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Abstract

Background—Upon induction of DNA double-strand breaks (DSBs), Mrell and Rad50
proteins of the Mrell DNA repair complex accumulate at the sites of DSBs and form discrete
nuclear foci. Precision in scoring of Mrell/Rad50-containing foci depends upon detection of those
foci, some of which have a fluorescence staining intensity that is too close to the fluorescence
staining intensity of the remaining Mrell and Rad50 proteins that have not been incorporated into
foci.

Methods—Human U-1 melanoma cells in exponential growth were irradiated with various doses
of X-rays (0-12 Gy) to induce the formation of repair foci. Four hours after irradiation, cells were
simultaneously labeled for Mrell and Rad50 proteins, using a two-color immunofluorescence
staining technique. Laser scanning confocal microscopy was used to collect the composite images
of randomly selected cell nuclei. Intensity correlation analysis (ICA) of equally intense
fluorescence signals from Mrell and Rad50 proteins was performed to obtain the regions with
correlated pixels.

Results—ICA permitted enhanced detection of low level fluorescence of Mrel1/Rad50 foci
(“hidden” foci) that can be barely detected upon imaging of only one protein. For example, while
imaging of only one protein (either Mrell or Rad50) in the nucleus of a 6 Gy-irradiated cell
revealed 9 foci, imaging of two proteins with ICA revealed 11 foci. ICA permitted an evaluation
of the dose-dependence of nuclear foci in cells irradiated with various doses of X-rays, with focus
formation increasing up to a dose of 6 Gy.

Conclusions—Our data accumulated using two-color immunofluorescence staining of Mrell
and Rad50 proteins and ICA of these two target proteins provide a basis for enhanced detection
and accuracy in the scoring of DNA repair foci.
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INTRODUCTION

DNA damage may be caused by a variety of intrinsic and extrinsic factors, including
exposure to ionizing radiation (IR). There are many different types of DNA lesions induced
by IR in mammalian cells, but the DNA double-strand break (DSB), if misrepaired or left
unrejoined, can cause transformation or cell death (1). Normally, DSBs are recognized and
then repaired via the non-homologous DNA end-joining and homologous recombination
pathways. The human Mrell complex, composed of Mrell (85 kDa), Rad50 (153 kDa), and
Nbs1 (95 kDa) proteins, is believed to be a central player in the cellular response to DSBS,
including DNA damage checkpoint activation and repair, and telomere maintenance (2-4).
The complex is highly conserved and consists of a single Nbs1 molecule bound to a
heterotetramer of Mrel1 and Rad50 which is in turn comprised of a dimer of each protein
(5). Mrell stably associates with Rad50 (6), which can then bind to the third component,
Nbsl. While Mrell and Rad50 are involved in DNA binding and end processing, Nbs1
regulates the activities of the complex and may actually serve to initiate DNA damage-
induced checkpoint response (7). Mrell, Rad50, and Nbs1 are essential genes: cell lines
having deficiency or deletion mutations in each of these genes are hypersensitive to IR,
presumably due to problems with DSB repair (8-10).

Normally, the human Mrell complex is uniformly distributed throughout the cell nucleus.
Efficient repair of DSBs appears to require the formation of nuclear foci comprised of
Mrell, Rad50, and Nbsl (10-12). Treatment of cells with DSB-inducing agents, such as IR,
results in a rapid association between Mrell and damaged DNA (13). The Mrell complex
likely functions as a primary detector of DNA damage (14). Discrete and bright nuclear foci
stained for either Nbs1, Mrell or Rad50 have been reported to appear several hours after
irradiation of human fibroblasts with X- or y-rays (= 1 Gy) (10-12,15,16). Formation of
nuclear foci is dose-dependent, and foci remain until DSB repair is complete (11,15,16).

