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Abstract

Purpose: The objective of the present study was to examine the consequences of a mild hyperthermia in human tumour cell
lines deficient and proficient in the DNA mismatch repair system (MMR) to advance our understanding on the relationship
between MMR and heat shock proteins (HSPs).

Materials and methods: The human colon carcinoma cell lines HCT116 (parent cells), HCT116 + ch2 (MMR-deficient), and
HCT116 + ch3 (MMR-proficient) were used. Cells were incubated at 41°C and 42°C for 1h and then at 37°C for 4 and
24 h. The expression of Hsp27 and Hsp72 was evaluated by immunocytochemistry. Hsp27, Hsp72, hMILLH1 and hMSH2
levels were assessed by western blotting in nuclear and cytoplasmic fractions. The alkaline comet assay was used to evaluate
the DNA damage.

Results: The mild hyperthermia significantly increased the protein expression levels of Hsp27 and Hsp72 in all cell lines,
which was higher in the cytoplasm and nucleus of HCT116 + ch3 cells. We also observed that heat induced translocation of
hMILH1 and hMSH?2 proteins from the nucleus to the cytoplasm in HCT116 4 ch3 cells. The comet assay revealed that
HCT116 parent cells were more resistant to heat-induced DNA damage. However, the MMR-proficient and deficient cell
lines repaired the DNA damage at the same rate.

Conclusions: The present study demonstrates that hyperthermia induced the nuclear accumulation of Hsp27 and Hsp72 and
affected the subcellular localisation of hMLLH1 and hMSH2 in HCT116 + ch3 cells. Our findings suggest that the MMR
system is not a direct determining factor for the different heat shock response in HCT116 cells.
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Introduction

In order to enhance the effectiveness of chemother-
apy or radiotherapy, local, regional or whole-body
hyperthermia may be used in clinical oncology
(colorectal cancer, breast cancer, melanoma, cervical
cancer, etc.) [1]. In addition, the combination of
hyperthermia with gene therapy, in which hyperther-
mia induces transgene expression, represents a

promising strategy [2]. Exposure of cells to a
transient, non-lethal elevation of temperature
causes the activation of cellular stress responses. A
mild heat shock (39°—42°C) induces the expression
of heat shock proteins (HSPs). HSPs are molecular
chaperones, highly conserve across prokaryotes and
eukaryotes, which points to their importance in cel-
lular protection. The best known HSPs are members
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of the HSPB (small HSP: Hsp27, a-A-crystallin,
a-B-crystallin), DNAJ (Hsp40), HSPA (Hsp70),
HSPC (Hsp90), HSPH (Hspl110) and chaperonin
families (Hsp60 and CCT) [3]. HSPs may be
expressed under normal physiological conditions at
basal levels; these are known as constitutive or
cognate HSPs performing multiple house-keeping
functions. Inducible HSPs are expressed after stress-
ful situations (heat shock, anoxia, fever, inflamma-
tion, antineoplasic drugs, etc.). HSPs are abundantly
expressed in cancer cells and they participate in
oncogenesis. Moreover they may also limit the
response to cancer therapy [4].

Heat shock leads to denaturation and misaggrega-
tion of proteins, inhibition of DNA-synthesis and
transcription, inhibition of mRNA-processing and
translation, and also to blockage of the progression
through the cell cycle. Exposure to heat cause
unfolding of a number of nuclear proteins, which
results in changes in protein associations [5].
Vanderwaal et al. have found a number of proteins
that increase their binding to DNA after heat shock,
inhibiting the access of the repair proteins to the
damaged site(s) [6]. Thus the effects of hyperthermia
on DNA have been thought to be due to secondary
effects on proteins involved in DNA replication,
chromosome segregation and DNA repair. After heat
shock, the proteins that bind nuclear matrix associ-
ated DNA, appear to mask DNA strand breaks,
delaying repair and altering DNA supercoiling that
triggers DNA repair [7]. In addition, heat stress has
been reported to induce DNA double strand breaks
by the formation of yYH2AX foci [8]. If the cell is able
to induce a competent HSP response, HSPAIA
(Hsp72) and HSPB1 (Hsp27) can accumulate in the
nucleus contributing to DNA polymerase-beta reac-
tivation and stimulation which results in thermo-
tolerance. Takahashi et al. have shown that
thermotolerance was partially suppressed in DNA
polymerase-beta (-/-) mouse fibroblasts and also in
the presence of a HSP inhibitor [9]. It has been
reported that some HSPs may contribute to different
mechanisms of DNA repair as part of their molecular
chaperone capabilities, interacting with DNA repair
proteins [10]. Kotoglou et al. found that HSPAIA
translocates to the nuclei/nucleoli during heat stress,
binds to PARP-1 and/or XRCC1 at BRCT domains
(BRCA1 C-terminus), and protects HeLa cells from
increased single strand breaks [11]. Hunt et al.
showed increased levels of spontaneous and
radiation-induced chromosomal aberrations in
mouse fibroblasts with HSPA1A knockout, suggest-
ing that this protein may be involved in maintaining
genome stability [12].

