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34, 71, 72). Sequence homology between the yeast and human
RAD52 epistasis group proteins, as well as the conservation of
an Mre11-Rad50 complex in human cells (15), suggests that
certain mechanistic functions must also be conserved. Thus,
human Mre11 (hMre11) and hRad50, like ScMre11 and
ScRad50, are likely to function in nonhomologous end joining,
the predominant mode of recombinational DNA repair in
mammalian cells (9, 44). The role of the DNA-PKCS–Ku complex in this mode of repair is well established (32, 78), but
demonstration of functional interaction between the hMre11hRad50 protein complex and the DNA-PKCS–Ku complex
awaits further study.
Direct examination of individual cells following genotoxic
stress offers a powerful way to analyze the effects of DNA
damage and its repair (14, 54). The identification of DNA
repair proteins has provided molecular probes that, when combined with cytological assays, have yielded insight into the roles
of the proteins in DNA metabolism. In this regard, immunofluorescence studies of DNA ligase I (49), ScRad51 and
hRad51 (8, 41, 62, 75), and hMsh1 (6) have provided important
information. Similarly, immunofluorescence assays of hRad51
(23), xeroderma pigmentosum type G protein (58), and proliferating cell nuclear antigen (48, 76) in the DNA damage response have implicated these proteins in the repair of particular classes of DNA damage.
We used immunofluorescence to examine the response of
hMre11 and hRad50 to DNA-damaging agents. hMre11 and
hRad50, like hRad51 (23), exhibit a dynamic redistribution
within the nucleus following treatment with agents that induce
DNA DSBs. hMre11 and hRad50 ionizing radiation-induced
foci (IRIF) colocalize, suggesting that induced foci consist of
hMre11-hRad50 protein complexes (15). hRad51 and hMre11
foci do not colocalize and do not form in the same nuclei,
consistent with their independent roles in DSB repair. We
found that the formation of IRIF is dependent on the genetic
background of the cells examined. The hMre11-hRad50 IRIF
response is enhanced in the DNA DSB repair-deficient cell
line 180BR. In contrast, the IRIF response is drastically re-

Certain intrinsic programs in eukaryotic organisms, such as
meiotic and mitotic recombination, mating type switching, and
assembly of antigen receptor genes, involve the generation of
DNA double-strand breaks (DSBs) (63, 73, 78). DNA DSBs
are also caused by a variety of extrinsic factors, including exposure to ionizing radiation and genotoxic chemicals (19). Proteins that mediate DNA DSB repair are required for both
intrinsic DNA recombination processes and the repair of extrinsically induced DNA damage. Thus, DSB repair deficiency
results in sensitivity to DNA DSB-inducing agents and impairs
meiotic and mitotic DNA recombination processes (21, 59). In
addition, the failure to repair DNA DSBs can lead to the loss
of genetic information by mutation, chromosome loss, or rearrangement and, in some instances, to cell death (29, 51).
In both Saccharomyces cerevisiae and mammalian cells, recombinational repair of DSBs occurs either by homologous
recombination or by nonhomologous end joining (9, 24, 50, 64,
68). The RAD52 epistasis group (RAD50-RAD57, RAD59,
MRE11, and XRS2) is largely responsible for DSB repair in
yeast (1, 5, 21, 30). Mutations in these genes cause profound
recombination defects as well as sensitivity to DSB-inducing
agents. The RAD52 epistasis group can be subdivided into two
subgroups according to specific functions in meiotic and mitotic recombination. In mitotic cells, S. cerevisiae RAD51
(ScRAD51), ScRAD52, ScRAD54, ScRAD55, and ScRAD57
comprise one subgroup, which mediates homologous recombination (21), whereas ScRAD50, ScMRE11, and ScXRS2 mediate nonhomologous end joining (50, 68, 77).
We recently reported the identification of the human
MRE11 and RAD50 homologs (15, 60). Mammalian homologs
have also been identified for RAD51, RAD52, and RAD54 (7,
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We previously identified a conserved multiprotein complex that includes hMre11 and hRad50. In this study,
we used immunofluorescence to investigate the role of this complex in DNA double-strand break (DSB) repair.
hMre11 and hRad50 form discrete nuclear foci in response to treatment with DSB-inducing agents but not in
response to UV irradiation. hMre11 and hRad50 foci colocalize after treatment with ionizing radiation and are
distinct from those of the DSB repair protein, hRad51. Our data indicate that an irradiated cell is competent
to form either hMre11-hRad50 foci or hRad51 foci, but not both. The multiplicity of hMre11 and hRad50 foci
is much higher in the DSB repair-deficient cell line 180BR than in repair-proficient cells. hMre11-hRad50
focus formation is markedly reduced in cells derived from ataxia-telangiectasia patients, whereas hRad51 focus
formation is markedly increased. These experiments support genetic evidence from Saccharomyces cerevisiae
indicating that Mre11-Rad50 have roles distinct from that of Rad51 in DSB repair. Further, these data indicate
that hMre11-hRad50 foci form in response to DNA DSBs and are dependent upon a DNA damage-induced
signaling pathway.
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duced in cells with mutations in the ATM gene. The ATM
protein mediates signaling functions in the cellular DNA damage response which appear to be important in cell cycle arrest
as well as in the repair of chromosomal damage (13, 52, 57).
These results suggest that the hMre11-hRad50 protein complex functions in DNA DSB repair and that this function is
regulated by a previously identified signal transduction pathway.
MATERIALS AND METHODS