Nuclear repair foci, including foci containing the Mrel11 complex or phosphorylated histone
H2AX (y-H2AX) (17) have often been used as an indicator of the DNA damage response, as
their presence has been correlated with sites of DSBs. Foci are usually visualized by using
indirect immunofluorescence. Over the past ten years, laser scanning confocal microscopy
(LSCM) has been successfully used for obtaining high-resolution optical images of nuclear
foci containing various proteins involved in different stages of the DNA repair. LSCM
allows evaluation of the 3D distribution of nuclear foci with improved spatial resolution
compared to epifluorescence microscopy. Both quantitative and qualitative information
pertaining to localization and composition of nuclear foci may be obtained through the use
of commercial image analysis software packages and individually developed computational
image analysis algorithms which run on a personal computer (18). This permits fast and
consistent analyses of foci observed in confocal images, generated under objectively defined
criteria. However, there are some obvious limitations to such an analytical approach. First,
upon increasing the number of foci per nucleus, foci reach a certain degree of overlap that
reduces precision in focus scoring. Second, all foci should be bright enough to be included
in scoring. Staining intensities of foci may vary from very bright to very dim, depending
upon how much the protein of interest is expressed within a focus, and to what extent the
primary antibody binds this protein. Third, dynamic changes in the density of chromatin at
the sites of DNA DSBs (19) can be a factor that affects antibody staining of the protein
residing in a focus. Dim foci sometimes may not be distinguishable from nuclear proteins
that may still be uniformly distributed in nuclei and not incorporated into foci, and these foci
may erroneously be excluded from scoring.

Here we describe the use of an analytical approach that permits enhanced detection of dim
foci composed of Mrell complex proteins, specifically Mrell and Rad50. Using a two-
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color immunofluorescence technique to simultaneously label Mrell and Rad50 proteins,
LSCM was used to collect composite images of randomly selected cell nuclei of unirradiated
and irradiated cells. Nuclear foci were analyzed on the basis of imaging of correlated pixels
obtained by merging of equally intense fluorescence signals from Mrell and Rad50
proteins. This approach was used to examine the dependence of focus formation on radiation
dose.

MATERIALS AND METHODS

Cell Culture and Irradiation

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% CO, and 95% air. Forty thousand asynchronous cells were plated into
each well of Lab-Tek I11® 4-well tissue culture chamber slides (Nalge Nunc International,
Naperville, IL, USA) and grown for 2 days until 80-90% confluent. Prior to irradiation, the
culture medium in each well was replaced with pre-warmed 37°C fresh medium. 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,
and 12 Gy (dose rate: 2.44 Gy/min). After irradiation, the culture medium in each well was
replaced with pre-warmed 37°C fresh medium and cells were then incubated for 4 h in a
COg-incubator.

Immunofluorescence staining

LSCM

After treatment, cells were washed twice in PBS (pH 7.4). Fixation and permeabilization of
cells were performed as described by Scully et al (20). Briefly, cells were fixed for 10 min in
PBS-buffered solution 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
MgCl,, 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), and anti-hMre11 rabbit polyclonal antibody, dilution 1:100
(Calbiochem, La Jolla, CA, USA; catalogue number: PC388). 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). 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) followed by examination of nuclear foci using
LSCM. Boundaries of cell nuclei were clearly seen under these staining conditions. DNA
counterstaining with DAPI showed the same nuclear boundaries (data not shown). Since co-
localization between Nbs1 and Mre11/Rad50 foci was not routinely observed in our cells,
this protein was not included in our studies.

A Zeiss LSM-510Meta confocal microscope (Carl Zeiss, Jena, Germany) equipped with a
C-Apochromat 63x/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-
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track mode was used, which allows sequential collection of red fluorescence (from Rad50)
and green fluorescence (from Mrell). Ten to eleven 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 um step size). Scan speed and zoom were set on 6 and 3, 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.