The mismatch repair (MMR) system is one of the
DNA repair mechanisms that contribute to the
maintenance of genome integrity and to prevention

of carcinogenesis. MMR constitutes a post-
replicative machinery that corrects base—base mis-
matches generated principally during replication by
DNA polymerases. If DNA mismatches (arising
from different circumstances) are not corrected
genomic instability may be originated, especially at
repeated-sequence motifs known as microsatellites
[13]. A significant proportion of cancers of the colon,
endometrium and other organs exhibit microsatellite
instability (MSI) [14]. This phenotype of MSI is
caused by defects in MMR in the hereditary non-
polyposis colorectal cancer (HNPCC) and in a
variety of sporadic cancers. Expression of the
hMLHI1 gene is essential for competent MMR and
maintenance of MSI [15]. Several human MMR
proteins have been identified based on their homol-
ogy to Escherichia coli MMR proteins (hMSH2,
hMSH3, hMSH6, hMLHI1, hPMS1, hPMS2,
hMLH3). hMSH2 heterodimerises with hMSH6 or
hMSH3 to form hMutS« or hMutS g, while hAMLH1
heterodimerises with hPMS2, hPMS1 or hMLH3 to
form hMutLa, hMutlL8, or hMutLy, respectively.
hMutSa repairs base—base mismatches and insertion/
deletion loops (IDLs) of one or two extrahelical
nucleotides, whereas the repair of larger IDLs is
initiated by hMutSg. The hMutSa-hMutlLa complex
remains bound at the mismatch and initiates the
repair reaction by looping out the DNA [16]. Our
group has reported the co-localisation of HSPB1 and
HSPA1A with the MMR proteins hMLH1 and
hMSH2, in peripheral blood lymphocytes from
healthy persons exposed to hyperthermia, with
cisplatin or doxorubicin [17]. However, our under-
standing on the relationship between MMR and
HSPs remains to be achieved.

The objective of the present study was to examine
the consequences of the heat shock treatment in a
human colon adenocarcinoma model of hMLHI1-
deficient and hMILH 1-proficient cells. HCT116 cells
are deficient in MMR due to the lack of hMLHI1
transcript expression [18] and HCT116 + ch3 cells
were generated by introducing a single copy of
normal human chromosome 3 into HCT116 cells
[19]. We characterised the basal and heat-induced
expression (41° or 42°C) of HSPB1, HSPAIA,
hMLH1 and hMSH2 in nuclear and cytoplasmic
extracts. Qur results show that hyperthermia is able
to induce the expression of HSPB1 and HSPA1A in
hMILH 1-proficient and deficient HCT116 cells, with
nuclear accumulation of HSPA1A, in some cases. In
addition, the alkaline comet assay, which constitutes
a rapid assay for the screening of mutagen sensitivity,
was employed to detect single and double strand
breaks caused by the heat shock. Our study pro-
vides the first evidence of the differential expression
of HSPB1 and HSPAIA in HCTI116 and
HCT116 + ch3 cells after a mild hyperthermia. The



results of the present study and their implications are
further discussed.