FIG. 1. hMre11 and hRad50 form nuclear foci following treatment with
ionizing radiation. IMR90 primary human fibroblasts were seeded onto glass
slides and either left untreated (a and c) or irradiated with 12 Gy (b and d) and
fixed 8 h postirradiation (see Materials and Methods). Cells were then stained
with anti-hMre11 (a and b) or anti-hRad50 (c and d) antiserum followed by
FITC-conjugated goat anti-rabbit antiserum as described in Materials and Methods.

to 20 foci or .20 foci. In Fig. 6, positive nuclei were categorized as having 5 to
30 foci or .30 foci. For hRad51, a nucleus was considered positive if it contained
at least 10 foci. Nuclear antibody staining was confirmed in each case with DAPI.
Images were captured by using a cooled charge-coupled device (CCD) camera
(Princeton Instruments, Trenton, N.J.), and grayscale images were processed by
using Photoshop 4.0 (Adobe, San Jose, Calif.). Although images were captured
with a CCD camera, all foci were readily observable by eye.
Comet assays. Cells were treated with etoposide or DMSO or were irradiated
with 12 Gy or mock irradiated, trypsinized, and embedded in 1.5 ml of 1%
agarose to yield a final density of approximately 104 cells/slide. Neutral comet
assays were then performed as described previously (55). Comets were viewed
under a final magnification of 3400, and images were captured with a CCD
camera. Image acquisition and analysis were carried out with software written by
one of us (B.E.N.). Percent DSBs remaining was calculated from tail moment
values by using the formula (tail moment at 8 h 2 control tail moment)/(initial
tail moment 2 control tail moment) 3 100. Inquiries about the software should
be directed to B.E.N. (e-mail, benelms@students.wisc.edu).
Immunoblotting, immunoprecipitation, and metabolic labeling. Immunoblot
analyses with hMre11 and hRad50 antisera were carried out as described previously (15). For metabolic labeling, irradiated (12 Gy) and mock-irradiated cells
were labeled at 2 h postirradiation with 80 mCi of [35S]methionine (EasyTag;
NEN, Boston, Mass.) per ml for 6 h longer and then harvested for immunoprecipitation analyses as described previously (15). Immunoprecipitates were fractionated on sodium dodecyl sulfate–7% polyacrylamide gels. Gels were then
fixed for 20 min in 30% methanol–10% acetic acid, incubated in 1 M Na
salicylate for 20 min, and autoradiographed at 280°C. Autoradiograms were
scanned and processed as previously described (15).