Image processing and analysis

The images were processed and analyzed with ImageJ software (version 1.37c) (21),
modified at the Wright Cell Imaging Facility (WCIF; Toronto Western Research Institute,
Canada) (website http://www.uhnresearch.ca/wcif). To visualize the association between
Mrell and Rad50 proteins within the nucleus, co-localization analysis was performed in
accordance with instructions provided by WCIF. Briefly, the fluorescence intensities from
these two target proteins were subjected to intensity correlation analysis (ICA) described by
Li et al. (22).1 First, background subtraction was performed on each slice of the stack of
images obtained from both photomultiplier tubes (PMTSs) (red and green fluorescence). A
region of interest was then defined by manually drawing the nuclear boundary on one of the
images of the stack (of the middle section of the cell). Image correlation analysis was then
performed by combining two stacks of images (combining green and red fluorescence
images). The resulting combined images display positive PDM [product of the differences of
the mean (22)] values representative of the regions with best-correlated pixels. The regions
with best-correlated pixels that represent foci were further analyzed in order to obtain
quantitative data (number of foci, their size in voxels, and their intensity in arbitrary units).
To perform this analysis, the images with positive PDM values were converted from 32-bit
to 8-bit format, and then they were subjected to “connexity analysis” (that runs under “3D
objects counter” function) to score positive foci using a 10-voxel size threshold. That is,
positive foci were determined based on whether they had > 10 voxels.

RESULTS

The major advantage for using a double target imaging approach with ICA over the
conventional imaging approach for focus scoring, which involves imaging of only one
protein, is that the former approach allows for more accurate detection and quantification of
foci. Selected optical sections of a cell nucleus containing IR-induced Mre11/Rad50 foci are
shown in Figure 1. The fluorescence intensities (in gray values) and the staining patterns of
both Mrel1 and Rad50 proteins were similar (top and middle panels, respectively, Fig. 1).
To prevent the interference of background levels of nuclear Mrell and Rad50 (that is,
Mrell and Rad50 that are not part of Mrell complexes or foci) in the focus analysis, a
threshold was set. Since the fluorescence intensities of both target proteins were almost
equal (data not shown), the threshold was set at the same level for each protein. Correlation
analysis was performed for these individual intensities, and positive PDM values indicative
of best correlated pixels are shown in images in the bottom panel of Fig. 1. In these images,

LicA assumes that if two proteins are parts of the same complex then their staining intensities should vary in synchrony, whereas if
they are on different complexes or structures they will exhibit asynchronous staining.
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foci look more discrete and discernible due to exclusion of uncorrelated pixels. Derivation
of positive PDM values enabled enhancement of foci that were weakly detected in either or
both of the individual sets of images (top or middle panel, Fig. 1).

Foci shown in Figure 1 were analyzed using the “3D objects counter” function of ImageJ. A
three-dimensional analysis of Mrell and Rad50 foci is shown in Figure 2. Foci are
enumerated as numbered pseudo-colored spots (Fig. 2). This analysis was performed in
order to track and quantify the objects of interest (foci) through the entire stack of images.
While the total number of foci in both individual Mrell and Rad50 sets of images was 9
when integrated over all slices (top and middle panels, respectively, Fig. 2), the total number
of foci in the merged Mrel1/Rad50 set of images after ICA was 11 (bottom panel, Fig. 2).
The set of images obtained for Mrell showed two additional foci compared to the set of
images obtained for Rad50 (numbered as 4 and 9, slices 8-11, top panel, in red). Also, there
was one Rad50 focus which was not present in the set of images obtained for Mrell
(numbered as 6, slices 8 and 9, middle panel, in red). However, all these missing foci were
present in the merged Mrel1/Rad50 set of images (humbered as 4, 6, and 11, bottom panel,
in red). The merged images also show the one focus (numbered as 8, in red) that was
missing in both individual sets of images of Mrell and Rad50. A listing of foci identified
from individual and merged scans of nucleus from cell irradiated with 6 Gy of X-rays is
shown in Table 1.

