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Abstract
Radiosensitization of mammalian cells by heat is believed to involve the inhibition of repair of
DNA double strand breaks (DSBs). The Mre11 complex (composed of Mre11, Rad50, and Nbs1)
is involved in DSB repair, and forms foci at sites of radiation-induced DSBs. Heat induces the
translocation of a significant amount of Mre11, Rad50 and Nbs1 from the nucleus to the
cytoplasm, but little is known about how heat affects the integrity of the proteins still remaining in
nuclei, or alters kinetics of formation/disappearance of repair foci in heated, irradiated cells. Here
we show that hyperthermia alters the interaction between proteins of the Mre11 complex in
irradiated human melanoma cells, and inhibits the formation of repair foci. At various times after
X-irradiation and/or heating (2 h at 41.5°C or 42.5°C), cells were fixed and stained for Mre11,
Rad50, and Nbs1. Co-localization of proteins and formation and disappearance of nuclear foci in
heated and/or irradiated cells, determined using confocal microscopy, was compared. In heated,
irradiated cells, focus formation was inhibited for 2–8 h, and co-localization of the proteins of the
Mre11 complex was reduced for 12–24 h post-treatment. Co-localization recovered in irradiated
cells within 24 h after 41.5°C heating, but was inhibited longer after 42.5°C heating. The
decreased co-localization in heated, irradiated cells suggests that there is a decrease in protein
interaction, and Mre11 complexes in nuclei disassemble after heating. Such changes could be
involved, at least in part, in heat-radiosensitization and inhibition of DSB repair. Also, the kinetics
of disassembly and reassembly of Mre11 complexes appears to be dependent upon treatment
temperature.
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Introduction
Hyperthermia is currently being evaluated as a potential adjuvant to radiation therapy of
cancer, since it has long been known to sensitize mammalian cells to ionizing radiation (IR)
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(1,2). The molecular mechanisms for thermal radiosensitization, however, have yet to be
fully delineated. Although thermal treatment of cells (40–45°C) is capable of causing
transitions and structural alterations in proteins (3-5), the major challenge has been to
identify those proteins whose transitions/alterations are critical in radiosensitization. Heat-
radiosensitization is believed to be mediated by an inhibition of repair of IR-induced DNA
double-strand breaks (DSBs) by heat (6-11). The DSB is a critical DNA lesion which can
cause transformation or cell death if mis-repaired or unrestituted (12). Normally, DSBs are
recognized and then repaired via two primary pathways: non-homologous DNA end-joining
and homologous recombination. An absence or deficiency in either pathway results in
enhanced radiosensitivity and genomic instability (13,14). The proteins of the Mre11
complex appear to play an essential role in homologous recombination in eukaryotic cells
(15). Since a significant amount of each protein of the complex is initially translocated from
the nucleus to the cytoplasm when cells are irradiated before heat treatments, we have
speculated that the translocation of these proteins or the disassembly of the Mre11 complex
may be responsible, in part, for inhibition of DSB repair and radiosensitization by
hyperthermia (16,17).

Structurally, the human Mre11 complex is highly conserved. A heterotetramer of Mre11 (85
kDa) and Rad50 (153 kDa), comprised of a dimer of each protein, binds to a single Nbs1
molecule (95 kDa) (18). The Mre11-Rad50 interaction within the complex has been reported
to be stable (19). The Mre11 complex, specifically Mre11 and Rad50, binds to DNA, and
processes the broken ends. Nbs1 may actually serve to initiate the DNA damage-induced
checkpoint response (20). Deficiency or deletion mutations in each of Mre11, Rad50, and
Nbs1 genes results in hypersensitivity of cells to IR, presumably due to problems with DSB
repair (21-23). The human Mre11 complex is normally uniformly distributed in the nucleus
of cells. Treatment of cells with DSB-inducing agents, such as IR, results in formation of
discrete and bright nuclear foci (when fluorescently stained for any of the Mre11 complex
proteins), which are indicative of efficient repair of DSBs (23-28). Nuclear repair foci
fluorescently stained for any of the Mre11 complex proteins or phosphorylated histone
H2AX (γ-H2AX) (29) have often been used as an indicator of the DNA damage response, as
their presence has been correlated with sites of DSBs.

To date, little is known about how heat affects the integrity of the Mre11 complex and alters
the formation of foci in heated, irradiated cells. Here we show that heat shock alters the
interaction between proteins of the Mre11 complex in unirradiated and irradiated human U-1
melanoma cells, and inhibits the induction of repair foci after irradiation. Cells were
irradiated with various doses of X-rays (0–12 Gy) and then heated for 2 h at 41.5°C or
42.5°C. At various times after the treatment (0–24 h), cells were fixed/permeabilized and
immunostained for Mre11, Rad50, and Nbs1. Co-localization of the proteins of the Mre11
complex and formation of Mre11/Rad50 nuclear foci in heated, irradiated cells was
compared with irradiated cells that were not heated, and with heated cells that were not
irradiated. Measurements of co-localization of proteins and detection/scoring of fluorescent
nuclear foci were performed using confocal microscopy and intensity correlation analysis of
stained proteins (28).

Materials and Methods
Cell culture, irradiation, and heat treatments

Human U-1 melanoma cells were cultured in monolayer in McCoy's 5A medium with L-
glutamine (Mediatech, Herndon, VA, USA) and 10% iron-supplemented bovine calf serum
(BCS; Hyclone, Logan, UT, USA). Cells were maintained at 37°C in a humidified
environment of 5% CO2 and 95% air. Forty thousand asynchronous cells were plated into
each well of Lab-Tek II® 4-well tissue culture chamber slides (Nalge Nunc International,