RESULTS
hMre11 and hRad50 form nuclear foci in response to ionizing radiation. We have shown that steady-state levels of
hRad50 and hMre11 proteins remain unchanged after gamma
irradiation when assayed by immunoblotting (see Fig. 8a) (15,
45). We used immunofluorescence to investigate whether ionizing radiation induced alterations in the subcellular distribution of hMre11 and hRad50 in the human fibroblast cell line
IMR90. Both hMre11 and hRad50 are abundant proteins that
are uniformly distributed in the nuclei of unirradiated cells
(Fig. 1a and c), with the exception of nucleoli. Following
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Cell lines. IMR90 primary diploid fibroblasts were obtained from the American Type Culture Collection and were used at passages 10 to 15, with equivalent
results. 37Lu primary fibroblasts were also obtained from the American Type
Culture Collection and used at passages 3 to 7. 180BR primary fibroblasts were
obtained from C. Arlett and were used at passages 8 to 13. GM00637G normal
simian virus 40 (SV40)-transformed fibroblasts and the SV40-transformed ataxia-telangiectasia (AT) cell lines GM09607A and GM05849B were obtained from
the Coriell Institute for Medical Research. M059J and M059K cells were obtained from M. J. Allalunis-Turner. Primary fibroblasts were grown in Dulbecco
modified Eagle medium–10% fetal calf serum (FCS), and SV40-transformed
fibroblasts were grown in Dulbecco modified Eagle medium–5% FCS–5% Cosmic Calf serum (Hyclone, Logan, Utah). K562 CML cells (provided by Peggy
Farnham) were grown in RPMI 1640–10% Cosmic Calf serum–1% Pen-Strep–2
mM L-glutamine. All cells were maintained at 37°C in a 5% CO2–95% air
humidified environment. All cells routinely tested negative for mycoplasmas with
the MycoTect kit (Gibco, Grand Island, N.Y.).
Irradiation and drug treatment. Cells were irradiated in a Mark I 137Cs source
at a dose rate of approximately 2.5 Gy/min. UV irradiation was done in a UV
cross-linking instrument (Stratagene, La Jolla, Calif.). For drug treatment, cells
were exposed to etoposide dissolved as a 50% solution in dimethyl sulfoxide
(DMSO) or an equivalent amount of DMSO alone (both from Sigma, St. Louis,
Mo.) in growth medium for 1 h and then washed twice with phosphate-buffered
saline (PBS) before replacement with drug-free medium.
Cell cycle analysis. Cell cycle analysis was performed as described previously
with slight modifications (61) to retain apoptotic cells. Log-phase cells grown on
60-mm-diameter dishes were either untreated (t 5 0 h) or irradiated and fixed at
various time points after irradiation. Cells were trypsinized, collected along with
the used medium, and washed once in PBS. The resulting cell pellet was suspended in 100 ml of 150 mM NaCl–10 mM Tris-HCl (pH 7.0) to which 900 ml of
ice-cold 95% ethanol was added dropwise. Fixed cells were stored at 4°C at least
overnight, pelleted, and washed in phosphate-citrate buffer (192 mM Na2HPO4,
4 mM Na3C6H5O7). The final washed pellet was stained in a solution containing
33 mg of propidium iodide per ml, 0.3 mg of RNase A per ml, and 0.2% Nonidet
P-40 in PBS. Cell cycle analysis was performed on an EPICS Profile II flow
cytometer (Coulter, Miami, Fla.).
Antibodies. Affinity purification of hMre11 and hRad50 rabbit antisera has
been described previously (15). The fluorescent dye Texas Red was directly
conjugated to affinity-purified anti-hMre11 by using a Fluoreporter kit (Molecular Probes, Eugene, Oreg.). Rabbit antiserum directed against hRad51 was a
gift from Charles Radding (Yale University).
Immunofluorescence. Fibroblasts were seeded on Teflon-coated six-well slides
(Cel-Line Associates, Newfield, N.J.) and allowed to adhere for at least 2 days
prior to each experiment. Cells were irradiated or drug treated on slides, fixed at
various time points in ice-cold methanol for 20 min at 220°C, and then permeabilized in ice-cold acetone for 10 s. Following fixation, slides were washed three
times for 5 min each in PBS and blocked in 10% FCS–PBS for 1 h at room
temperature. Slides were incubated for 1 h at 37°C with hMre11 (1:150 dilution),
hRad50 (1:150 dilution), or hRad51 (1:400 dilution) primary rabbit antiserum,
followed by fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit secondary antiserum (1:200 dilution) (Pierce, Rockford, Ill.) for 1 h at 37°C. All
antisera were diluted in 1% bovine serum albumin–PBS. Slides were counterstained with 0.1 mg of DAPI (49,6-diamidino-2-phenylindole) per ml for 1 min,
mounted in antifade solution {2.3% DABCO (1,4-diazabicyclo[2.2.2]octane), 0.1
M Tris-HCl (pH 8.0), 90% glycerol}, and viewed via epifluorescence microscopy.
After each blocking or antibody incubation step described above, slides were
washed in PBS three times for 5 min.
For studies involving Texas Red-conjugated anti-hMre11, detection was performed as described above, followed by a 1-h blocking step as described above
with the addition of a 1:100 dilution of rabbit serum. The slides were washed with
PBS and incubated with Texas Red-conjugated anti-hMre11 (diluted 1:200) prior
to counterstaining and mounting as described above. Differential staining observed with hRad50 and hRad51 antisera in combination with the Texas Redconjugated hMre11 antiserum (see below) demonstrates the specificity of this
staining method.
IRIF quantification and image capture. Foci were scored by eye at a magnification of 3600. At least 200 nuclei per time point were examined for each
antiserum. A nucleus was considered positive for hMre11 or hRad50 IRIF if it
contained at least five discernible foci. Nuclei containing fewer than five foci
were scored as negative; positive nuclei were further categorized as those with 5
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gamma irradiation, both hMre11 and hRad50 formed discrete
nuclear foci (Fig. 1b and d), which are referred to as IRIF.
Nuclear fluorescence was not observed in cells stained either
with preimmune serum or with hMre11 antiserum that had
been previously incubated with bacterially produced hMre11
protein (data not shown). DAPI counterstaining of irradiated
cells indicated that IRIF-containing nuclei were not grossly
aberrant and did not show signs of apoptosis (see Fig. 2c and
3c and f). Flow cytometric analyses of IMR90 cultures irradiated in parallel did not detect a significant population of apoptotic cells (data not shown).
hMre11 and hRad50 IRIF formation was also observed in
the primary fibroblast cell line 37Lu, the glioblastoma cell lines
M059J and M059K (2), HeLa cells (data not shown), and the
SV40-transformed fibroblast cell line GM637 (see Fig. 7a).
hMre11 and hRad50 IRIF colocalize. We previously showed
that hMre11 and hRad50 coimmunoprecipitate with three other proteins from human cell extracts (15). We found that the
apparent stoichiometry and composition of the immunoprecipitated hMre11-hRad50 protein complex were not altered in
extracts prepared from irradiated cells (see Fig. 8b). Accordingly, we used immunofluorescence to ask whether hMre11
and hRad50 IRIF colocalize. Immunofluorescence analysis of
irradiated 180BR fibroblasts was performed with anti-hRad50
antiserum followed by FITC-conjugated goat anti-rabbit antiserum to detect bound antibody. Slides were washed, treated
with blocking solution, and stained with Texas Red-conjugated
anti-hMre11 antiserum. Images of nuclei were first captured
with FITC filters (hRad50) (Fig. 2a), and then images of the
same nuclei were captured with the Texas Red (hMre11) (Fig.
2b) and DAPI (chromatin) (Fig. 2c) filter sets. Merging of the