A comparative analysis of the sizes and fluorescence intensities of foci from the Mrel1 and
Rad50, and merged Mrel1/Rad50 sets of images is shown in Figures 3A and 3B,
respectively. In the merged Mrel1/Rad50 set of images, there was an increase in
fluorescence intensities of nearly all foci compared to the individual Mrell or Rad50 set of
images, and this was accompanied by an increase in size of the foci. Although the size of the
object and its total intensity may not necessarily correlate, this analysis showed that the
intensity of the focus is directly proportional to its size. Correlation between the sizes and
the intensities of foci listed in Table 1 are shown in Figure 4. This correlation was perfect
for each set of images (R2~ 1.0). Coincidence of the trend lines of the size-intensity
relationship for foci in the individual Mrell and Rad50 sets of images is indicative of the
fact that foci of equal sizes had equal fluorescence intensities. A markedly elevated slope for
the trend line of the size-intensity relationship for foci in the merged Mre11/Rad50 set of
images indicates that foci are more intense than foci in either of the individual (e.g., Mrell
or Rad50) set of images. In order to determine the contribution of fluorescence intensity in
the enhancement of foci independently from their size, we obtained the equations of the
size-intensity relationship for foci in each set of images. All three equations, shown in
Figure 4, are linear, and each of them has its own slope. By dividing the slope value of
Equation 1 by the slope value of either Equation 2 or 3, we can obtain the values of the
enhancement factor as follows: 0.251/0.197 = 1.27 (Mre11/Rad50 set of images vs. Mrell
set of images) and 0.251/ 0.195 = 1.29 (Mrel11/Rad50 set of images vs. Rad50 set of
images). These values assume that if a focus in the merged Mre11/Rad50 set of images has
exactly the same size as a focus in the separate Mrell and Rad50 sets of images, then this
focus is 1.27-fold brighter than a focus in the Mrell set of images, or 1.29-fold brighter than
a focus in the Rad50 set of images.

This double target imaging approach with ICA was also used to examine the induction of
Mre11/Rad50 foci in the nuclei of cells irradiated with various doses of X-rays (0-12 Gy).
Although nuclear foci were detected in both unirradiated control (~ 60%) and irradiated
cells (~ 95%), 70-90% of irradiated cells had nuclei with large foci (=1 large focus per
nucleus having > 40 voxels), while only 20% of control cells had nuclei with large foci.2

2Large foci had the range of diameters of 0.6-2.0 um, while the range of diameters of small foci was 0.3-0.59 pum.
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Since IR-induced foci are heterogeneous in size, all foci (including small foci having 11-39
voxels) were included in an analysis of the average number of foci per nucleus. The average
number of foci per nucleus was calculated as follows: F = N;/Ng, where F is the average
number of foci per nucleus; Ny is the total number of foci; Ng is the total number of nuclei
examined. The F values for control cells (0 Gy) and cells irradiated with 3, 6, and 12 Gy, are
shown in Figure 5A. The number of foci per cell nucleus increased with dose up to 6 Gy. A
12 Gy exposure did not cause a further increase of focus formation compared to 6 Gy-
irradiated cells (Fig 5A). Analysis of the average sizes of nuclear foci showed that the
nuclear foci in control (unirradiated) cells were much smaller than those in irradiated cells
(Fig. 5B). Interestingly, the nuclear foci in 3 Gy- and 6 Gy-irradiated cells were larger than
those in 12 Gy-irradiated cells (Fig. 5B). Background staining of Mrell and Rad50 protein
decreased in irradiated cells, although no dose dependency was observed (data not shown).