Materials and methods
Cell lines

A genetically matched pair of a MLHI1-deficient
human colorectal adenocarcinoma subline
(HCT116 +ch2) and its MLH1-proficient counter-
part (HCT116 + ch3) was used. They were derived
from the human colorectal adenocarcinoma cell line
HCT116 containing a hemizygous for a C—A
mutation in ZMLHI gene located on chromosome
3, generating a nonsense codon (number 252),
producing a truncated but no full-length hMLH1
protein [19]. The HCT116 4 ch3 subline was cre-
ated by microcell chromosome transfer of a single
normal human chromosome 3 into HCT116 human
colon carcinoma cells (competent in MMR function)
[20]. HCT116+ ch2 subline, complemented with
chromosome 2, was used as control (MMR incom-
petent). All cell lines were kindly donated by C.R.
Boland and M. Koi (Baylor University Medical
Center, Dallas, TX, USA). The cell lines were
maintained in Iscove’s modified Dulbecco’s medium
(Gibco-Life Technologies, New York, USA) supple-
mented with 10% foetal bovine serum (Gibco).
The chromosome-complemented lines were main-
tained in medium containing 400 pg/ml. geneticin
(Gibco).

Experimental hyperthermia

The cells were incubated at 41°C or 42°C for 1 hin a
water bath. One group was collected immediately
after a heat shock (time 0, T0), and the other groups
were allowed to recover 4h and 24 h at 37°C (time 4
and 24, T4 and T24, respectively) and then collected
for further studies. Three experiments were per-
formed in duplicate.

Immunocytochemistry

Cells (1 x 10°) were incubated on glass cover-slips.
Experimental treatments were done as mentioned
above. Cells were fixed in 4% buffered formalin at
room temperature for 20 min. Membrane permeabi-
lisation was done with 0.5% Triton X-100 in cold
PBS (pH 7.4) for 5min. Antigen unmasking for
HSPA1A was carried out in 0.01 M citrate buffer
(pH 6.0) at 100°C for 25 min. The antibodies used
were: mouse monoclonal antibody (MADb) against
HSPBI1 (Stressgen, Ann Arbor, MI, USA) and rabbit
polyclonal antibody against HSPA1A (Stressgen).
The cells were incubated with the primary antibodies
overnight at 4°C in humidity chambers at the
following dilutions: HSPBI1, 1:200; HSPAIA,
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1:250. As secondary antibody we used a labelled
polymer conjugated with goat anti-rabbit and goat
anti-mouse immunoglobulins (DAKO EnVision
System Peroxidase, Carpinteria, CA, TUSA).
Diaminobenzidine (0.5 mg/mL)/hydrogen peroxide
(0.01%) was used as chromogen substrate. Slides
were lightly counterstained with haematoxylin and
observed with a Nikon Eclipse E200 microscope
(Kanagawa, Japan). The immunostaining was eval-
uated according to the percentage of positive cells
(cytoplasmic and nuclear staining) counting 200 cells
per sample under double blindness throughout the
study. Non-immune IgG isotype and no primary
antibody controls were also included as negative
controls.

Immunoblotting

After treatments, the cells were washed in PBS and
resuspended in lysis buffer for nuclear and cytoplas-
mic protein extraction as reported by Andrews et al.
[21]. The proteins were separated by 10% SDS-
PAGE. A sample protein of 20 pL (3.5 x 10 cells)
was loaded. All protein level data were compared in
linear conditions of signal identity. One lane was
loaded with molecular weight markers (Rainbow
Marker, Amersham, Buckinghamshire, UK).
Detection of the HSPB1, HSPA1A, hMLHI1 and
hMSH2 bands on nitrocellulose paper was per-
formed using the specific antibodies: mouse MADb
against HSPB1 (Stressgen) at 1:2000 dilution in
blocking buffer (5% BSA in PBS-0.5% Tween 20),
mouse MAb against HSPA1A (Stressgen) at 1:1000
dilution, mouse MADb against A MLH1 (Pharmingen,
San Diego, CA, USA) at 6 pg/mL dilution, and
mouse MADb against hMSH2 (Calbiochem, San
Diego, California, USA) at 0.5pug/mL dilution.
After overnight incubation with the primary anti-
body, the membranes were incubated with a bioti-
nylated rabbit antibody to mouse immunoglobulins
(DAKO, 1:2500), then with peroxidase-labelled
streptavidin-biotin complex (DAKO, 1:5000).
Washed membranes were then incubated with
chemiluminescence reagents (Dupont, NEN,
Boston, MA, USA) following manufacturer’s
instructions. Protein loading was controlled with
MAD anti- a-tubulin (Sigma-Aldrich, St. Louis, MO,
USA, 1:12000) and MAb anti- HDAC1 (Sigma,
1:10000) antibodies. The light was captured using
LAS-4000 imaging system (Fujifilm Life Science,
Stamford, CT, USA). Quantification of blots was
performed using NIH Image version 1.62 program
(National Institutes of Health, Washington, USA).
The relative amount of each protein was calculated
as a function of the corresponding internal loading
control. To prevent false results in the quantification
of nuclear proteins by the potential cross-
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contamination, the values of the cytoplasmic marker
(a-tubulin) performed in the nuclear fraction were
discounted.