Gerashchenko et al. Page 2

Cytometry A. Author manuscript; available in PMC 2012 February 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Naperville, IL, USA) and grown for 2 days until 80–90% confluent. Five minutes prior to
experiments, the culture medium in each well was replaced with 0.5 ml pre-warmed 37°C
fresh medium. For samples that received only irradiation treatments, the chamber slides
were placed on ice for 5 min and cells were then irradiated using a 160 kVp Faxitron X-ray
machine (Wheeling, IL, USA). Cells were irradiated with doses of 0, 3, 6, or 12 Gy (dose
rate: 2.44 Gy/min). The culture medium in each well was then replaced with pre-warmed
37°C fresh medium and cells were incubated for various times in a CO2-incubator prior to
fixation and immunofluorescence staining (see below). For samples that received only heat
treatments, the chamber slides were placed onto a perforated rack in a 41.5°C or 42.5°C
water bath for 2 h (with the slide portion immersed and the water level reaching the mid-
point of the walls of the chamber slides while heating the samples). The temperature of the
medium within each of the wells [as determined using a Sensortek BAT-10 thermocouple
probe (Clifton, NJ)] reached the desired temperature of 41.5 or 42.5°C (± 0.1−0.2 °C) within
3 or 4.5 min, respectively after the chamber slides were placed into the water bath, after
which time the medium remained steady at the desired temperature (± 0.2°C) for the
duration of heating. After the heat treatment, the culture medium in each well was replaced
with pre-warmed 37°C fresh medium and cells were incubated for various times in a CO2-
incubator prior to fixation and immunofluorescence staining. For samples that received both
radiation and heat treatments, cells were cooled on ice for 5 min and then irradiated with
doses of 0, 3, 6, or 12 Gy of X-rays. Cold medium was then replaced with pre-warmed 37°C
fresh medium and cells were immediately heated for 2 h at 41.5°C or 42.5°C. The culture
medium in each well was replaced with pre-warmed 37°C fresh medium and cells were
incubated for various times at 37°C in a CO2-incubator prior to preparation for
immunofluorescence measurements. Samples of control cell populations were neither heated
nor irradiated, but medium was changed as described above. Changes in pH of the medium
were estimated not to exceed ± 0.2 pH units at any time during the heat and radiation
treatments. Within ∼ 2 h after hyperthermia treatment, most cells remained attached to the
substrate. However, by 24 h post-treatment, the percentages of floating cells after heating at
42.5°C and 41.5°C was 70–80% and 20–30%, respectively. These detached cells
represented the fraction of cells that were likely undergoing apoptotic death. Only attached
cells were analyzed for immunostaining. The sequence of procedures for treatment and
preparation of cells for immunofluorescence measurements is illustrated schematically in
Figure 1.

Immunofluorescence staining
At 0, 1, 2, 4, 8, 12, or 24 h post-treatment, cells were washed twice in PBS (37°C, pH 7.4).
Fixation and permeabilization of cells were performed as described (30). Briefly, cells were
fixed for 10 min at room temperature in PBS containing 3% formaldehyde/2% sucrose, and
then permeabilized for 5 min in Triton buffer (0.5% Triton X-100 in 20 mM HEPES, pH
7.4; 50 mM NaCl, 3 mM MgCl2, 300 mM sucrose) on ice. Prior to immunofluorescence
staining, cells were incubated in blocking solution (10% fetal bovine serum in PBS) for 1 h
at 4°C. Cells were washed thrice with PBS and incubated overnight at 4°C with primary
antibodies: anti-hRad50 mouse monoclonal antibody, dilution 1:1000 (Upstate, Lake Placid,
NY, USA; clone 2C6; catalogue number: 05-525), anti-hMre11 rabbit polyclonal antibody,
dilution 1:100 (Calbiochem, La Jolla, CA, USA; catalogue number: PC388), and anti-hNbs1
rabbit polyclonal antibody, dilution 1:1000 (Calbiochem, La Jolla, CA, USA; catalogue
number: DR1033). Cells were then washed thrice with PBS and incubated at 37°C for 1 h
with the corresponding secondary antibodies: Alexa Fluor 594 goat anti-mouse antibody,
dilution 1:400 (Molecular Probes, Eugene, OR, USA; catalogue number: A11032), and
Alexa Fluor 488 goat anti-rabbit antibody, dilution 1:200 (Molecular Probes; catalogue
number: A11034). Since both anti-hMre11 and anti-hNbs1 antibodies were generated in
rabbit, prior to staining of cells, these antibodies were used separately, but in the mixture
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with anti-hRad50 (e.g., anti-hMre11 with anti-hRad50, and anti-hNbs1 with anti-hRad50).
All antisera were diluted in 1% BSA in PBS. After staining, cells were washed four times
with PBS, and then mounted in ProLong Gold antifade reagent (Molecular Probes, Eugene,
OR, USA) followed by examination of nuclear foci. Boundaries of cell nuclei were clearly
delineated under these staining conditions. DNA counterstaining with DAPI showed the
same delineation of nuclear boundaries (not shown).

Laser scanning confocal microscopy
A Zeiss LSM-510Meta confocal microscope (Carl Zeiss, Jena, Germany) equipped with a
C-Apochromat 63×/1.2 water immersion objective was used for examining nuclear foci.
Argon (488 nm) and helium-neon (543 nm) lasers were used to excite Alexa Fluor 488 and
Alexa Fluor 594, respectively. The fluorescence emitted by Alexa Fluor 488 was detected
through a 505–530 nm band-pass filter. The fluorescence emitted by Alexa Fluor 594 was
detected through a 560 long-pass filter. To minimize crosstalk between channels, the multi-
track mode was used, which allows sequential collection of red fluorescence (from Rad50)
and green fluorescence (from either Mre11 or Nbs1). Five to seven fields were randomly
chosen from each sample, and from these, 2–3 representative cell nuclei were then chosen
for analysis. Composite images of each nucleus were collected using LSM software (Carl
Zeiss, version 4.0 SP2). These images consisted of a confocal series (z-series) of up to 18
sequential scans (0.5 μm step size). Scan speed and zoom factors were set on 6 (pixel time:
6.40 μs) and 3 (pixel size: 0.1 μm × 0.1 μm), respectively. To ensure the acquisition of high
quality images, the pinhole size for each channel was reduced to the extent that guaranteed a
superior spatial resolution and synchronous collection of green and red fluorescence signals
through the entire stack of optical sections. Green and red fluorescence signals were
collected at about equally intensive gray levels. That is, amplifier and gain settings were
adjusted such that green and red fluorescence intensity was nearly equal. All settings
(including amplifier settings and laser power) were the same while performing the image
acquisition within each set of experiments.

Co-localization analysis
Mre11/Rad50 and Nbs1/Rad50 co-localization and formation of Mre11/Rad50 nuclear foci
were analyzed with the free-ware imaging software program NIH ImageJ (version 1.37c)
(http://rsbweb.nih.gov/ij/)(31), modified at the Wright Cell Imaging Facility (WCIF;
Toronto Western Research Institute, Canada) (available at http://www.uhnresearch.ca/wcif).
Co-localization analysis was performed in accordance with instructions provided by WCIF.
Briefly, background subtraction was performed on each slice of the stack of images obtained
from both photomultiplier tubes (red and green fluorescence). In order to minimize noise,
the images of each stack were then subjected to filtering with the “mean filter” (radius of 1
pixel). A region of interest was then defined by manually drawing the nuclear boundary on
one of the images of the stack (mid-plane section of the cell). Finally, image correlation
analysis was performed by combining two stacks of images (combining green and red
fluorescence images). The overlap coefficient (R) (32) was used to quantify Mre11/Rad50 or
Nbs1/Rad50 co-localization. This coefficient represents the true degree of co-localization
and is not sensitive to differences in signal intensities between two channels. Its values range
from 0 to 1.0, where the value of zero means no co-localization and the value of 1.0 means
100% co-localization (all pixels co-localized). The total numbers of nuclei of variously
treated cells, in which Mre11/Rad50 and Nbs1/Rad50 co-localizations were examined, are
shown in Tables 1 and 2,. The Student's two-tailed t-test assuming equal variances was used
for statistical analysis.
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Detection and scoring of Mre11/Rad50 nuclear foci
Mre11/Rad50 nuclear foci were analyzed as described by Gerashchenko and Dynlacht (28).
Using this approach, low level fluorescence of Mre11/Rad50 foci that would normally be
barely detectable upon imaging of immunofluorescence from only one protein (“hidden”
foci) were enhanced using correlation analysis of fluorescence intensities from Mre11 and
Rad50 proteins by combining two stacks of images (combining green and red fluorescence
images). Intensity correlation analysis (ICA), developed by Li et al. (33), exists as an
available option under the “co-localization analysis” menu of the WCIF ImageJ software
package. The resulting combined images display positive PDM [product of the differences
of the mean (33)] values reflecting the regions with best-correlated pixels. The regions with
best-correlated pixels that represent foci were then quantified. In order to quantify foci, the
images with positive PDM values were converted from 32-bit to 8-bit format, and then they
were subjected to “connexity analysis” (found under the “3D objects counter” menu of the
software package) using a 10-voxel size threshold. Positive foci, therefore, consisted of at
least 11 voxels. Mre11/Rad50 foci were heterogeneous in size (0.3–2.0 μm in diameter) and
all of them were included in the analysis of the average number of foci per nucleus. The
average number of foci per nucleus was calculated as follows: F = N1/N0, where F is the
average number of foci per nucleus; N1 is the total number of foci; N0 is the total number of
nuclei examined. The total numbers of nuclei of cells receiving various treatments, in which
Mre11/Rad50 foci were quantified, are shown in Table 3. The Student's two-tailed t-test
assuming equal variances was used for statistical analysis.