three images revealed that hMre11 and hRad50 IRIF colocalize within the nucleus (Fig. 2d). Colocalization of hMre11 and
hRad50 IRIF has also been observed in IMR90 and 37Lu
fibroblasts (data not shown).
The human Rad51 homolog, hRad51, has also been shown
to form nuclear foci following DNA damage (23). We determined that hMre11 and hRad51 IRIF do not colocalize. Irradiated IMR90 fibroblasts were stained with anti-hRad51 antiserum and Texas Red-conjugated anti-hMre11 antiserum, as
described above. Contrary to the results we obtained with
anti-hRad50 and Texas Red-conjugated anti-hMre11 antisera,
we observed distinct localization patterns for hRad51 and
hMre11 nuclear foci (Fig. 3). Nuclei that contain hRad51 foci
(Fig. 3a) did not contain hMre11 IRIF (Fig. 3b). Conversely,
nuclei positive for hMre11 IRIF (Fig. 3e) did not contain
hRad51 foci (Fig. 3d). In two independent experiments (792
nuclei examined), 123 nuclei were hRad51 IRIF positive, 236
nuclei were hMre11 IRIF positive, and none were positive for
both types of IRIF. Therefore, irradiated fibroblasts that contained nuclear foci were positive for either hMre11 foci or
hRad51 foci, but not both.
hMre11 and hRad50 IRIF are specific to DNA DSBs and
form in a dose-dependent manner. Based on the involvement
of yeast Mre11 and Rad50 in DSB repair and the lack of
hMre11-hRad50 foci in unirradiated cells, we postulated that
hMre11 and hRad50 IRIF were formed specifically in response
to ionizing-radiation-induced DNA DSBs. Ionizing radiation
has been shown to induce DNA DSBs in a dose-dependent,
linear fashion (43, 53). We examined the dose dependence
of hMre11-hRad50 IRIF formation in IMR90 cells. Cells
were irradiated with 4, 8, or 12 Gy and evaluated at
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FIG. 2. hMre11 and hRad50 IRIF colocalize. 180BR primary human fibroblasts were irradiated with 8 Gy and fixed at 8 h postirradiation. Cells were stained with
anti-hRad50 followed by Texas Red-conjugated anti-hMre11 (see Materials and Methods). Images of the same nucleus were captured under FITC (hRad50) (a), Texas
Red (hMre11) (b), and DAPI (chromatin) (c) filters and merged (d) in Adobe Photoshop 4.0.
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8 h postirradiation. Nuclei were then scored for the number of
observed hMre11 IRIF and placed in three categories: less
than 5 (negative), 5 to 20, or .20 IRIF per nucleus. We found
that the mean number of IRIF in the 5-to-20 class increased
with the radiation dose (Fig. 4), as did the number of nuclei
that fell into the .20 class (see Fig. 4 legend). An average of
6 IRIF per positive nucleus were observed at a dose of 4 Gy,
and this increased to an average of over 12 IRIF per positive
nucleus after 12 Gy. The percentage of nuclei that contained
hMre11 IRIF also increased with the dose (Fig. 4), from less
than 10% after 4 Gy to over 50% after 12 Gy.
We analyzed the response of hMre11 and hRad50 to other
DNA-damaging agents to define the types of lesions that lead
to IRIF formation. IMR90 fibroblasts were treated with the
topoisomerase II inhibitor etoposide, a potent inducer of DNA
DSBs (11, 70). Etoposide treatment (100 mg/ml) induced the
formation of hMre11 foci indistinguishable from IRIF; 28% of
nuclei examined were positive for foci at 8 h posttreatment
(Table 1). Control cells treated with DMSO alone did not
exhibit foci. We used the neutral comet assay (55) to show that
this etoposide dose induced DNA DSBs and that 69% of these
breaks remained unrepaired at 8 h posttreatment (Table 1). In
contrast to ionizing radiation and etoposide treatment, no
hMre11 or hRad50 foci were observed following UV irradiation at a dose of 16 J/m2 (data not shown). This evidence
suggests that hMre11-hRad50 IRIF form specifically in response to DNA DSBs.

FIG. 4. IRIF formation is dose dependent. Log-phase IMR90 fibroblasts
were irradiated with the indicated dose, fixed at 8 h following treatment, and
stained with anti-hMre11 (see Materials and Methods). Nuclei were then scored
for the presence of IRIF as described in Materials and Methods. Bars indicate
the percentage of IRIF-positive nuclei (those with $5 foci; left axis), plotted
versus radiation dose. Total number of nuclei examined for each dose: 0 Gy,
1,009; 4 Gy, 317; 8 Gy, 470; 12 Gy, 409. For the line graph, positive nuclei were
separated into two classes: I, 5 to 20 foci/nucleus, and II, .20 foci/nucleus. The
mean number of foci in class I was plotted (right axis) versus radiation dose.
Error bars represent one standard deviation. For each dose, class II nuclei (not
shown) represent 8, 34, and 45% of the total number of positive nuclei for 4, 8,
and 12 Gy, respectively.