Alkaline comet assay

This method was performed according to the proce-
dure described by Olive et al. [22]. To prevent
additional DNA damage, the assay was done in the
dark and at 4°C. After electrophoresis, the agarose
gels were silver stained as reported by Nadin et al.
[23]. Comets were evaluated in duplicate samples
and under double blindness, using the 20 x objective
of a Nikon optic microscope, counting 40 randomly
selected cells per slide (that is, 80 cells/each sample).
A visual score based on extend of migration was
used: 0, very low migration; 1, 5-10% of migrated
DNA; 2, 11-30% of migrated DNA; 3, 31-60% of
migrated DNA; 4, 61-95% of migrated DNA; and 5,
>95% of migrated DNA [24]. To facilitate the
management of the data, an average of DNA
migration was calculated as: [(% of cells with score
1)x 1 + (% of cells with score 2)x2 + (% of cells with
score 3)x3 + (% of cells with score 4)x4 + (% of
cells with score 5)x5] /100 [25]. As positive control,
we used cells treated with 60uM of hydrogen
peroxide for 1h.

Statistical analysis

Statistical analyses were performed by one-way
analysis of variance with Bonferroni post hoc test.
All data analyses were done using the PRISM
program (GraphPad, San Diego, CA, USA). P-
values < 0.05 were considered statistically significant.

Results

Hsp27 (HSPB1) and Hsp72 (HSPA1A) expression
i HCT116 hMLH 1-deficient and proficient cells after
heat shock trearment

The expressions of HSPB1 and HSPAI1A after the
heat shock treatments (41° or 42°C) were evalu-
ated by immunocytochemistry. HCT116 and
HCT116+ch3 cells constitutively expressed
HSPB1 and HSPAI1A and these proteins signifi-
cantly increased in response to heat treatments,
particularly at 42°C (Figure 1, panel I).
HCT116 + ch3 (hMLHI1-proficient cells) expressed
higher constitutive cytoplasmic levels of HSPB1 than
HCT116 (hMLH1-deficient cells) (Figure 1A, panel
II). The hyperthermia significantly increased the
cytoplasmic and the nuclear expression of HSPBI1 in
HCT116+ch3 cells, especially after 42°C treatment,
reaching higher levels than in HCT116 cells (Figure
1A and 1B, panel II, respectively). Although the
cytoplasmic expression of HSPAIA significantly

increased after heat treatments in both cell lines,
HCT116+ch3 expressed higher levels than
HCT116 cells (Figure 1C, panel II). In addition,
we observed a higher nuclear expression of HSPAIA
in HCT116 4 ch3 cells after hyperthermia (41° or
42°C) with a peak immediately after the treatment
(Figure 1D, panel II). The results obtained for
HCT116 +ch2 cells were similar to the parental
HCT116 cell line (data not shown).