DISCUSSION

By means of double target imaging of nuclear foci stained for Mrell and Rad50 proteins,
and ICA of fluorescence signals from these proteins, we were able to identify those foci that
were obscured due to the presence of Mrell and Rad50 proteins in the nucleus that were not
associated with foci. Unmasking of these “hidden foci” allowed for a more accurate focus
detection and analysis. The conventional approach for focus analysis based on a single target
imaging technique, when only one protein of the Mrell complex (Mrell or Rad50) is
chosen for imaging of nuclear foci, was less accurate because of the high degree of
uncertainty in the detection of “hidden foci”. For example, after the enhancement of foci by
staining nuclei for Mrell and Rad50 proteins and subsequent ICA of fluorescence signals
from these proteins, we obtained 11 foci (“Mrel1/Rad50” set of images, Fig. 2), compared
to 9 foci obtained from images of a single target (either “Mrell” or “Rad50” set of images,
Fig. 2). This enhancement of detection of foci of 22% was representative of other samples
we analyzed. Single-color analysis is compared to two-color analysis in Table 2, which
shows the magnitude of enhancement of focus detection in a group of cells irradiated with 6
Gy.

Although the threshold adjustment for quantification of foci is subjective, it should be noted
that with background staining of very low intensity, the number of the objects (e.g., foci) to
be scored is affected very little within a broad range of threshold values. In the images with
positive PDM values (“Mrel11/Rad50” set of images, Fig. 1), there was a considerable
reduction of background staining intensity (which is high in either “Mrel1” or “Rad50” sets
of images, Fig. 1). Thus, the analytical approach for focus analysis proposed in this study
allows more flexibility in threshold adjustments, and better determination of the number of
foci. The enhancing factor (see Results) can be used as a criterion for threshold adjustments
to quantify foci obtained by using this approach. For example, if a threshold level value of
175 is chosen to score foci in both individual Mrel1 and Rad50 sets of images, by
multiplying this value by the enhancing factor of 1.28, we obtain the threshold level value
(i.e., 222), that can be set for quantifying foci in the merged Mre11/Rad50 set of images. In
the present work, the threshold settings were kept constant while performing the
comparative analysis of foci in randomly selected nuclei of control cells and irradiated cells.

To date, there is only limited information on the quantitative aspects of IR-induced
formation of Mre11/Rad50/Nbs1 nuclear foci in mammalian cells. A few laboratories have
used epifluorescence microscopy and manually (i.e., by eye) scored Mrel1l and/or Rad50
foci in human fibroblasts irradiated with various doses (1-12 Gy) of X- or y-rays (11,15,16).
In these studies, the number of nuclei of cells irradiated with doses greater than 1 Gy that
exhibited focus formation was similar to that observed in our study (if one takes into account
only the nuclei that have large foci). However, in our study, we observed that ~ 20% of
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unirradiated cells have large nuclear foci. This is about 2-fold more than the number of
focus-containing unirradiated human fibroblasts. The increased number of nuclear foci in
melanoma cells may be attributed to an increased number of DNA DSBs compared to
normal fibroblasts. Malignant melanoma cells have been shown to express elevated levels of
v-H2AX foci (23), which is indicative of the presence of DSBs. Inactivation of the
retinoblastoma tumor suppressor (pRb) gene that occurs in many tumor cells lines, can
deregulate activity of E2F1 transcription factor (24), a mechanism which links to induction
of DSBs (25). Malignant melanoma cells have also been shown to have deregulated E2F
transcriptional activity (26). Interestingly, E2F1, which is the most abundant of E2F family
members in malignant melanoma cells (26), when it is overexpressed in normal human
dermal fibroblasts, leads to formation of nuclear foci similar to IR-induced foci that result
from DSBs (27). These foci were positively stained for Mrell, Nbsl, y-H2AX, and 53BP1
proteins, and all of the proteins co-localized (27). F values obtained for melanoma cells (Fig.
5A) were not much different from F values obtained for primary human fibroblasts
(11,15,16). The only major difference between our findings and those findings described by
Maser et al. (11), van Veelen at al. (15), and Digweed et al. (16) is that we did not observe a
further increase in the number of nuclear foci when the radiation dose was increased from 6
Gy to 12 Gy (Fig. 5A). This finding is perplexing in light of the findings that IR induces
DSBs in a dose-dependent, linear fashion (28,29). At the present time, one can only
speculate about why there is a discrepancy between the number of DSBs and foci for a given
dose. There is a lack of information in the literature about time-dependent effects on Mre11/
Rad50/Nbs1 focus formation after irradiation of cells with various doses of IR. However,
perhaps the discrepancy is due to a saturation effect, whereby the number of nuclear foci
remains unchanged, despite of progressive induction of DSBs [35-40 DSBs/cell/Gy (28,30)]
with increasing dose. Therefore, the number of foci per nucleus would remain unchanged or
could drop. Indeed, there is a slight drop in F value of 12 Gy-irradiated cells, compared to F
value of 6 Gy-irradiated cells (Fig. 5A). Since the experimental results revealed much less
foci per nucleus than theoretically predicted (31), this supports our hypothesis. While an
excessive amount of DSBs in close proximity could result in the coalescence of smaller foci
into larger ones, this cannot explain the data for 12 Gy irradiated cells, where the size of the
foci is smaller than foci in 3 Gy- or 6 Gy-irradiated cells (Fig. 5B). It is possible that with an
increased amount of damage, the amount of each protein per focus decreases because there
is a finite number of copies of each particular protein. However, chromatin density at the
sites of DSBs can influence antibody staining; thus it is also possible that chromatin density
changes are dose-dependent over a finite dose range, leading to a non-linear relationship
between dose and number of foci per nucleus (19). Localized changes in chromatin density
within different chromatin domains in a nucleus could be one of the reasons why one focus
is brighter than another within the same nucleus. This could also explain the saturation
phenomenon observed at higher radiation doses.

