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Dsbs induced by Dna damaging agents or during genome duplication are 
hazardous because interactions between Dna ends from different Dsbs can 
produce tumorigenic chromosome translocations (1). although much is known 
about Dsb repair, less is known about how ends from different Dsbs meet (2). 
Two theories have been advanced to describe this event. The “contact-first” 
theory proposes that interactions between unrelated chromosome breaks can 
take place only when the breaks are created in chromatin fibers that colocalized 
at the time of Dna damage induction (3). The “breakage-first” theory assumes 
that breaks formed at distant locations can subsequently be brought together 
to produce translocations (4). The breakage-first theory predicts that Dsbs 
should move over large distances in the nucleus before interacting. Whether 
such extensive migration and subsequent interaction of Dsbs can actually 
occur is unclear (5–7).
by exposing cells to α-particles from a radiation source positioned alongside 
the cells (8), we introduced near-horizontal linear Dsb tracks (9–12). Potential 
movements of the Dsbs relative to each other should result in distortion of 
their initial pattern. Dsbs were visualized by immunodetection of histone H2aX 
phosphorylation (Fig. 1), resulting in γH2aX, which rapidly expands through 
chromatin on both sides of a Dsb (13, 14). changes in the spatial distributions 
of Dsbs were studied by analyzing track morphology at various intervals after 
exposure to α-radiation. The linear tracks in Hela nuclei at 2.5 min after impact 
closely approximated the trajectories of the α-particles through the nucleus. in 
these tracks, individual chromosome domains containing γH2aX (γH2aX-cD) 
could be observed (Fig. 1a). The average track length was 10.1 ± 2.8 µm, and 

interactions between ends from different Dna double-strand breaks 
(Dsbs) can produce tumorigenic chromosome translocations. Two theories 
for the juxtaposition of Dsbs in translocations, the static “contact-first” 
and the dynamic “breakage-first” theory, differ fundamentally in their 
requirement for Dsb mobility. To determine whether or not Dsb-containing 
chromosome domains are mobile and can interact, we introduced linear 
tracks of Dsbs in nuclei. We observed changes in track morphology within 
minutes after Dsb induction, indicating movement of the domains. in a 
subpopulation of cells, the domains clustered. Juxtaposition of different 
Dsb-containing chromosome domains through clustering, which was most 
extensive in g1 phase cells, suggests an adhesion process in which we 
implicate the Mre11 complex. our results support the breakage-first theory 
to explain the origin of chromosomal translocations.
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the average number of γH2aX foci was 22 ± 2 per 10 µm. changes in track 
morphology could be observed within 5 min after exposure when the cells were 
maintained at 37°c. at 21°c, track modifications were inhibited, indicating that 
track reorganization is not solely due to passive diffusion. We classified tracks 
into two main groups on the basis of differences in their morphological changes 
over time. in one group, γH2aXcDs along the tracks clustered (Fig. 1, b to e), 
whereas the other group of tracks contained only nonclustering γH2aX-cDs 
(Fig. 1, F and g).
The fraction of tracks with γH2aX-cD clusters is presented in Table 1 as group 
i. at 5 to 10 min after exposure, stretches devoid of γH2aX-cDs appeared in 
these tracks (Fig. 1b), and at 15 min most of the γH2aX-cDs had congregated 
into small clusters (Fig. 1c). The clustering process continued for more than 60 
min (Fig. 1, D and e). group i tracks could be divided into two subgroups. in 
tracks of subgroup ia, all the γH2aX-cDs were contained in three to five large 
clusters. no separate γH2aX-cDs were present in these tracks. subgroup ib 
tracks contained a mixture of clustered and separate nonclustered γH2aX-cDs.
We propose that the formation of γH2aX-cD clusters and the emergence 
of vacant stretches in group i tracks are due to movement of γH2aX-cDs. 
individual γH2aX-cDs could still be distinguished in the clusters of some group 
i tracks (Fig. 1e).

time after 
irradiation 
(min)

Group I:  
tracks with γh2ax-CD clusters

Group II: tracks without 
γh2ax-CD clusters other

Sub-group Ia: 
Clusters only

Sub-group Ib: 
Clusters and 
non-clusters

total 
(%)

total  
(%)