Differential nuclear and cytoplasmic expression of
MMR proteins and heat shock proteins by
immunoblotting

Nuclear and cytoplasmic fractions were separated to
examine Hsp27 (HSPB1) and Hsp72 (HSPA1A)
behaviour after 41° or 42°C hyperthermia. Under
non-stressed conditions (37°C), HCT116 + ch3 cells
exhibited higher nuclear and cytoplasmic expression
levels of HSPB1 and HSPAI1A than HCT116 cells
(Figure 2). A mild hyperthermia (41° or 42°C)
significantly increased the cytoplasmic expression of
HSPBI1 in HCT116 cells at the indicated times, and
in HCT116 + ch3 the expression levels of the protein
especially increased after 42°C treatment (Figure 2A,
panel II). However, the cytoplasmic expression of
HSPAI1A in HCT116 showed a moderate increased
after hyperthermia (Figure 2C, panel II). In
HCT116 + ch3 cells, HSPA1A expression increased
in the cytoplasm 24 h after heat shock at 41° or 42°C
(Figure 2C, panel II). The hyperthermia caused a
significant nuclear accumulation of HSPB1 and
HSPAI1A proteins in both cell lines, particularly
24h after heating at 42°C (Figure 2B and D,
panel II).

We also studied the cytoplasmic and nuclear
expression of MMR proteins, hMILH1 and
hMSH2, before and after hyperthermia. The
hMLHI1 protein was not detected in nuclear and
cytoplasmic fractions of HCT116 cells (hMLHI1-
deficient, see description of cell lines, Materials and
methods). HCT116 4 ch3 cells, without a heat stress
stimulus (37°C), expressed hMLH1 and hMSH2
proteins in the nucleus and less in the cytoplasm
(Figure 2, panel I). The expression of hMLHI
protein induced by heat shock in HCT116 + ch3
cells decreased in the nucleus as a function of time
until 24h post-hyperthermia increasing simulta-
neously in the cytoplasmic fraction (Figure 3A).
We found a similar behaviour in HCT116 + ch3 cells
for hMSH2 protein, 4 and 24h after both heat
treatments at 41° or 42°C, suggesting that the
protein was translocated from the nucleus to the
cytoplasm (Figure 3B). However, the expression of
hMSH2 protein resulted higher in the nucleus than
in the cytoplasm in HCT116 cells at the same post-
heating incubation times (Figure 3C). Similar results
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Figure 1. Immunocytochemistry for Hsp27 (HSPB1) and Hsp72 (HSPA1A) proteins in hMLH1-deficient (HCT116) and
hMLH]1-proficient (HCT116 + ch3) cell lines. Panel I. Images of immunostained cells. NC, negative control (non-immune
IgG control). Control group (37°C) and cells exposed to heat treatment at 41°C or 42°C for 1 h. Images were taken with a
40 x objective. Panel II. Immunostaining quantification. (A, C) Percentage of cells with positive immunostaining for
cytoplasmic HSPBland HSPAI1A, respectively. (B, D) Percentage of cells with nuclear positive immunostaining for HSPB1
and HSPA1A, respectively. C=control at 37°C. Cells were exposed to heat treatment at 41° or 42°C for 1h, and then
incubated at 37°C at the indicated times (0 = immediately after heat shock). Points represent mean + SEM calculated from
three independent experiments. Comparison with the control group (%) and between cell lines (*),**P < 0.05, ***P < 0.01,
#Htfxxxk P < 0.001.
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Figure 2. Immunoblots of Hsp27 (HSPB1), Hsp72 (HSPA1A), hMLH1 and hMSH2 proteins in the cytoplasmic and

nuclear fractions of HCT116 and HCT116 + ch3 cells exposed to heat treatment. Panel I. Cells were heated at 41° or 42°C
for 1h, and then the cytoplasmic and nuclear protein fractions were extracted and analysed by western blot: immediately
after hyperthermia (0), 4 and 24h after heating. Control unheated cells were also included (37°C). HS: heat shock. As
loading standard for cytoplasmic proteins we used «-tubulin and for nuclear proteins we used HDACI1. Data are
representative of three independent experiments. Panel II. (A, C) Ratio of band intensity for cytoplasmic HSPBland
HSPAI1A, respectively. (B, D) Ratio of band intensity of nuclear HSPB1 and HSPA1A, respectively. The ratio of band
intensity to three independent experiments, as shown in Panel I, was quantified by densitometry as described in the text. The
means + SEM are plotted. Statistical differences were calculated with respect to the unheated control group (37°C,#) and
between hMLH1-proficient and hMLH1-deficient cells (¥). #*P < 0.05, *#**P < 0.01, ##**xP < 0.001.