Measurement of clonogenic survival of heated and irradiated cells
Three days prior to experiments, 2.5 × 105 cells were plated into 25 cm2 (T-25) tissue
culture flasks containing 5 ml of media and grown to a density of approximately 106

asynchronous cells (∼ 90% confluence). Five min prior to treatment, medium in each flask
was replaced with 5 ml of fresh medium. For samples that received only heat treatments,
flasks containing cells were capped tightly, the necks were wrapped with parafilm, and
flasks were placed in a 41.5°C or 42.5°C water bath (± 0.1 °C) for 0.5, 1, 2, 4, 6, or 15 h
prior to processing for cell survival analysis. For samples that received both radiation and
heat treatments, cells were cooled on ice for 5 min and then irradiated with 1.5, 3, 5, or 8 Gy
while still on ice. The samples remained on ice for a total of 15 min (this included being
placed on ice 5 min prior to irradiation). Cold medium was then replaced with 37°C medium
and flasks were immediately capped, wrapped with parafilm, and heated in a water bath for
2 h at 41.5°C or 42.5°C. Samples which were only irradiated were processed immediately
after the 15 min incubation on ice. After treatment, all samples were replaced with fresh
37°C medium and then processed. The cells were trypsinized, counted, and known numbers
of cells were plated in 25 cm2 flasks containing 5 ml medium. After about 10 days of
incubation at 37°C, the cells were fixed using a 3:1 methanol to acetic acid mixture and then
stained with crystal violet. The colonies were visualized with a microscope to determine
surviving fraction. Any group of 50 or more cells was considered a colony.

Results
Heat-induced Cell Killing and Heat-radiosensitization

Figure 2A shows clonogenic cell survival curves for human U-1 melanoma cells that were
heated at 41.1°C or 42.5°C for up to 15 h. Heating at 42.5°C was much more cytotoxic than
heating at 41.5°C. The difference in cytotoxicity between the two temperatures is evident
after one hour of heating. While a plateau is reached for the 41.5°C survival curve, the
surviving fraction of 42.5°C-heated cells continued to decline with increasing duration of
heating.
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Heating for 2 h at 42.5°C resulted in a surviving fraction that was 10-fold less than the
surviving fraction of 41.5°C-heated cells. Since these two heat treatments produced
significant differences in heat cytotoxicity, we chose to compare these treatments in our
studies of the Mre11 complex in heated or heated and irradiated cells.

Survival curves for cells exposed to various doses of X-rays or cells which were irradiated
prior to being heated for 2 h at 41.5°C or 42.5°C are shown in Figures 2B and 2C. A 3 Gy
dose of radiation (alone) reduced the surviving fraction by 50%, while the surviving fraction
after irradiation with 6 Gy was approximately 0.1 (the surviving fraction after irradiation
with 12 Gy was estimated to be less than 0.01). Both thermal treatments of irradiated cells
caused significant radiosensitization when surviving fractions were normalized for
cytotoxicity from the respective heat treatments (Fig. 2B and 2C). The amount of
radiosensitization for both heat treatments was similar for cells irradiated with up to 5 Gy;
however, heating at 42.5°C appeared to result in ∼ 5-fold more radiosensitization than the
41.5°C treatment in cells irradiated with 8 Gy (Fig. 2B vs. 2C).

Hyperthermia inhibits the formation of Mre11/Rad50 nuclear foci in irradiated cells
Figure 3 shows the kinetics of Mre11/Rad50 focus formation in heated, irradiated cells and
in cells that were either only irradiated with 3–12 Gy or heated at 42.5°C or 41.5°C. In cells
that were only irradiated, the dynamics of focus formation depended upon the magnitude of
the radiation dose. The average number of foci per nucleus (F) in 3 Gy-irradiated cells
reached a maximum level (∼ 8 foci per nucleus) at 2 h post-irradiation (Fig. 3A), while F
values for 6 Gy-and 12 Gy-irradiated cells reached a maximum level (12–14 and 10–12 foci
per nucleus, respectively) within 4–8 h post-irradiation (Fig. 3B-D). Radiation dose
appeared to correlate with persistence of Mre11/Rad50 foci. The average numbers of foci
per nucleus in irradiated cells declined with time in a dose-dependent manner. For example,
at 24 h post-irradiation, the F value of 3 Gy-irradiated cells was ∼ 2 foci per nucleus (same
as for unirradiated control cells; Fig. 3A), while F values of 6 Gy- and 12 Gy-irradiated cells
were ∼ 5, and 9–10 foci per nucleus, respectively (Fig. 3B-D). At 48 h post-irradiation, the
F value of 12 Gy-irradiated cells was much lower than that at 24 h post-irradiation (∼ 5 foci
per nucleus; Fig. 3C). For cells that were only heated (heated for 2 h at 41.5°C or at 42.5°C),
F values (∼ up to 12 h) were similar to F values of unheated, unirradiated control cells (1–3
foci per nucleus; Fig. 3A-D). There was only a slight elevation of F values of these cells at
12–24 h post-treatment (up to 3–4 foci per nucleus; Fig. 3A-D). Irradiated cells (3 Gy, 6 Gy,
and 12 Gy) that were heated at 42.5°C for 2 h showed no increase of focus formation up to 8
h post-treatment (1–3 foci per nucleus; Fig. 3A-C). An increase of focus formation in these
cells occurred only at 12–24 h post-treatment (4–7 foci per nucleus; Fig. 3A-C). At 12 and
24 h post-treatment, F values of 42.5°C-heated 6 Gy- and 12 Gy-irradiated cells
significantly differed from F values of cells that were only heated (P < 0.05; Fig. 3B and
3C), while at these times post-treatment, F values of 42.5°C-heated 3 Gy-irradiated cells
were similar to F values of cells that were only heated (P > 0.05; Fig. 3A). Although at 24 h
post-treatment, 42.5°C-heated, 12 Gy-irradiated cells showed an increase of focus formation
(up to ∼ 7 foci per nucleus, compared to ∼ 4 foci per nucleus at 12 h post-treatment), the
number of foci in these cells decreased to ∼ 3 foci per nucleus at 48 h post-treatment (Fig.
3C). In contrast to 42.5°C-heated, 12 Gy-irradiated cells that showed no increase of focus
formation up to 8 h post-treatment, 41.5°C-heated, 12 Gy-irradiated cells showed no
increase in focus formation only through the first 2 h post-treatment (compare Fig. 3C with
3D). From 4 to 12 h post-treatment, there was an increase in focus formation in these cells
(∼ 5 foci per nucleus). Interestingly, at 24 h post-treatment, the F value of 41.5°C-heated, 12
Gy-irradiated cells was ∼ 9 foci per nucleus (Fig. 3D). However, at this same time post-
treatment (24 h), the F value of 42.5°C-heated, 12 Gy-irradiated cells was ∼ 7 foci per
nucleus (Fig. 3C).
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Hyperthermia affects Mre11/Rad50 and Nbs1/Rad50 nuclear co-localization in irradiated
cells

