 uL; Bio-
Nobile, Turku, Finland) were then added, and the incubation
was continued for an additional 1 h. The beads were removed
using a PickPen (Bio-Nobile). This step was repeated twice.
Anti-polymerase- monoclonal antibodies (18S; NeoMarkers,
Fremont, CA, USA) and MagaCell Protein G beads (300 uL)
were incubated together and gently rotated at 4°C for 1 h, and
the mixture was then added to nuclear proteins. This preparation
was then gently rotated at 4°C for 1 h. The MagaCell protein G
beads were collected with a PickPen, and the beads were then
suspended and washed three times with IP buffer (50 mmol tris-
HCI, pH 8.0, containing 5 mmol ethylene diamine tetra-acetic
acid [EDTA], 150 mmol NaCl, 1 mmol phenylmethylsulfonyl
fluoride [PMSF], 50 mmol sodium fluoride, 0.1 mmol sodium
orthovanadate, 1% [v/v] Nonidet P-40). The beads were then
suspended in 50 uL of sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) loading buffer and heated
to 95°C for 5 min. The beads were removed with a PickPen.
Immunoprecipitated proteins (20 WL) were subjected to Western
blot analysis. After electrophoresis on 15% polyacrylamide gels
containing 0.1% SDS, the proteins were transferred electrophoretically
onto Poly Screen polyvinylidene difluoride (PVDF) membranes
(DuPont/Biotechnology Systems, New England Nuclear Research
Products, Boston, MA, USA). The membranes were then incubated
with anti-Hsp27 monoclonal antibody (Abl; Calbiochem, San
Diego, CA, USA), anti-Hsp70 monoclonal antibody (C92F3 A-
5; StressGen Biotechnologies Corp., Victoria, Canada), Pol3
mouse monoclonal antibody, and antiactin polyclonal antibody
(I-19; Santa Cruz Biotechnology, Santa Cruz, CA, USA). For
visualization of the bands, horseradish peroxidase (HP)-conjugated
antimouse IgG antibody (Zymed Laboratories, Inc., San
Francisco, CA, USA) for Hsp27, Hsp70 and PolB, and HP-
conjugated antirabbit IgG antibody (Amersham Pharmacia
Biotech Inc., Piscataway, NJ, USA) for actin were used with the
BLAST: Blotting Amplification System (DuPont/Biotechnology
Systems).

Colony forming assays. Cell survival was measured using a
standard colony forming assay. Three flasks were used for each
data point, and three independent experiments were performed
for each survival point. The colonies obtained after 10 days
were fixed with methanol and stained with 2% Giemsa solution.
Microscopic colonies composed of more than approximately
50 cells were counted as surviving cells. Surviving fraction
values were fitted using the single-hit multitarget model:

SISy =1~ (1 —e-"My

where S/S, is the surviving fraction, T is the heating period
(min), T, is the mean lethal heating period (min) required to
reduce the fraction of cells to 37% indicative of single-event
killing and » is the number of targets in the cell, all of which
must be inactivated to kill the cell. The parameters n and T,
were calculated using KaleidaGraph (Synergy Software, PA,
USA). The thermotolerance ratio (TTR) was calculated according
the formula; TTR = Tx/T,, where Tx is the mean lethal heating
period (min) with preheating, and 7, is the heating period
without preheating.

KNK437 treatment. N-formyl-3,4-methylenedioxy-y-butyrolactam
(KNK437; synthesized by the Kaneka Co., Osaka, Japan),!'”
was dissolved in dimethyl sulfoxide (DMSO) and added to
culture medium at a final concentration of 0, 100 or 300 umol
1 h before preheating. For cell colony forming assays, the medium
containing KNK437 was exchanged for KNK437-free medium
16 h after the start of preheating. For flow cytometry, the
medium containing KNK437 was not changed until sampling.
The same concentration of DMSO was used as a control.
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Flow cytometry. The heat treated PolBf** and Polf”~ MEF
were cultured for 30 min. Then the cells were fixed with cold
70% methanol and kept at —20°C. Cells were centrifuged and
rinsed with TPBS (PBS containing 0.05% Tween 20). The cells
were blocked with rabbit serum for 15 min at room temperature
and rinsed with TPBS. The cells were then incubated with
antiphospho-H2AX monoclonal antibody (JBW301; Upstate
Biotechnology, Lake Placid, NY, USA) at a 300-fold dilution for
60 min at room temperature; rinsed with TPBS; incubated with
AlexaFluor 488-conjugated antimouse IgG second antibody
(Molecular Probes, Eugene, OR, USA) at a 400-fold dilution for
60 min at room temperature; and rinsed in TPBS. The cell cycle
distribution was measured by determining the cellular DNA
content. For the determination of DNA content, cells were fixed
with cold 70% methanol. The cells were then incubated for
30 min at room temperature with 1 mg/mL RNase and 50 pg/
mL propidium iodide. Before flow cytometric analysis, samples
were filtered through a 35-um nylon mesh. Samples were
analyzed using a flow cytometer (Becton Dickinson, San Jose,
CA, USA).