Hyperthermia and mismatch repair 197

HCT116+ch3
!
7 Filled= nuclear fraction
%. 6" -_-t 37°C
A 41e
I W 2
£E2g =9-- 42
T332 44 4
g3
=T -
553 3
85T o
e 14
0
Hours after HS
HCT116+ch3 o) 10 HCT116
® 1
7 Filled= nuclear fraction 7 kxk
2 6 —a—3r°c .;' 6T ##
5 o S o
Eaog P 42°C Eaqg ekek #
232 4 3 T2 M L -7 &
E33 - =N Ve ——@-- 37°
i3 % 3 *kR **#* /*E* 28 z 34 ”%# 2-- 37°C
552 e, g = _ B --A-- 41°C
R 24 2 24 T -y ad --0-- 42°C
&; & < R i ——
Filled= nuclear fraction
c c T T T ——
c 0 4 24
Hours after HS Hours after HS

Figure 3.

De-localisation of hMILLH1 and hMSH2 under heat shock in HCT116 and HCT116 + ch3 cells. (A) hMLH1

protein expression in cytoplasmic and nuclear compartment in HCT116 4 ch3 tumour cells. (B, C) hMSH2 protein
expression in cytoplasmic and nuclear compartment in HCT116 4+ ch3 and HCT116 tumour cells, respectively. Cells were
exposed to a heat treatment at 41° or 42°C for 1 h, and then the cytoplasmic and nuclear protein fractions were analysed by
western blot immediately after hyperthermia (0), 4 and 24 h post-treatment. HS: heat shock. The ratio of band intensity
corresponds to three independent experiments as shown in Figure 2. The means + SEM are plotted. Statistical differences
were calculated with respect to the unheated control group (C =37°C,¥) and between nuclear and cytoplasmic fractions (¥).

#xP < 0.05, %P < 0.01, #F#xxxp < 0.001.

were found in HCT116 +ch2 and in HCT116 cells
(data not shown).

Effects of hyperthermia in the DNA migration in
MMR proficient and deficient cells

The alkaline comet assay was used to test how
hyperthermia may influence the DNA migration of
human colon carcinoma cells with and without
proficiency of the MMR system. The DNA damage
was detected with the alkaline comet assay as a
function of the DNA migration mean (see Materials
and methods) and of the DNA damage intensity:
none (percentage of cells with score 0), low (per-
centage of cells with score 1 and 2), severe (percent-
age of cells with score 3 and 4), and total (percentage
of cells with score 5). Basal DNA damage (without
hyperthermia) was similar between MMR-proficient
and MMR-deficient cells (Figures 4A and B).
Hyperthermia caused a rapid increase in both DNA
migration mean and the percentage of cells with
severe DNA damage, irrespectively of the heating
level (41° or 42°C), in HCT116 and HCT116 + ch2
cells. These parameters were more extensively
observed in HCT116 4 ch3 cells, which remained

at high levels during the following 4 h (Figures 4A, B
and C). In addition, 4 h after hyperthermia (41° and
42°C), HCT116 +ch3 cells showed a higher per-
centage of cells with total DNA damage (data not
shown). However, we did not find statistically
significant differences between HCT116 and
HCT116 + ch3 cells in terms of the percentage of
cells with low DNA damage (data not shown).
Moreover, at 24h post-hyperthermia, the DNA
migration mean and the percentage of cells with
severe DNA damage fell down to basal levels
suggesting a proficient DNA repair process indepen-
dently of the MMR status. To be more objective, we
calculated the DNA repair capacity (DRC) as the
percentage of cells with DNA migration in the
control range [26], and no statistically significant
differences between HCT116 and HCT116 4 ch3
cells were found (data not shown).