Figure 4 shows the kinetics of changes in Mre11/Rad50 and Nbs1/Rad50 nuclear co-
localization of cells that were only irradiated with 3-12 Gy, heated at 41.5°C or 42.5°C, or
cells which were heated and irradiated. In general, 3 Gy-, 6 Gy-, and 12 Gy-irradiated cells
did not show significant differences in Mre11/Rad50 co-localization for up to 24 h post-
irradiation compared to unirradiated control cells. However, when compared to irradiated
cells, there were significant changes in Mre11/Rad50 co-localization of cells that were
heated for 2 h at either 41.5°C or 42.5°C, and cells that were irradiated (3 Gy, 6 Gy, and 12
Gy) and then heated and incubated at 37° C for up to 24 h after treatment (Fig. 4A-D). Cells
that were only heated at 42.5°C and cells that were irradiated (3 Gy, 6 Gy, or 12 Gy) and
then heated at 42.5°C showed similar patterns of Mre11/Rad50 co-localization (Fig. 4A-C).
These cells showed a gradual reduction in Mre11/Rad50 co-localization up to 8 h post-
treatment. By 12 h post-treatment, cells began to show an increase in Mre11/Rad50 co-
localization, nearly reaching the R values exhibited by control cells. It should be noted that
42.5°C-heated, irradiated cells, similar to cells that were only irradiated, did not show any
radiation dose-dependent changes in Mre11/Rad50 co-localization (Fig. 4A-C). Using
unheated, unirradiated control cells as a reference, compared to cells which were only heated
at 42.5°C and heated at 42.5°C after irradiation with 12 Gy, cells heated at 41.5°C or heated
at 41.5°C after irradiation with 12 Gy showed a drastic decrease in Mre11/Rad50 co-
localization at 0-1 h post-treatment (Fig. 4C vs. 4D). Moreover, unlike 42.5°C-heated
unirradiated and 42.5°C-heated 12 Gy-irradiated cells that showed a decrease and then an
increase in Mre11/Rad50 co-localization, 41.5°C-heated unirradiated and 41.5°C-heated 12
Gy-irradiated cells exhibited two distinct cycles of recovery of Mre11/Rad50 co-localization
(Fig. 4C vs. 4D) [at 8 and 24 h post-treatment in unirradiated heated cells, and at 4 and 24 h
in cells that were heated at 41.5°C after 12 Gy-irradiation (Fig. 4D)]. The R value of the first
increase in Mre11/Rad50 co-localization of 41.5°C-heated, 12 Gy-irradiated cells was very
close to the R value obtained for unheated, unirradiated control cells (R ∼ 0.9), while the R
value of the second increase in Mre11/Rad50 co-localization of these cells (R ∼ 0.92) was
significantly higher than the R value exhibited by control cells (P < 0.05; Fig. 4D).

Similar to Mre11/Rad50 co-localization, Nbs1/Rad50 co-localization after irradiation was
not dose-dependent, and in general, co-localization was not much different when observed
for up to 24 h post-irradiation compared to unirradiated control cells (Fig. 4A-D). Compared
to Mre11/Rad50 co-localization in 42.5°C-heated unirradiated cells and cells heated at
42.5°C and irradiated with 3–12 Gy at 0 h post-treatment, there was a significant drop in
Nbs1/Rad50 co-localization in these cells (indicated by arrows; Fig. 4A-C). The decrease of
co-localization of Nbs1/Rad50 in 42.5°C-heated unirradiated cells and cells heated at 42.5°C
and irradiated with 3–12 Gy continued for up to 24 h post-treatment (Fig. 4A-C). Although
there were some fluctuations in Nbs1/Rad50 co-localization of these heated unirradiated and
heated irradiated cells for up to 24 h post-treatment, R values were considerably lower than
R values exhibited by control cells (Fig. 4A-C). In 42.5°C-heated cells irradiated with 3–12
Gy as well, the changes in Nbs1/Rad50 co-localization were not radiation dose-dependent
(Fig. 4A-C). Like Mre11/Rad50 co-localization, the changes in Nbs1/Rad50 co-localization
of 41.5°C-heated unirradiated and 41.5°C-heated 12 Gy-irradiated cells considerably
differed from the changes in Nbs1/Rad50 co-localization of 42.5°C-heated unirradiated and
42.5°C-heated 12 Gy-irradiated cells (Fig. 4D vs. Fig. 4A, 4B, and 4C). Using unheated
unirradiated control cells as a reference, compared to unirradiated cells that were heated at
42.5°C, unirradiated cells that were heated at 41.5°C showed no significant differences in
Nbs1/Rad50 co-localization at 0 h post-treatment (P > 0.05; Fig. 4D vs. 4A, 4B, and 4C). In
addition, these cells showed two apparent recovery periods (8 and 24 h post-treatment) in
Nbs1/Rad50 co-localization with an R value of ∼ 0.87; this was not significantly different (P
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> 0.05) than the R value for control cells (R ∼ 0.88; Fig. 4D). In contrast to 41.5°C-heated
unirradiated cells, 41.5°C-heated 12 Gy-irradiated cells showed a significant reduction in
Nbs1/Rad50 co-localization at 0 h post-treatment compared to control cells (P < 0.05), and
recovery of Nbs1/Rad50 co-localization occurred within 24 h post-treatment, with an R
value of ∼ 0.88 (almost the same as in control cells)(Fig. 4D). In general, immediately after
treatment, the changes in Nbs1/Rad50 co-localization of 41.5°C-heated unirradiated and
41.5°C-heated 12 Gy-irradiated cells were similar to the changes in Mre11/Rad50 co-
localization (Fig. 4D).