Downloaded from http://mcb.asm.org/ on October 19, 2019 by guest

FIG. 3. hRad51 and hMre11 foci do not colocalize. IMR90 primary fibroblasts were irradiated with 12 Gy and fixed at 8 h postirradiation. Cells were then stained
with anti-hRad51 followed by Texas Red-conjugated anti-hMre11 (see Materials and Methods). Images of nuclei were captured under FITC (hRad51) (a and d), Texas
Red (hMre11) (b and e), and DAPI (chromatin) (c and f) filters. The images in panels a to c are of the same nucleus, as are those in panels d to f. hRad51
immunostaining was negligible in cells without nuclear foci, as reported previously (23).
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TABLE 1. DNA damage and IRIF formation
Cell line

IMR90
180BR
GM637
GM9607

% Initial DSBs remaining following treatmentb
(% hMre11 IRIF-positive nucleia)
DMSO

Etoposide

12 Gy of IRc

0 (,1)
—d
—
—

69 6 16 (28)
—
—
—

12 6 18 (45)
100 6 18 (45)
,1 6 15 (24)
48 6 13 (24)

a

Percentage of nuclei with five or more foci at 8 h after treatment.
Determined by neutral comet assay at 8 h after treatment (see Materials and
Methods). Results are means 6 standard deviations.
c
IR, ionizing radiation.
d
—, not determined.
b

FIG. 5. Kinetics of IRIF formation. Log-phase IMR90 fibroblasts were either
untreated (t 5 0) or irradiated with 12 Gy and fixed at the indicated times
postirradiation. Cells were then stained independently for either hMre11,
hRad50, or hRad51 and scored for the presence of IRIF (see Materials and
Methods). The percentage of IRIF-positive nuclei ($5 foci for hMre11 or
hRad50; $10 foci for hRad51) was plotted versus time after irradiation. Dark
bars, hRad50; light bars, hMre11; stippled bars, hRad51. The total number of
nuclei examined at each time for each antibody is indicated.

FIG. 6. Multiplicity of hMre11 and hRad50 IRIF in 180BR. Log-phase
180BR fibroblasts were irradiated with 12 Gy and fixed at 8 h postirradiation as
described in Materials and Methods. Cells were then stained for either hMre11
or hRad50 and scored for IRIF as described in Materials and Methods. Positive
nuclei were categorized as having either 5 to 30 IRIF or .30 IRIF. IMR90 cells
from the 8-h time point in Fig. 5 were scored for IRIF similarly. Dark bars,
hMre11, 5-30 foci; cross-hatched bars, hMre11, .30 foci; light bars, hRad50, 5 to
30 foci; hatched bars, hRad50, .30 foci. For 180BR, 243 and 281 total nuclei
were scored for hRad50 and hMre11 IRIF, respectively.

the persistence of DNA DSBs in this cell line would alter the
hMre11-hRad50 IRIF response. The multiplicity of IRIF in
180BR cells was increased for both hMre11 and hRad50 (Fig.
6), as measured by the number of IRIF observed in positive
nuclei. Whereas only 12% of IMR90 cells that were positive for
IRIF at 8 h after 12 Gy had greater than 30 foci per positive
nucleus, 77% of 180BR cells at the equivalent time and dose
exhibited greater than 30 foci per positive nucleus. Neutral
comet assays carried out on irradiated 180BR cells confirmed
that the majority of initial DSBs were unrepaired at 8 h postirradiation (Table 1). In contrast, greater than 90% of the
initial DSBs were repaired by 8 h in IMR90 fibroblasts. Immunoblotting and immunoprecipitation analyses revealed that
hMre11 and hRad50 expression and interaction appeared normal in 180BR cells and were unchanged with ionizing radiation
(see Fig. 8a; data not shown). Consistent with the previously
observed exclusivity of hMre11-hRad50 and hRad51 IRIF formation, the percentage of hRad51 IRIF-positive nuclei was
reduced in 180BR relative to that in IMR90 (data not shown).
We also examined IRIF formation in cell lines derived from
patients with the disease AT. Cells from AT patients have
mutations in the ATM gene, which encodes a PI-3-like protein
kinase (33, 36, 66). ATM mutant cells do not appear to be DSB
repair deficient per se; rather, they appear to be deficient in
signaling the presence of DNA damage. As a result, AT cells
exhibit radioresistant DNA synthesis and are sensitive to killing by ionizing radiation (26, 38, 46, 56). To examine the
dependence of hMre11 and hRad50 IRIF formation on the
ATM-controlled response to DNA damage, we compared the
kinetics of hMre11 and hRad50 IRIF formation in two SV40transformed AT cell lines, GM5849 and GM9607, to those in
the SV40-transformed normal human cell line GM637. When
stained independently for either hMre11 or hRad50, IRIFpositive nuclei were observed in 25% of the GM637 cells examined at 10 h after 12 Gy, whereas the hMre11 and hRad50
response in both AT cell lines was drastically reduced (Fig. 7a).
No more than 4% of nuclei were positive for hRad50 IRIF at
any time in either AT cell line tested. For hMre11, we observed
a maximum of 6.8% of nuclei that contained hMre11 IRIF in
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We determined the time course of IRIF formation following
exposure to ionizing radiation. Log-phase IMR90 fibroblasts
were irradiated with 12 Gy and fixed at 4, 8, and 24 h postirradiation. Independent slides were stained for hMre11 or
hRad50. The percentage of nuclei with hMre11 and hRad50
IRIF increased to a maximum of greater than 60% at 8 h
postirradiation, with a subsequent decrease in the percentage
of IRIF-positive cells by 24 h (Fig. 5). Similar kinetics have
been observed in other DSB repair-proficient cells (see below).
We also examined the kinetics of hRad51 ionizing-radiationinduced foci (Fig. 5) and found that 32% of nuclei were positive for hRad51 foci at 4 and 8 h. These results were similar to
those reported previously (23) but distinct from those for
hMre11 and hRad50.
The hMre11-hRad50 IRIF response is altered in DNA DSB
repair-deficient and cell cycle checkpoint mutant cells. We
tested whether hMre11 and hRad50 IRIF formation was altered in the cell line 180BR, which is acutely sensitive to the
effects of ionizing radiation (4). Due to a defect in the ability to
repair DNA DSBs, the half-life of DSBs is extended in 180BR
relative to that in repair-proficient cells (3). We tested whether
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DISCUSSION
Immunofluorescence analysis in situ offers a way to correlate
various metabolic processes with the locations of specific proteins and has provided evidence that certain functions may be