Discussion

Several tumour cell lines constitutively express high
levels of Hsp27 (HSPB1) and Hsp72 (HSPA1A),
which protect them from the microenvironment
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of the DNA damage induced by the heat treatment in MMR-proficient cells (HCT116 + ch3). (B) DNA migration mean.
(C) Percentage of cells with severe DNA damage (score 3: 31-60% and score 4: 61-95%). HS: heat shock. Statistical
differences were calculated with respect to the unheated control group (*) and between hMLH1-proficient and hMLH1-
deficient cells (¥). #*P<0.05, ##**P<0.01, ¥ **xP < 0.001. Data are representative of at least three independent

experiments.

deleterious factors, critical for cell proliferation and
survival, and are associated with drug resistance
[27, 4]. However, the effects of a mild hyperthermia
on the expression of Hsp27 (HSPB1), Hsp72
(HSPA1A) and MMR proteins hMILH1 and
hMSH2 in MMR-proficient (HCT116 4 ch3) and
deficient (HCT116 and HCT116+ch2) colon
cancer cells have not been established.

In a first step, we characterised the constitutive
and heat shock induced (41° and 42°C) expression of
HSPBI1 and HSPAIA by immunocytochemistry. As
most cells lines, HCT116, HCT116+ch2 and
HCT116+4+ch3 cells constitutively expressed
HSPB1 and HSPAI1A. Hyperthermia induced the
synthesis of both HSPs, which were over-expressed
in the cytoplasm and nucleus of HCT116 + ch3 cells,
especially after heating at 42°C. Then, nuclear and
cytoplasmic extracts were separated and quantified
by western blot. Under non-stressed condition

(37°C), HCTI116+ch3 cells exhibited higher
nuclear and cytoplasmic expression levels of
HSPB1 and HSPAIA than HCT116 cells. We

corroborated that the mild hyperthermia (41° or
42°C) increased the cytoplasmic and nuclear expres-
sion of HSPBland HSPAI1A, more extensively in
HCT116 + ch3 cells (principally at 42°C treatment).
There are some reports showing that HSPA (Hsp70)

can translocate to the nucleus and accumulate
there under heat shock or in other harmful condi-
tions [28-30], but the mechanism involved remains
unknown. Previous studies suggested a possible
relationship between HSPA levels and DNA
damage [31, 32] and it has been suggested that
HSPBI1 and HSPA have a role in the base excision
repair of DNA damage [33]. In a previous work,
using cultured peripheral blood lymphocytes (PBL)
from healthy individuals, we have reported that a
heat shock before cisplatin or doxorubicin treatment
induced nuclear accumulation of HSPB1 and
HSPA1A, which was also associated with elevated
DNA repair capacity and with higher expression of
hMLH1 and hMSH2 proteins [17].

We next explored in HCT116 cells the heat-stress
induced expression of hMILH1 and hMSH2 pro-
teins. Interestingly our data showed that in
HCT116 + ch3 cells (MMR-proficient) hMLH1and
hMSH2 proteins were released from the nucleus into
the cytoplasm in response to heat shock. Previous
studies showed that temperatures of 41°C or higher
will drive out of the nucleus the repair protein
MREI11 (component of the MRN complex involved
in homologous recombination and non-homologous
end joining) and lead to a subsequent sensitisation to
ionising radiation [34, 35]. This effect could be



related to heat dissociating MRE11 from its
functional complex MRN with other DNA repair
proteins RAD50 and NBS1 [36]. In addition,
heat induces an association between MREI11 and
HSPA (Hsp70) [36]. In the present study we
observed that delocalisation of hMILHI1 and
hMSH2 proteins was associated with increased
nuclear and cytoplasmic expression levels of Hsp27
and Hsp72. Further studies will be necessary to
determine whether an interaction between HSPs
and MMR proteins may cause the delocalisation of
the DNA repair proteins from the nucleus.
In HCTI116 cells, the hyperthermia increased the
expression of hMSH2 protein principally in the
nuclear fraction, which may accomplish a function
out of the MMR system. For example, it has been
reported that during cisplatin treatment, hMSH2
binds ATR (key regulator of the DNA damage
response) and recruits it to the DNA damage site for
activation [37]. Recently, it has been demonstrated
that MLH1 can move from the nucleus to the
cytoplasm after irradiation or cisplatin treatment, by
a nuclear export sequence in the C-terminal part of
the molecule that facilitates the export via the CRM1/
exportin pathway [38]. In addition, using small
interfering RNA to deplete hMSH2, it has been
reported that hMLH1 interaction with PCNA on the
chromatin is dependent upon functional hAMSH2, as
this interaction is abolished in cells with depleted
hMSH2 [39].