In order to assess the pattern of Mre11/Rad50 or Nbs1/Rad50 nuclear co-localization in cells
after irradiation, hyperthermia treatments, or the combination of radiation and hyperthermia
treatments, ICA-generated stacks of confocal images of co-localized proteins in the nuclei of
12 Gy-irradiated, 42.5°C-heated unirradiated, 42.5°C-heated 12 Gy-irradiated, and unheated
unirradiated (control) cells at 0 and 4 h post-treatment were compared. Representative ICA-
generated middle plane confocal images of co-localized Mre11/Rad50 and Nbs1/Rad50
proteins in cells receiving the various aforementioned treatments are shown in Figures 5 and
6, respectively. At 0 h post-irradiation, the nuclei of 12 Gy-irradiated cells showed no
changes in the pattern of Mre11/Rad50 co-localization, compared to the nuclei of control
cells (Fig. 5A vs. 5B). Control cells as well as 12 Gy-irradiated cells at 0 h post-irradiation
showed a low granularity in the texture of co-localized proteins in their nuclei (Fig. 5A and
5B, respectively). Due to this peculiarity, the nuclear boundaries in these cells looked more
distinct and smooth. Granularity was different, however, in heated or heated and irradiated
cells. Cells that were only heated or cells that were irradiated and then heated showed a
similar pattern of Mre11/Rad50 nuclear co-localization at 0 h post-treatment, but displayed
an increase of granularity in the texture of co-localized proteins (Fig. 5D and 5E,
respectively). The nuclear boundaries of these cells looked less distinct and smooth. It
should also be noted that in these cells, co-localized proteins were distributed less uniformly
throughout the nuclei, compared to control or 12 Gy-irradiated cells. The nuclei of 12 Gy-
irradiated cells at 4 h post-irradiation clearly showed the IR-induced Mre11/Rad50 foci (Fig.
5C). The background Mre11/Rad50 staining of nuclei of these cells was also noticeably
reduced. Cells that were irradiated and then heated revealed a few very small foci per
nucleus at 4 h post-treatment (Fig. 5F). The nuclei of these cells, compared to the nuclei of
42.5°C-heated 12 Gy-irradiated cells fixed immediately (0 h) post-treatment, showed
reduced amounts of co-localized proteins (Fig. 5F vs. 5E). The pattern of Mre11/Rad50 co-
localization in the nuclei of 42.5°C-heated unirradiated cells at 4 h post-treatment (image not
shown) was similar to that of the nuclei of 42.5°C-heated 12 Gy-irradiated cells at 4 h post-
treatment (Fig. 5F).

As observed with Mre11/Rad50 co-localization, Nbs1/Rad50 co-localization was unchanged
in 12 Gy-irradiated cells immediately after treatment compared to control cells (Fig. 6A vs.
6B). As with Mre11/Rad50 foci, Nbs1/Rad50 foci were clearly observed in the nuclei of 12
Gy-irradiated cells at 4 h post-irradiation (Fig. 6C). However, unlike Mre11/Rad50 co-
localization in the nuclei of 42.5°C-heated unirradiated and 42.5°C-heated 12 Gy-irradiated
cells at 0 h post-treatment, Nbs1/Rad50 co-localization in the nuclei of these cells decreased
significantly (Fig. 6D and 6E, respectively). Also, co-localized Nbs1 and Rad50 were much
less uniformly distributed throughout the nuclei of these cells, compared to control cells or
12 Gy-irradiated cells at 0 h post-irradiation (Fig. 6D and 6E vs. 6A or 6D). The pattern of
Nbs1/Rad50 nuclear co-localization in 42.5°C-heated 12 Gy-irradiated cells at 4 h post-
treatment was similar to that in 42.5°C-heated unirradiated or 42.5°C-heated 12 Gy-
irradiated cells at 0 h post-treatment (Fig. 6F vs. 6D or 6E). There was a lack of nuclear foci
in these cells compared to unheated 12 Gy-irradiated cells at 4 h post-irradiation (Fig. 6F vs.
6C). The pattern of Nbs1/Rad50 co-localization of the nuclei of 42.5°C-heated unirradiated
cells at 4 h post-treatment (image not shown) was similar to that of the nuclei of 42.5°C-
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heated 12 Gy-irradiated cells at 4 h post-treatment (Fig. 6F). Mid-plane confocal images of
Nbs1 (green), Rad50 (red), and merged Nbs1 (green) and Rad50 (red) immunofluorescence
in the nucleus of one of the 42.5°C-heated unirradiated cells at 0 h post-treatment are shown
in Figure 7A, B, and C, respectively. It should be noted that a significant portion of Nbs1
was seen in the cytoplasm, while cytoplasmic content of Rad50 was extremely low.

Discussion
The formation of foci containing various DNA repair proteins appears to be a prerequisite
for repair of radiation-induced DNA damage. Our results indicate that hyperthermia (41.5°C
or 42.5°C for 2 h) significantly inhibited Mre11/Rad50 focus formation in the nuclei of
irradiated cells (Fig. 3A-D), and the magnitude of this inhibition was temperature-dependent
(Fig. 3C vs. 3D). Although, there was a recovery of focus formation in heated, irradiated
cells with increasing time post-treatment, the maximal F values of these cells during the
period of observation were not as great as the maximal F values of cells that were only
irradiated. Based on our finding that the number of nuclear foci in cells that had been
incubated at 37°C for 24 h after being irradiated with 3 Gy-, 6 Gy-, or 12 Gy and heated at
42.5°C was increased up to ∼ 4, 5, and 7 foci per nucleus respectively (Fig. 3A-C), it is
possible that the repair of DSBs in these heated, irradiated cells is dependent upon the
magnitude of the radiation dose. In cells that are irradiated but not heated, DSB repair is
dose-dependent (34,35). However, for cells that were only irradiated, a 12-Gy exposure did
not result in an enhanced number of nuclear foci being formed, when compared to cells that
received a 6-Gy exposure (Fig. 3B vs. 3C or 3D). This finding, while in agreement with
recently published data (28), is perplexing since IR induces DSBs in a dose-dependent linear
fashion at the doses under consideration (34,35). The discrepancy could be due to a
“saturation effect,” whereby the number of foci per nucleus remains unchanged or nearly so,
despite progressive induction of DSBs with increasing dose. Indeed, at 8 h post-irradiation,
the maximal F value of 12 Gy-irradiated cells was slightly lower than the maximal F value
of 6 Gy-irradiated cells (Fig. 3B vs. 3C or 3D). Since nuclear foci are believed to be
indicators of DSBs and we noted a temperature-dependent inhibition of radiation-induced
nuclear foci [heating of cells at 42.5°C compared to heating of cells at 41.5°C (Fig. 3C vs.
3D)], it is attractive to speculate that heat dose-dependent inhibition of formation of Mre11
foci may would result in a heat dose-dependent inhibition of repair of radiation-induced
DSBs. This assumption is supported by findings that show that the rate of repair of DSBs
and single strand breaks is increased in irradiated cells heated at temperatures less than 42°C
(1,36,37) but is decreased in irradiated cells heated at temperatures greater 42°C, ultimately
leading to increased frequency of misrepair (6–9,11). Since heat radiosensitization is
believed to be mediated by the inhibition of rejoining of IR-induced DSBs, it does not seem
surprising that with higher doses of radiation (e.g., 8 Gy), 42.5°C hyperthermia resulted in
much more radiosensitization of cells than 41.5°C hyperthermia (Fig. 2B vs. 2C).