FIG. 7. Time course of IRIF formation in SV40-transformed normal and AT
cell lines. (a) Log-phase normal (GM637) and AT (GM5849 and GM9607) cells
were irradiated with 12 Gy or untreated (t 5 0) and fixed at the indicated times
after irradiation. Cells were then stained independently with anti-hMre11 or
anti-hRad50 and scored for IRIF (see Materials and Methods). The percentage
of IRIF-positive cells was plotted versus time after irradiation. Dark bars,
hRad50; light bars, hMre11. Over 300 nuclei from each cell line were examined
at each time point for both antibodies. (b) Time course of hRad51 IRIF formation. GM637, GM5849, and GM9607 cells were irradiated as described above,
stained with anti-hRad51, and scored for hRad51 IRIF as indicated in Materials
and Methods. The percentage of hRad51 focus-positive nuclei was plotted versus
time after irradiation. Over 300 nuclei from each cell line were examined per
time point.

GM5849. In GM9607, the percentage of hMre11 IRIF-positive
nuclei was similar to that in GM637, but the GM9607 hMre11
foci were atypical in size and fluorescence intensity. This difference presumably reflects the absence of hRad50 in the
hMre11 IRIF (data not shown). Importantly, hRad50 and
hMre11 are present at normal levels in GM9607, and their
abundance is unaffected by irradiation (Fig. 8a). In addition,
irradiation does not induce alteration of the apparent stoichiometry of the hMre11-hRad50 complex (Fig. 8b). Approximately 47% of the initial DSBs were unrepaired in irradiated
GM9607 cells, compared to less than 1% unrepaired DSBs in
irradiated GM637 control cells (Table 1).
Since the AT cell lines we examined were deficient in the
hMre11-hRad50 IRIF response, we questioned whether AT
cells were also deficient in the hRad51 focus-forming response
to ionizing radiation. We used anti-hRad51 antiserum to ex-