It is generally accepted that proteins are the major
cellular target of the hyperthermia. Exposure to heat
leads to alterations in chromatin structure, which
reduce the accessibility to the DNA repair machin-
ery, leading to the perturbations of DNA double-
strand break repair [40, 41]. Thus, another possible
target involved in hyperthermic cell killing is the
DNA. Heat can indirectly lead to DNA base mod-
ifications such as oxidative base damage [42], abasic
DNA sites [43], deamination of cytosine [44] and
reactive nitrogen species induced by heat treatment
[45]. However, the genotoxicity of heat remains
controversial. Here, we employed the alkaline comet
assay to evaluate changes in the DNA damage and
repair by effect of hyperthermia in hMLHI1-profi-
cient and deficient cells. This technique detects
DNA single and double-strand breaks and alkali-
labile lesions and has many applications in radiation
biology, in estimation of oxidative damages and
DNA crosslinks, in apoptosis, and in genotoxicity
induced by chemical compounds [46]. Untreated
hMLH1-proficient and deficient cells showed similar
DNA migration mean (basal DNA damage). After a
moderate heat shock (41° or 42°C) the DNA
migration mean and the percentage of severe and
total DNA damage increased, resulting higher in
HCT116 +ch3 cells. Therefore, HCT116 cells
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(MMR-deficient) were more resistant to the heat
treatment and they tolerated better the effects of mild
hyperthermia. Loss of MMR is important with
respect to the emergence of drug resistance since
MMR-deficient cells are resistant to cisplatin
because of an apparent reduced ability of the cell to
sense the presence of adducts in DNA [47]. Heat-
induced DNA double strand breaks were found
using techniques to detect yH2AX (histone H2AX
phosphorylated at serine 139) foci [8]. Hunt showed
that heat shock (43°C for 30 or 60min) induced
yH2AX foci but not DNA double strand breaks
detectable by pulse field gel electrophoresis [48].
Other authors reported that even if double strand
breaks are induced by heat, they do not contribute to
heat-induced killing [49, 50].

Finally, 24h after hyperthermia, HCT116 and
HCT116 +ch3 cells showed similar DNA repair
capacities. Although hyperthermia may mask the
DNA damage from repair pathways due (in part) to
the heat-induced association of the nucleolar protein,
nucleophosmin (NPM) with matrix attachment
region (MAR) DNA [51], the DNA damage induced
by the heat treatment decreased near to the basal
levels in MMR-proficient and deficient cells. The
higher nuclear expression of Hsp27 and Hsp72 after
hyperthermia, especially in HCT116 + ch3 cells, may
be indicative of their participation in the repair of the
heat-induced DNA damage. However, additional
experiments that exceed the scope of this paper are
needed to determine whether these HSPs would alter
the kinetics of the MMR system. Hunt supports a
model for heat-induced chromatin alterations that
correlates with activation of ATM in the absence of
DNA damage [48]. Other authors have reported that
there is no relation between double strand break
repair deficiency and heat sensitivity using radiosen-
sitive mutants deficient, in either non-homologous
end joining or in homologous recombination [49].
However, it has been demonstrated that short-
duration severe heat shocks inhibit the repair of
UV-induced DNA damage and that the comet assay
could detect the repair inhibition after 1-3 min heat
shocks [52].

Therefore, our data suggest that the status of the
DNA MMR system is not a direct determining
factor for the different heat shock responses in
HCT116 cells. Other DNA repair mechanisms
must be implicated. However, the mild hyperthermia
affected the subcellular distribution of hMLLH1 and
hMSH2 in HCT116 + ch3 cells. Further studies are
required to determine possible functional interac-
tions between HSPs and MMR proteins, the signif-
icance and mechanisms of hMLH1 and hMSH2
redistribution and their implications in drug
sensitivity.
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