In summary, correlation analysis of images obtained using LSCM permitted enhanced
detection of DNA-damage induced Mrel1/Rad50 foci, and more accurate scoring of foci.
This tool may be helpful for researchers who rely on scoring of nuclear foci in their studies.
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Mre11

Figure 1.

Composite image of the nucleus of one of the human U-1 melanoma cells that were
irradiated (6 Gy of X-rays), then incubated at 37 °C for 4 h, fixed/permeabilized, and
immunostained for Mrel1 and Rad50 proteins, as described in Materials and Methods. Each
slice has the number in its left-top corner, which indicates the sequence within z-series
collected from top to bottom. Fluorescence intensities are shown in 8-bit gray format. Both
Mrell and Rad50 are abundant proteins in the nucleus, but are absent in nucleoli (top and
middle panels, respectively). The foci are shown in red with a threshold boundary set at 175
for both sets of images. The bottom panel shows the 8-bit images of positive PDM values
(that mainly represent the enhanced foci) derived from image correlation analysis between
these two sets of images (top panel vs. middle panel). After the enhancement of foci, the
threshold boundary was readjusted to 220 to reduce their size (threshold level value of 175
that was adjusted for “Mrel1” and “Rad50” sets of images is too low for “Mrel11/Rad50 sets
of images, since it results in the remarkable enlargement of foci leading to their fusion).
Scale bars = 3 um.
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Figure 2.

3D objects analysis. Three sets of images shown in Figure 1 (“Mrel11”, “Rad50”, and
“Mrel1/Rad50” sets of images) were subjected to this analysis. The spots represent foci.
Each spot has its own number and color that allow tracking of foci through the entire stack
of images. Numbers shown in red indicate the spots missing in one of the two sets of images
(“Mrell” or “Rad50”), or in both sets of images (“Mrel1l” and “Rad50”). A 10-voxel size

threshold was set to exclude the objects having sizes < 10 voxels.
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Figure 3.

Comparison of the sizes (A) and intensities (B) of foci in the “Mre11”, “Rad50”, and
“Mrel1/Rad50” sets of images, subjected to 3D objects analysis. In the “Mre11/Rad50” set
of images, foci were larger and more intense than foci in both “Mrel11” and “Rad50” sets of
images. Sizes are shown in voxels. Intensities are shown in arbitrary units (a.u.). The
abscissa (focus ID) corresponds to individual foci described in Table 1.