Mre11/Rad50 focus formation in cells that were only irradiated was accompanied by
insignificant fluctuations in either Mre11/Rad50 or Nbs1/Rad50 co-localization, suggesting
there was no change in the integrity of Mre11 complexes of irradiated cells (Fig. 4A-D). A
significant drop in Nbs1/Rad50 co-localization, compared to Mre11/Rad50 co-localization,
in 42.5°C-heated cells irradiated with 3, 6, and 12 Gy, and 42.5°C-heated unirradiated cells
observed 0–1 h post-treatment (Fig. 4A-C) can be explained by a reduced binding of Nbs1
to Mre11-Rad50 sub-complexes, which are likely to form aggregates in these cells (an
increase of granularity in the texture of co-localized Mre11 and Rad50; Fig. 5D and 5E).
The rapid and significant drop we observed in Nbs1/Rad50 co-localization, when taken
together with the decreasing R values (≤ 0.86) for cells through up to 24 h post-treatment,
indicates that Nbs1 may be more susceptible to 42.5°C-induced structural changes than
Mre11 and/or Rad50 in both heated, irradiated cells and cells that were only heated (Fig.
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4A-C). In contrast to Nbs1/Rad50 co-localization, Mre11/Rad50 co-localization in these
cells gradually decreased and then increased (Fig. 4A-C), suggesting disaggregation/
dissociation of Mre11-Rad50 sub-complexes (up to 8–12 h post-treatment) and subsequent
recovery of complex structure and intranuclear localization (up to 24 h post-treatment). A
partial disaggregation of intranuclear proteins that were unfolded and aggregated due to heat
shock has been reported (38,39). The significant drop in Mre11/Rad50 co-localization in
41.5°C-heated 12 Gy-irradiated cells, compared to Mre11/Rad50 co-localization in 42.5°C-
heated 12 Gy-irradiated cells, at 0 h post-treatment (Fig. 4D vs. 4C), can be explained as
follows. When the Mre11 complexes re-locate from the sites of their primary localization to
the sites of IR-induced DSBs, heating at 41.5°C, in contrast to heating at 42.5°C, may cause
dissociation of Mre11-Rad50 sub-complexes with little or no aggregation. The possibility of
prompt dissociation of Mre11 complexes during and/or immediately after heating of
irradiated cells was further confirmed by a considerable drop in Nbs1/Rad50 co-localization
in 41.5°C-heated 12 Gy-irradiated cells at 0 h post-treatment (Fig. 4D). At this time post-
treatment, there was an insignificant drop in Nbs1/Rad50 co-localization in 41.5°C-heated
unirradiated cells, compared to Nbs1/Rad50 co-localization in 42.5°C-heated unirradiated
cells (Fig. 4D vs. Fig. 4A-C); an interpretation for this observation may be that there are less
alterations in the binding of Nbs1 to Mre11-Rad50 sub-complexes in 41.5°C-heated
unirradiated cells than in 42.5°C-heated unirradiated cells (due to fewer structural alterations
in these proteins caused by heating at the lower temperature). As a result of fewer, or
potentially reversible, structural alterations in Mre11 complex proteins after heating of
unirradiated and irradiated cells at 41.5°C, there were dynamic changes in both Mre11/
Rad50 and Nbs1/Rad50 co-localization in these cells: there were two nearly concordant
increases in co-localization of these proteins observed after 2 h post-treatment, suggesting
dynamism of intermolecular interactions (Fig. 4D). The initial increase in Mre/Rad50 and
Nbs1/Rad50 co-localization of 41.5°C-heated unirradiated and 41.5°C-heated 12 Gy
irradiated cells within 4–8 h post-treatment is probably due to active re-assembly of Mre11
complexes (Fig. 4D). Subsequent “peaks and valleys” in Mre/Rad50 and Nbs1/Rad50 co-
localization in these cells within 8–24 h post-treatment (Fig. 4D) may be due to
redistribution and accumulation of Mre11 complexes to the primary sites of their
localization (predominantly in cells that were only heated) or to the sites of IR-induced
DSBs (predominantly in cells that were irradiated and then heated). The observation that at
24 h post-treatment, 41.5°C-heated 12 Gy-irradiated cells showed even more of an increase
in both Mre11/Rad50 and Nbs1/Rad50 co-localizations compared to 41.5°C-heated
unirradiated cells (P < 0.05), is likely to be indicative of an active DSB repair process,
which requires all three proteins of the Mre11 complex to be functional (Fig. 4D). This
finding is supported by our focus formation data that show that these cells at 24 h post-
treatment had a significant increase in the number of foci per nucleus (up to ∼ 9 foci per
nucleus; Fig. 3D).

From our co-localization data, one can assume that heating of unirradiated or irradiated cells
at 42.5°C for 2 h can cause alterations in Mre11 complex proteins to a considerably greater
degree than heating at 41.5°C for 2 h. This assumption seems reasonable in light of the
finding that the more severe heat treatment resulted in 10-fold less cell survival (Fig. 2A).

A rapid decrease of Nbs1/Rad50 co-localization within the nuclei (Fig. 4A-C; Fig. 6D and
6E) accompanied by the appearance of Nbs1-containing aggregates in the extranuclear area
(Fig. 7), particularly after heating of unirradiated and irradiated cells at 42.5°C, suggests that
Nbs1 can readily dissociate from the complex with Mre11 and Rad50 and delocalize after
heat shock. Nbs1 together with Mre11 and Rad50 has been found to reversibly translocate
from the nucleus to the cytoplasm in U-1 melanoma cells after 42.5–45.5°C heating, while
levels of each protein remain unchanged (16,17,40). Nbs1 has been found to translocate to a
greater degree than Mre11 and Rad50 (16,17,40). This could be a reason why Nbs1
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immunofluorescence in the cytoplasm of heated cells was increased compared to Rad50
(Fig. 7). Heat-induced formation of aggregates of Mre11 and Rad50 (Fig. 5D and 5E) is
likely to prevent their rapid translocation from the nucleus. Dynlacht and co-workers
(16,17,40) have also reported an increase in translocation of all three proteins in irradiated
cells (12 Gy) that were heated at 42.5–45.5°C, which, in part, may be responsible for heat
radiosensitization. Although this finding cannot be confirmed from our co-localization data
presented in this report, it should be noted that heating at 41.5°C resulted in a greater
reduction of Mre11/Rad50 and Nbs1/Rad50 nuclear co-localization in 12 Gy-irradiated cells
than in 41.5°C-heated unirradiated cells, within 0–1 h post-treatment (Fig. 4D).