FIG. 8. (a) hMre11, hRad50, and hRad51 expression following treatment
with ionizing radiation. Log-phase cells were irradiated or mock irradiated (as
indicated) and harvested for immunoblot analysis at 8 h postirradiation. Wholecell extracts from 2 3 105 cells were loaded in each lane. The same blot was
serially probed with the indicated antisera as described in Materials and Methods. 637, GM637, normal SV40-transformed fibroblasts; 9607, GM9607, SV40transformed AT fibroblasts; 180BR, untransformed DSB repair-deficient fibroblasts; IMR90, untransformed normal fibroblasts. We have shown that hRad51
expression is normal in 180BR and IMR90 cells (data not shown); the abundance
of hRad51 in these primary fibroblasts is too low to be detected in this experiment. (b) The hMre11-hRad50 complex is not altered by ionizing radiation.
GM637, GM9607, and K562 cells were irradiated or mock irradiated and metabolically labeled with [35S]methionine, as described in Materials and Methods.
Extracts were prepared at 8 h postirradiation, immunoprecipitated with antihMre11 antiserum (a-hM11) and autoradiographed. Control immunoprecipitations with preimmune serum (PI) were identical for GM637 cells (shown) and
GM9607 cells (not shown). Proteins specific to hMre11 immunoprecipitates are
labeled as in reference 15. Immunoprecipitates of both preimmune serum and
anti-hMre11 antiserum from SV40-transformed fibroblasts contain an abundant
200-kDa nonspecific band that obscures the protein termed p200 (15) (compare
to K562 cells). The unirradiated K562 lane has been published previously (15).
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amine the kinetics of hRad51 focus formation in AT cells.
GM637 cells exhibited a normal hRad51 response following
gamma irradiation (Fig. 7b) (23). At 24 h postirradiation, only
10% of GM637 cells were positive for hRad51 foci. However,
in contrast to hMre11 and hRad50 IRIF formation, 45 and
75% of the GM5849 and GM9607 AT cells, respectively, were
positive for hRad51 at 24 h (Fig. 7b). hRad51 protein levels are
increased in SV40-transformed normal and AT cells relative to
those in 180BR and IMR90 primary fibroblasts (Fig. 8a), but
the abundance of hRad51 in GM637 and GM9607 cells is
unaffected by irradiation (Fig. 8a). Flow cytometry profiles
indicated that the majority of AT cells had accumulated in
G2/M at 24 h following irradiation (data not shown), as observed previously (18). Thus, AT cells failed to respond to
ionizing radiation with hMre11-hRad50 foci but maintained a
distinct and elevated hRad51 IRIF response.
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hMre11 and hRad50 IRIF (Fig. 2) is consistent with the idea
that hMre11 and hRad50 function together in a protein complex during DSB repair (15). hMre11 (and therefore hRad50)
IRIF form independently of hRad51 IRIF (Fig. 3), consistent
with our finding that hRad51 is not coimmunoprecipitable with
the hMre11-hRad50 complex (45). Further supporting the
functional distinction between hRad51 and hMre11-hRad50 is
that hRad51 forms nuclear foci in undamaged cells in the S
phase of the cell cycle (69, 75), whereas hMre11-hRad50 foci
form only in response to DNA damage. Thus, the focus-forming response of these DSB repair proteins confirms the expectation from S. cerevisiae that hMre11-hRad50 and hRad51
mediate distinct functions in DNA metabolism and repair.
IRIF formation is not uniform in the irradiated population.
hMre11-hRad50 and hRad51 IRIF do not form in the same
nuclei (Fig. 3), indicating that a given cell in the irradiated
population is competent to form only one class of focus. This
result may suggest that a given irradiated cell is restricted to
either homologous recombination or nonhomologous end joining for the repair of DSBs. hMre11-hRad50 or hRad51 IRIF
formation may be governed by cell cycle status. Analysis of
DSB repair-deficient rodent cells demonstrate the existence of
distinct, cell cycle-specific pathways of DSB repair (22, 74).
Further, the requirement for a sister chromatid in homologous
recombination suggests that this mode of DSB repair would be
preferentially utilized in S/G2. We used asynchronous fibroblast cultures in our experiments. The maximal percentage of
hMre11 and hRad50 IRIF-positive cells roughly corresponds
to the percentage of cells in G1 at the time of irradiation (data
not shown). Similarly, the percentage of cells in which hRad51
foci are observed roughly corresponds to the initial G2 population. This correlation is supported by the observation that
hRad51 expression is restricted to the S and G2 phases of the
cell cycle (17, 80). Furthermore, recent work has demonstrated
that synchronized CHO cells irradiated in G1 do not form
hRad51 IRIF (8a).
The formation of hMre11-hRad50 versus hRad51 foci also
appears to be governed by other factors. The percentage of
hMre11-hRad50 IRIF-positive nuclei increases as a function of
dose (Fig. 4). Dose dependence has similarly been observed for
hRad51 foci (23). Thus, IRIF formation depends upon the
initial state of the cell, as well as a state that is induced by DNA
damage in a dose-dependent fashion.
IRIF formation is altered in AT cells. The ATM gene encodes a PI-3-like protein kinase that mediates signal transduction functions upstream of p53 in the DNA damage response
(33, 35–37, 66). Loss of ATM signaling function in AT cells
impairs cell cycle checkpoint regulation and leads to ionizing
radiation sensitivity (52). The radiosensitivity of AT cells cannot be attributed solely to the lack of checkpoint regulation;
increased chromosomal damage is observed in cells held in
G0/G1 (13, 57), and chemically induced cell cycle arrest fails to
mitigate the ionizing radiation sensitivity of AT cells (42).
These data suggest that ATM controls the processing of chromosomal damage in parallel with its function(s) in cell cycle
regulation (46, 52). In this study, we demonstrated that
hMre11 and hRad50 IRIF formation is markedly reduced in
both AT mutant cell lines we tested but that the hRad51 IRIF
response is highly elevated (Fig. 7). Both homologous recombination and nonhomologous end joining are utilized in mammalian DSB repair. If signaling by ATM is important for the
function of the hMre11-hRad50 protein complex in the repair
of chromosomal damage, the dramatically increased hRad51
response may indicate that DSBs normally repaired by the
hMre11-hRad50 protein complex must be repaired by homologous recombination in AT cells. Interestingly, the spontane-
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regulated by their association with particular sites or structures
within the nucleus. Immunofluorescence has been used to describe compartmentalization of nuclear proteins of unknown
function into novel focal structures (e.g., PML [16, 79]; polymorphic interphase karyosomal association [PIKA] [65]) and
has provided evidence that diverse processes, including DNA
replication (27), RNA splicing (20), and DNA repair (23, 48,
58, 76), may be compartmentalized within the nucleus. This