Statistical analysis. Levels of significance were calculated
using an unpaired Student’s t-test. P <0.05 was considered
significant.

Results

HSP accumulate and bind to Pol in the nucleus during the develop-
ment of thermotolerance. To clarify the relationship between
thermotolerance and heat-induced HSP, control H1299 cells
were conditioned by preheating (45.5°C, 5 min), incubating at
37°C for various periods up to 24 h, and then exposing to a
challenging heat treatment at 45.5°C. The thermotolerance ratio
increased when H1299 cells were incubated for 3-6 h after a
conditioning preheat treatment before the challenging heat
treatment (Fig. 1a). The results of Western blot analysis on nuclear
extracts indicated that Hsp27 and Hsp70 levels increased
substantially in heated cells when compared with control cells
(Fig. 1b). Quantitatively, Hsp27 and Hsp70 levels in the heated
cells increased 1.1-1.7-fold at 3—6 h after heat treatment (Fig. 1c).

Any protective effect of HSP on Polf function during heat
stress probably would be derived from a direct physical association
between the two proteins. However, evidence for any direct
binding between HSP and Polf} has not been reported to date. A
co-immunoprecipitation technique was applied to detect any
physical association between them. Evidence for co-immuno-
precipitation of HSP with Polf} was sought using an anti-Polf3
antibody (Fig. 1d). Fig. 1d shows that Hsp27 and Hsp70 did co-
immunoprecipitate with Polf after challenging heat treatment
with preheating treatment, but not after non-heating treatment
and challenging heat treatment alone. In addition, Hsp70 did co-
immunoprecipitate with Polf after preheating treatment alone.

Thermotolerance was suppressed in Polp”~ MEF and KNK437-
treated cells. To examine whether the loss of Polf induction
impaired thermotolerance, Pol** and Pol”~ MEF were heated
at 45.5°C (with or without preheating at 45.5°C for 5 min), and
cell viability was measured (Fig. 2). Both types of MEF cells
showed similar levels of heat sensitivity without preheating,
but preheating markedly increased cell viability in Pol**
MEF. Although thermotolerance reached its peak at 12 h after
preheating treatment in both types of cells, thermotolerance
was suppressed in Polf”~ MEF. Thermotolerance in PolB~~
MEF was reduced approximately one-half to one-third when
compared with thermotolerance in Pol** MEF (Fig. 2b).

To demonstrate the effect of HSP on thermotolerance, the
cells were exposed to KNK437 (Fig. 3), an inhibitor of HSP.
There was no significant effect of KNK437 on heat sensitivity
in either type of MEF. However, thermotolerance was markedly
suppressed by KNK437, not only in Polf** MEF but also in
PolB3* MEF.

doi: 10.1111/j.1349-7006.2008.00759.x
© 2008 Japanese Cancer Association



Fig. 1. Heat shock protein (HSP) accumulation
and binding to polymerase- (Polf) in the
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nucleus. H1299 cells were treated at various
intervals after a preheating treatment (45.5°C,
5 min). (a) Thermotolerance ratio (TTR). (b) HSP
bands in Western blot analysis. Lane 1, untreated
control samples. Lanes 2-6, samples at various

periods after a heat treatment alone (45.5°C, (c)
5 min): lane 2, 1.5 h; lane 3, 3 h; lane 4, 6 h; lane 5, i}
12 h; lane 6, 24 h. (c) Density of HSP bands with 5
Western blot analysis. (j) (A) Hsp27. (@) Hsp70. CE)
(d) Co-immunoprecipitation experiments with ©
nuclear extracts. Lane 1, non-heating treatment; _"2’
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Fig. 2. The effect of polymerase-f (PolB) on (b) h
thermotolerance. PolB** and Polf™ mouse @ Polp
embryonic fibroblasts (MEF) were heated A POIB‘/‘
(45.5°C) after various times at intervals (0, 6, 12,
or 24 h) after a preheating treatment (45.5°C, E
5 min). (a) Survival curves. Dotted lines show =

survival curves at 45.5°C for different heating
periods without preheating. Error bars represent
+SD. (b) Thermotolerance ratio (TTR). (®) Polf**

MEFs. (A) PolB” MEFs. *P < 0.05 and **P < 0.01,
by Student’s t-test between PolB** and PolB-
MEF, respectively.

Heat treatment increases YH2AX induction in Pol~- MEF and
KNK437-treated cells with preheating. To clarify the effects of
Polf} and HSP on the phosphorylation of histone H2AX, flow
cytometric analysis was performed on Polf3** and Polf3”~ MEF
exposed to KNK437 (Fig. 4). The relative YH2AX intensity was
increased in Pol”~ MEF when compared with parental MEF,
and was also increased in the presence of KNK437 in both cell
lines. In PolB** cells, YH2AX frequency almost doubled, while
in Pol37- cells the YH2AX frequency also increased significantly.

Discussion

Polf is a key enzyme involved in the protection of the genome
from DNA damage through its role in base excision repair
(BER), and in mammalian cells most BER synthesis is carried
out by Polf."#!2 Polf not only functions as a DNA polymerase,

Takahashi et al.