It is likely that there is less protein aggregation in 41.5°C-heated cells than in 42.5°C-heated
cells. Thus, one can assume that the proteins of the Mre11 complex (mainly Mre11 and
Rad50) can more readily redistribute at 41.5°C than at 42.5°C. An increase of Mre11 in the
cytoplasm accompanied by its concomitant decrease in the nuclei has been observed
immediately after heating of heat-resistant human adenocarcinoma cells at 41.1°C (41). Xu
at al. (41) have also reported that 41.1°C hyperthermia may alter the interaction of Rad50
with other proteins of the complex (a reduction in the amount of Rad50 that was associated
with Mre11 when total cellular lysates were analyzed). Thus, temperature-dependent
aggregation/disaggregation of the Mre11 complex proteins (specifically Mre11 and Rad50)
may dictate the extent of their translocation from the nucleus to the cytoplasm. Even though
treatment of cells at 41.5° C for 2 h is less severe than heating at 42.5°C for 2 h, these
proteins may still undergo conformational changes, although it seems less likely that they
would aggregate while relocating to the sites of DSBs.

Heat-induced conformational changes (unfolding, aggregation, etc.) in nuclear proteins are
believed to be critical for heat-radiosensitization (39,42,43), but specific proteins involved in
heat-radiosensitization have yet to be identified. Our data suggest that heating alone is
sufficient to induce alterations in co-localization of proteins of the Mre11 complex (as
evidenced by changes observed in heated or heated irradiated cells immediately after
treatment). Since the Mre11 complex is crucial for repairing DSBs, heat-induced structural
alterations in the proteins composing this complex may be responsible for heat-
radiosensitization.

We propose that a reduction in co-localization of proteins of the Mre11 complex and
inhibition of Mre11/Rad50 focus formation in heated, irradiated cells is likely to be due to
heat-induced conformational changes in all three proteins of the Mre11 complex, and that
this may eventually lead to disassembly of the Mre11 complex. The complex may be re-
assembled, but the kinetics of reassembly is dependent upon the heat dose. Our data also
suggest that Nbs1 is likely to be more susceptible to structural changes with increasing
temperature, compared to the two other proteins of the complex (Mre11 and Rad50), which
normally form a stable association. Thus, it is attractive to speculate that heat-induced
conformational changes that reduce the association between all three proteins of the
complex may be responsible for heat-radiosensitization and inhibition of DSB repair.
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Figure 1.
Schematic representation of the sequence of procedures (sequence indicated by numbers)
used to treat cells (irradiation, hyperthermia, irradiation + hyperthermia) and prepare them
for analysis. Control (unheated, unirradiated) cells were kept in CO2-incubator at 37 °C,
while heating of cells (unirradiated and irradiated) was done in a water bath for 2 h at
41.5°C or 42.5°C.

Gerashchenko et al. Page 15

Cytometry A. Author manuscript; available in PMC 2012 February 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Effect of 41.5°C or 42.5°C thermal treatments on unirradiated or irradiated human U-1
melanoma cells. (A) Clonogenic survival of cells after heating for 0.5, 1, 2, 4, 6, or 15 h at
41.5° C or 42.5° C. (B) Comparison of cell survival after irradiation with various doses of
X-rays (0–8 Gy) and thermal treatment at 41.5°C for 2 h or at 42.5°C for 2 h (C). Surviving
fractions of cells that were heated for 2 h at 41.5°C or 42.5°C (shown in panel A) were
normalized to the surviving fraction of unheated, unirradiated cells (shown in panels B and
C). Standard error of the mean for 2-3 experiments is denoted by error bars.
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Figure 3.
A: Dynamics of Mre11/Rad50 focus formation in the nuclei of unheated 3 Gy-irradiated,
42.5°C-heated unirradiated, and 42.5°C-heated 3 Gy-irradiated cells (four independent
experiments). B: Dynamics of Mre11/Rad50 focus formation in the nuclei of unheated 6 Gy-
irradiated, 42.5°C-heated unirradiated, and 42.5°C-heated 6 Gy-irradiated cells (four
independent experiments). C: Dynamics of Mre11/Rad50 focus formation in the nuclei of
unheated 12 Gy-irradiated, 42.5°C-heated unirradiated, and 42.5°C-heated 12 Gy-irradiated
cells (three independent experiments). D: Dynamics of Mre11/Rad50 focus formation in the
nuclei of unheated 12 Gy-irradiated, 41.5°C-heated unirradiated, and 41.5°C-heated 12 Gy-
irradiated cells (three independent experiments). Vertical axis shows the average number of
foci per nucleus (F). Horizontal axis shows the post-treatment time at 37° C, in hours. Note
that at 0 h post-treatment, F values for heated, irradiated cells and for cells that were only
irradiated or heated (A, B, C, D) insignificantly differ from F values for control cells (P >
0.05). Asterisks (*) show significant differences (P < 0.05) in F values between 42.5°C-
heated unirradiated cells and 42.5°C-heated cells irradiated with 6 Gy or 12 Gy at 12 and 24
h post-treatment (B, C). Data presented are the mean ± standard error of the mean.
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Figure 4.
A: Dynamics of changes in Mre11/Rad50 or Nbs1/Rad50 co-localization in unheated 3 Gy-
irradiated, 42.5°C-heated unirradiated, and 42.5°C-heated 3 Gy-irradiated cells (four
independent experiments). B: Dynamics of changes in Mre11/Rad50 or Nbs1/Rad50 co-
localization in unheated 6 Gy-irradiated, 42.5°C-heated unirradiated, and 42.5°C-heated 6
Gy-irradiated cells (four independent experiments). C: Dynamics of changes in Mre11/
Rad50 or Nbs1/Rad50 co-localization in unheated 12 Gy-irradiated, 42.5°C-heated
unirradiated, and 42.5°C-heated 12 Gy-irradiated cells (three independent experiments). D:
Dynamics of changes in Mre11/Rad50 or Nbs1/Rad50 co-localization in unheated 12 Gy-
irradiated, 41.5°C-heated unirradiated, and 41.5°C-heated 12 Gy-irradiated cells (three
independent experiments). Closed symbols show the results for Mre11/Rad50 co-
localization. Open symbols show the results for Nbs1/Rad50 co-localization. Vertical axis
shows the overlap coefficient according to Manders (R). Horizontal axis shows the post-
treatment time at 37° C, in hours. For Mre11/Rad50 co-localization, at 0 h post-treatment,
except 41.5°C-heated 12 Gy-irradiated cells (D), all other variously treated cells (A, B, C,
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D) showed insignificant fluctuations in R values compared to R values of control cells (P >
0.05). For Nbs1/Rad50 co-localization, at 0 h post-treatment, except 41.5°C-heated
unirradiated cells (D), all other variously treated cells (A, B, C, D) showed a significant drop
in R values compared to R values exhibited by control cells (P < 0.05). Asterisks (*) show a
significant difference (P < 0.05) in R values between control cells and 41.5°C-heated 12 Gy-
irradiated cells at 24 h post-treatment (D). Data presented are the mean ± standard error of
the mean.
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Figure 5.
The 32-bit middle plane images of positive PDM values (that represent the best correlated
pixels) derived from image correlation analysis between stained Mre11 (green) and Rad50
(red) in the nuclei of unheated unirradiated (control) cells and unheated 12 Gy-irradiated,
42.5°C-heated unirradiated, and 42.5°C-heated 12 Gy-irradiated at 0 and 4 h post-treatment.
A: the nuclei of unheated unirradiated control cells (denoted as “control”). B: the nuclei of
unheated 12 Gy-irradiated cells at 0 h post-irradiation (denoted as “12 Gy (0 h)”). C: the
nuclei of unheated 12 Gy-irradiated cells at 4 h post-irradiation (denoted as “12 Gy (4 h)”).
D: the nuclei of 42.5°C-heated unirradiated cells at 0 h post-treatment (denoted as “42.5°C
(0 h)”). E: the nuclei of 42.5°C-heated 12 Gy-irradiated cells at 0 h post-treatment (denoted
as “12 Gy + 42.5°C (0 h)”). F: the nuclei of 42.5°C-heated 12 Gy-irradiated cells at 4 h post-
treatment (denoted as “12 Gy + 42.5°C (4 h)”). A similar pattern of Mre11/Rad50 co-
localization in the nuclei of control (A) and unheated 12 Gy-irradiated cells at 0 h post-
irradiation (B) was observed, probably because cells were kept on ice during irradiation.
Calibration bar shows the quantitative distribution of co-localized proteins. Scale bars = 3
μm.
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Figure 6.
The 32-bit middle plane images of positive PDM values (that represent the best correlated
pixels) derived from image correlation analysis between stained Nbs1 (green) and Rad50
(red) in the nuclei of unheated unirradiated (control) cells and unheated 12 Gy-irradiated,
42.5°C-heated unirradiated, and 42.5°C-heated 12 Gy-irradiated at 0 h and 4 h post-
treatment. A: the nuclei of unheated unirradiated control cells (denoted as “control”). B: the
nuclei of unheated 12 Gy-irradiated cells at 0 h post-irradiation (denoted as “12 Gy (0 h)”).
C: the nuclei of unheated 12 Gy-irradiated cells at 4 h post-irradiation (denoted as “12 Gy (4
h)”). D: the nuclei of 42.5°C-heated unirradiated cells at 0 h post-treatment (denoted as
“42.5°C (0 h)”). E: the nuclei of 42.5°C-heated 12 Gy-irradiated cells at 0 h post-treatment
(denoted as “12 Gy + 42.5°C (0 h)”). F: the nuclei of 42.5°C-heated 12 Gy-irradiated cells at
4 h post-treatment (denoted as “12 Gy + 42.5°C (4 h)”). A similar pattern of Nbs1/Rad50
co-localization in the nuclei of control (A) and unheated 12 Gy-irradiated cells at 0 h post-
irradiation (B) was observed probably because cells were kept on ice during irradiation.
Calibration bar shows the quantitative distribution of co-localized proteins. Scale bars = 3
μm.
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Figure 7.
Mid-plane confocal images of Nbs1 (A), Rad50 (B), and merged Nbs1 and Rad50 (C)
immunofluorescence in a representative nucleus of one of the 42.5°C-heated unirradiated
cells at 0 h post-treatment. A significant portion of Nbs1 is seen in the cytoplasm, perhaps
representing aggregates of Nbs1 molecules or aggregates of Nbs1 with other molecules.
Scale bar = 3 μm.
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Table 1