experimental approach has also uncovered previously unsuspected roles for certain proteins, such as BRCA1, ATM, and
ATR, in meiosis (36, 69).
In this study, we used immunofluorescence to describe the
redistribution of hMre11 and hRad50 to discrete foci within
the nucleus following DNA damage. We have demonstrated
that hRad50 and hMre11 steady-state protein levels are not
altered following ionizing radiation or by changes in cell cycle
position (Fig. 8a) (15, 45). Therefore, IRIF formation results
from changes in the location rather than the abundance of
hMre11 or hRad50. The hMre11-hRad50 IRIF response is a
dose-dependent, dynamic process. We observed that hMre11
and hRad50 IRIF colocalize, whereas hMre11 and hRad51
foci do not, supporting genetic evidence of their independent
roles in DSB repair (59). The formation of hRad50-hMre11
and hRad51 foci is altered in cell lines deficient in the cellular
response to DNA damage. These studies suggest that the localization of recombinational DNA repair proteins to discrete
nuclear foci is part of the normal DNA damage response.
IRIF formation is dependent upon DSBs. We demonstrated
that hMre11-hRad50 foci are specifically induced by DNA
DSB-inducing agents (Fig. 1; Table 1). The induction of DNA
DSBs by ionizing radiation is linearly dependent upon the
radiation dose (43, 53). The number of IRIF per nucleus also
increases with dose (Fig. 4), indicating that the number of
DNA DSBs initially formed determines the multiplicity of the
hMre11-hRad50 IRIF response. Treatment with etoposide,
which induces DNA DSBs by trapping topoisomerase II complexes (11, 70), also induced hMre11 foci. Etoposide preferentially induces damage in S and G2 (12), presumably due to
higher expression of topoisomerase II during the S and G2
phases (25, 28). The number of hMre11 focus-positive nuclei
following etoposide treatment corresponded approximately to
the percentage of S- and G2-phase cells in log-phase IMR90
fibroblasts (data not shown). These observations support the
interpretation that IRIF formation is dependent upon the induction of DSBs.
This assertion is further supported by the hMre11-hRad50
IRIF response in the DSB repair-deficient cell line 180BR.
Ionizing radiation-induced DSBs in 180BR cells are 6- to 10fold-longer-lived than those in normal cells, and these cells are
extremely sensitive to the induction of chromosome aberrations by ionizing radiation ($45% aberrant metaphases induced by 2 Gy) (3, 4). The molecular defect in this cell line is
unknown; however, hMre11 and hRad50 expression and interaction are unaltered in 180BR cells (45). The persistence of
unrepaired DSBs in 180BR cells at the time point examined (8
h) (Table 1) thus results in greater numbers of hMre11hRad50 IRIF in these cells (Fig. 6). Together, our results are
consistent with the hypothesis that hMre11-hRad50 foci form
following the induction of DSBs and argue that focus formation reflects hMre11-hRad50 function in the normal cellular
response to DSBs.
Independent formation of hMre11-hRad50 and hRad51
IRIF. Genetic analyses with S. cerevisiae indicate that there is
minimal functional overlap in the proteins that mediate homologous recombination (e.g., Rad51) and nonhomologous
end joining (e.g., Mre11 and Rad50) (59). Colocalization of
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ous rate of homologous recombination in AT cells appears to
be significantly increased (47). The data presented here support the hypothesis that the increased sensitivity of AT cells to
cell killing and induction of chromosome aberrations following
ionizing radiation treatment is at least partially attributable to
misregulation of DSB repair processes.
In this regard, it is important that hMre11-hRad50 and
hRad51 IRIF are not dependent on p53, as IRIF form in cells
with virally inactivated p53 (Fig. 7 and data not shown) (40,
67). This implies a direct link between DSB repair and the
ATM signaling pathway that is upstream of p53 cell cycle
checkpoint functions. The existence of such a link is also supported by the observation that chromosome aberrations are
induced by ionizing radiation in noncycling AT cells (13, 52).
hMre11-hRad50 IRIF are also independent of DNA-PKCS,
which is implicated in nonhomologous end joining (31).
hMre11-hRad50 IRIF were observed in DNA-PKCS-null cells
(M059J) and DNA-PKCS-positive cells (M059K) (data not
shown) (2, 39). Further, we have shown that DNA-PKCS and
Ku proteins do not coimmunoprecipitate with the hMre11hRad50 protein complex (45).
The kinetics of IRIF formation resemble those of misrepair
and chromosome rearrangement. Previous studies utilizing
IMR90 fibroblasts and other repair-proficient cells demonstrate two kinetically distinct modes of DSB repair: a fast
component in which .75% of initial DSBs are repaired and a
slow component (14, 43, 53). Utilizing a hybridization-based
assay, Lobrich et al. determined that the slower-rejoining component consisted of primarily incorrect rejoining events and
proceeded over a period of 2 to 48 h postirradiation (43).
Premature chromosome condensation assays, in conjunction
with fluorescent in situ hybridization, have been used to examine the kinetics of chromosome exchanges and DSB rejoining
in irradiated normal fibroblasts. The data suggest that the
number of cells with multiple chromosomal exchange events
reaches a maximum between 6 to 12 h after irradiation with 10
Gy (10). hMre11-hRad50 IRIF formation follows similar kinetics, with maximal induction at 8 h postirradiation (Fig. 5).
In this study, we used neutral comet analyses to confirm that
maximal IRIF formation occurs after the majority of DSBs are
repaired (Table 1). Thus, whereas the induction of IRIF is
dependent upon DSBs, hMre11-hRad50 IRIF may not show a
strict relationship with DSBs per se. Given the proposed function of hMre11-hRad50 in recombinational DNA repair and
the dependence of IRIF on the prior induction of DNA DSBs,
hMre11-hRad50 IRIF may correspond to these exchange or
misrepair events.
Conclusion. These studies support the inferred role of the
hMre11-hRad50 protein complex in DSB repair. We have established that hMre11-hRad50 IRIF form as part of the normal cellular response to DNA damage. Within an asynchronous culture, cells appear to be committed to the formation of
either hMre11-hRad50 or hRad51 IRIF, suggesting a commitment to either nonhomologous end joining or homologous
recombination for the repair of DSBs. The hMre11-hRad50
IRIF response is abrogated in AT cells but is unaffected by loss
of p53. This may suggest a p53-independent function for ATM
that is directly linked to the regulation of recombinational
DNA repair. Further assessment of the function of hMre11hRad50 IRIF awaits the ability to identify DNA DSBs in situ
and thereby localize hMre11-hRad50 IRIF to sites of damage.
Elucidation of the biochemical activities and composition of
the hMre11-hRad50 protein complex will also provide important insight.
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