6 12
Interval period (h)

but also catalyzes the excision of deoxyribose phosphate.?® A
relationship has been reported between thermotolerance against
heat killing and the heat-induced loss of Polf activity in cells.!'?
It has also been shown that the number of cellular YH2AX
foci was reduced in preheated cells that were subsequently
treated with a challenging heat exposure.'¥ In the present study,
thermotolerance was shown to be suppressed in PolB-deficient
cells as compared with the parental cells. Therefore, it was
strongly suggested that Poll has an important role in
thermotolerance.

HSP interact with Polf. HSP have been implicated in the
induction of radiation resistance via the adaptive response.?
Moreover, recent studies support an important role for BER in
radiosensitivity.?® Hsp70 associates with Polf and stimulates
this activity.®® In addition, uracil DNA glycosylase and
apurinic—apyrimidinic endonuclease (APE) have been associated
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Fig. 4. Relative yH2AX intensity. Polymerase-f (PolB)** and Polf”-
mouse embryonic fibroblasts (MEF) were heated (45.5°C, 20 min) at
12 h after a preheating exposure (45.5°C, 5 min) with or without
KNK437. (m) PolB*+ MEF. (OJ) PolB” MEF.

with Hsp27 and Hsp70,?? lending support for the idea that
Hsp27 and Hsp70 have a role in the BER of DNA damage. The
widespread conservation of HSP in nature may be the result of
its selection, because it can protect the genomes of cells from
oxidation and radiation damage through the stimulation of DNA
repair enzymes. KNK437 inhibits the acquisition of thermotolerance
in a dose-dependent manner, and the induction of various other
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pre-heating treatment
KNK437 (uM)

(V,¥) 300uM KNK437. (b) Thermotolerance
ratios. (H) PolB** MEF. (OJ) PolB™ MEF.

HSP (including those with approximate molecular weights of
25, 40, 70, 90 and 110 kDa)."*!" Hsp70.1 and Hsp70.3, which
are stress-induced HSP, have an essential role in maintaining
genomic stability under stress conditions.® Although the authors
were not able to get a remarkable result about Hsp40 and Hsp90
(data not shown), Hsp27 and Hsp70 were found to accumulate
and bind with Polf in the nucleus during the period of
thermotolerance development. Furthermore, thermotolerance
was suppressed in cells treated with the HSP inhibitor KNK437.
These results indicate that Hsp27 and Hsp70, which accumulate
in response to preheating treatments, are able to: (i) reactivate
heat-denatured Polf via chaperone activity; and (ii) stimulate
Polp activity along with its role in the repair of DNA damage
during the period when thermotolerance is being established.
Involvement of Polf in heat-induced YH2AX. An immunocytoch-
emical assay that recognizes YH2AX foci is an extremely
sensitive indicator for the existence of a DSB that is induced by
heat.!® There is an inflection point at 42.5°C in the Arrhenius
plot of cell killing and Polf inactivation.?® The activation enthalpy
for cell killing is also similar to that of protein denaturation,®
such as for Polf.?” 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 of both cell killing and foci
formation are almost the same above and below this inflection
point.!"¥ Heat stress activates ATM,?® and heat-induced H2AX
phosphorylation is mediated by ATM and DNA-PK.®” It was
proposed that the inhibition of BER of base damage is induced
by heat stress through the production of reactive oxygen
species,®” and leads to an increase in the number of existing
DSB. Recently, reports have shown that the DSB repair
component NBS1 is phosphorylated and involved in cellular
responses to DNA damage that are induced by heat exposure.®"
In the present study, an increased level of heat-induced YH2AX
after a preheating treatment was detected in PolB-deficient cells
when compared with Polf-proficient cells, and was also
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detected in the presence of KNK437 in both cells. In other
words, heat-induced YH2AX was suppressed in thermotolerant
cells. These findings support the concept that heat-induced DSB
contribute to heat-induced cell killing, and are a part of the
process leading to heat-induced DSB formation.

A model for involvement of Polp in heat-induced DSB. Polf3 is more
sensitive to heat than are incision enzymes such as APE. This
theoretically provides a mechanism that could account for the
increased numbers of DNA breaks observed in heat-treated
cells. Therefore, it appears that there is a possible mechanism
that can explain how heat induces nick formation through
enzymatic repair processes. DSB could then be generated where
nicks form in close proximity to each other on opposite DNA
strands (Fig.5). In fact, the inhibition of poly(ADP-ribose)
polymerase (PARP), which is involved with BER and single-
strand break (SSB) repair, induces YH2AX foci,®? providing
support for the above hypothesis. Although Polf, XRCCl,
PARP-1, and DNA ligase III are considered to contribute
predominantly to BER and SSB repair,®*-” DNA ligase III and
PARP-1 have been reported to be a candidate component of
backup pathways for non-homologous end joining,**" and
presumably Polf} and XRCCI1 could also participate in this
pathway. If so, then it might be a possibility that elevated
temperatures could also produce DSB by inactivating these
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