The total numbers of nuclei of variously treated cells, in which Mre11/Rad50 co-localization was analyzed.

Time post-treatment (h) Control 3 Gy 42.5°C 3 Gy + 42.5°C

0 69 43 61 41

1 41 62 45

2 45 60 43

4 48 60 42

8 44 62 44

12 42 60 42

24 56 62 45

Time post-treatment (h) Control 6 Gy 42.5°C 6 Gy + 42.5°C

0 54 50 61 44

1 49 62 45

2 50 58 43

4 48 60 31

8 45 52 41

12 43 60 43

24 43 62 42

Time post-treatment (h) Control 12 Gy 42.5°C 12 Gy + 42.5°C

0 53 37 36 40

1 40 37 35

2 62 44 43

4 50 41 42

8 44 40 44

12 32 35 36

24 39 39 39

Time post-treatment (h) Control 12 Gy 41.5°C 12 Gy + 41.5°C

0 34 28 31 31

1 32 30 33

2 30 32 31

4 32 30 31

8 32 30 33

12 29 30 32

24 30 30 30
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Table 2

The total numbers of nuclei of variously treated cells, in which Nbs1/Rad50 co-localization was analyzed.

Time post-treatment (h) Control 3 Gy 42.5°C 3 Gy + 42.5°C

0 59 45 60 43

1 46 65 43

2 44 60 43

4 43 51 42

8 43 53 45

12 45 60 42

24 44 62 40

Time post-treatment (h) Control 6 Gy 42.5°C 6 Gy + 42.5°C

0 41 44 79 42

1 47 81 42

2 46 75 40

4 39 68 43

8 42 69 44

12 41 76 43

24 42 74 40

Time post-treatment (h) Control 12 Gy 42.5°C 12 Gy + 42.5°C

0 58 52 53 52

1 53 52 53

2 52 53 52

4 53 52 53

8 54 54 51

12 53 50 51

24 56 51 54

Time post-treatment (h) Control 12 Gy 41.5°C 12 Gy + 41.5°C

0 47 31 31 30

1 30 31 30

2 34 30 32

4 30 30 30

8 32 30 30

12 32 30 30

24 30 30 30
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Table 3

The total numbers of nuclei of variously treated cells, in which Mre11/Rad50 foci were quantified.

Time post-treatment (h) Control 3 Gy 42.5°C 3 Gy + 42.5°C

0 69 42 61 37

1 43 62 45

2 43 60 43

4 49 60 42

8 44 62 43

12 42 60 42

24 56 62 45

Time post-treatment (h) Control 6 Gy 42.5°C 6 Gy + 42.5°C

0 59 50 61 44

1 49 63 45

2 50 58 43

4 48 60 31

8 45 52 42

12 43 60 43

24 43 62 42

Time post-treatment (h) Control 12 Gy 42.5°C 12 Gy + 42.5°C

0 51 37 36 40

1 42 37 35

2 62 44 43

4 50 41 42

8 44 41 44

12 32 35 36

24 39 39 38

48 36 38 40

Time post-treatment (h) Control 12 Gy 41.5°C 12 Gy + 41.5°C

0 34 28 31 31

1 32 30 33

2 32 32 31

4 32 30 31

8 32 30 33

12 29 30 32

24 30 30 30
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