Cytometry A. Author manuscript; available in PMC 2010 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gerashchenko and Dynlacht Page 13
1 /,A
y = 251 . 1 MW”
2_ ”W
1 2 7 ,/,,,/
0 ,A
,-.\ M//
7 A A ////// y= 0.197x Eq. 2
[ ] R2 - |
[ ] | // \ P ./ | 1 5 .
/// /,;;t/;,,,,,,/ 2 = -
B i ////
0 ‘ /,/,«// 9
] //’// /’4}/2;’ //m
— //,/’ /F
,/ e s S) E
// /M | W —0 Mre1 1
| MM’ /
*’ '
’ e T
Figure 4.

Size-intensity relationship for foci in the “Mrell”, “Rad50”, and “Mrel1/Rad50” sets of
images, subjected to 3D objects analysis. Sizes are shown in voxels. Intensities are shown in
arbitrary units (a.u.).
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(A): Induction of nuclear focus formation in human U-1 melanoma cells that were irradiated
with O (unirradiated control), 3, 6, and 12 Gy of X-rays, then incubated at 37 °C for 4 h,
fixed/permeabilized, and immunostained for Mrel11 and Rad50 proteins, as described in
Materials and Methods. As expected, 6 Gy and 12 Gy exposures induced more foci per
nucleus than a 3 Gy exposure did. However, a 12 Gy exposure did not induce more foci per
nucleus than a 6 Gy exposure. The differences between F values for 3 Gy-irradiated cells
and F values for control (0 Gy) and 6 Gy-irradiated cells were statistically significant (P <
0.05). The differences between F values for 12 Gy-irradiated cells and F values for 3 Gy-
and 6 Gy-irradiated cells were statistically insignificant (P > 0.05). The total numbers of
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analyzed nuclei of control cells (0 Gy), and 3 Gy-, 6 Gy-, and 12 Gy-irradiated cells, were
156, 79, 77, and 93, respectively. (B): The average size of nuclear foci in control cells (0
Gy), and in 3 Gy-, 6 Gy-, and 12 Gy-irradiated cells (shown in voxels). All doses caused an
increase in the size of foci. The average size of nuclear foci in irradiated cells was in 1.9-2.7
times larger than the average size of those in control cells. The difference between the
average size of nuclear foci in 12 Gy-irradiated cells and the average sizes of foci in 3 Gy-
and 6 Gy-irradiated cells was statistically significant ( P < 0.05). Data presented are the
mean + standard error of the mean of five independent experiments.

Cytometry A. Author manuscript; available in PMC 2010 March 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Gerashchenko and Dynlacht

Identification of foci based on spot numbers shown in Figure 2

Table 1

Focus ID | Mrell Spot# | Rad50 Spot# | Mrell/Rad50 Spot#
A 1 1 1
B 2 2 2
C 6 4 3
D missing 6 4
E 3 3and7 5
F 4 missing 6
G 5 8 7
H missing missing
| 7 5 9
J 8 9 10
K 9 missing 11
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Table 2
Numbers of foci in the group of nuclei (n = 13) of 6 Gy-irradiated cells before and after enhancement using
ICA
Nucleus  Mrell foci No. before enhancement  Rad50 foci No. before enhancement  Mrel1/Rad50 foci No. after enhancement
1. 4 3 5
2. 12 6 11
3. 13 13 16
4. 9 9 11
5. 15 17 19
6. 12 10 12
7. 4 7 12
8. 18 16 20
9. 6 8 8
10. 9 13 12
11. 11 16 17
12. 8 3 9
13. 7 5 10
Mean + SEM 9.85+ 1.16% 9.69 + 1.37% 12.46 +1.22%

Overall enhancement for Mrel11 foci: 26 %

Overall enhancement for Rad50 foci: 29 %
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