- + - + - + %

0 0 0 0 0 0 97 3 100 0

15 6 0 0 0 6 73 16 89 5

30 19 0 0 7 26 39 25 64 10

60 38 0 0 12 50 2 31 33 17

120 24 0 0 23 47 0 36 36 17

180 26 0 0 46 72 0 9 9 19

table 1. Quantification of α-particle induced γH2aX-cD track morphology and rad51 
colocalization in Hela cells as a function of time after irradiation. Displayed are the per-
centages of tracks observed within the indicated categories; the absence (–) or presence 
(+) of rad51 foci is denoted for each. Tracks in the category “other” could not be clas-
sified unambiguously as group i or ii. at least 100 tracks per time point were analyzed.
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The total number of γH2aX-cDs in these clustered tracks was 20 ± 7 foci per 
10 µm at 30 min. This is close to the number found in the linear tracks analyzed 
immediately after irradiation, supporting the argument that clusters are formed 
by relocation of γH2aX-cDs. analysis of the tracks revealed that seven or more 
γH2aX-cDs, separated by distances of several µm, could be brought together 
to form a cluster.
in contrast to group i tracks, group ii tracks consisted exclusively of nonclustering 
γH2aX-cDs (Fig. 1, F and g). The patterns in this group varied from linear 
to scattered. The scattering of γH2aX-cDs in these tracks demonstrates that 
γH2aX-cDs can move within a limited range, notwithstanding their attachments 
to neighboring chromosome domains. We observed nonclustering tracks with 
γH2aX-cDs that had moved up to ~2 µm away from the linear track (Fig. 1g). 
The extent of movement is of the same order as that observed for mobile 

By exposing cells to � particles from a
radiation source positioned alongside the
cells (8), we introduced near-horizontal
linear DSB tracks (9–12). Potential move-
ments of the DSBs relative to each other
should result in distortion of their initial
pattern. DSBs were visualized by im-
munodetection of histone H2AX phospho-
rylation (Fig. 1), resulting in �H2AX,
which rapidly expands through chromatin
on both sides of a DSB (13, 14 ). Changes
in the spatial distributions of DSBs were
studied by analyzing track morphology at
various intervals after exposure to �
radiation. The linear tracks in HeLa nuclei
at 2.5 min after impact closely approx-
imated the trajectories of the � particles

through the nucleus. In these tracks, indi-
vidual chromosome domains containing
�H2AX (�H2AX-CD) could be observed
(Fig. 1A). The average track length was
10.1 � 2.8 �m, and the average number of
�H2AX foci was 22 � 2 per 10 �m.
Changes in track morphology could be ob-
served within 5 min after exposure when
the cells were maintained at 37°C. At
21°C, track modifications were inhibited,
indicating that track reorganization is not
solely due to passive diffusion. We classi-
fied tracks into two main groups on the
basis of differences in their morphological
changes over time. In one group, �H2AX-
CDs along the tracks clustered (Fig. 1, B to
E), whereas the other group of tracks con-

tained only nonclustering �H2AX-CDs
(Fig. 1, F and G).

The fraction of tracks with �H2AX-CD
clusters is presented in Table 1 as Group I. At
5 to 10 min after exposure, stretches devoid
of �H2AX-CDs appeared in these tracks
(Fig. 1B), and at 15 min most of the �H2AX-
CDs had congregated into small clusters (Fig.
1C). The clustering process continued for
more than 60 min (Fig. 1, D and E). Group I
tracks could be divided into two subgroups.
In tracks of Subgroup Ia, all the �H2AX-CDs
were contained in three to five large clusters.
No separate �H2AX-CDs were present in
these tracks. Subgroup Ib tracks contained a
mixture of clustered and separate nonclus-
tered �H2AX-CDs.

We propose that the formation of
�H2AX-CD clusters and the emergence of
vacant stretches in Group I tracks are due to
movement of �H2AX-CDs. Individual
�H2AX-CDs could still be distinguished in
the clusters of some Group I tracks (Fig. 1E).
The total number of �H2AX-CDs in these
clustered tracks was 20 � 7 foci per 10 �m at
30 min. This is close to the number found in
the linear tracks analyzed immediately after
irradiation, supporting the argument that
clusters are formed by relocation of �H2AX-
CDs. Analysis of the tracks revealed that
seven or more �H2AX-CDs, separated by
distances of several �m, could be brought
together to form a cluster.

In contrast to Group I tracks, Group II
tracks consisted exclusively of noncluster-
ing �H2AX-CDs (Fig. 1, F and G). The
patterns in this group varied from linear to
scattered. The scattering of �H2AX-CDs in
these tracks demonstrates that �H2AX-CDs
can move within a limited range, notwith-
standing their attachments to neighboring
chromosome domains. We observed non-
clustering tracks with �H2AX-CDs that
had moved up to �2 �m away from the
linear track (Fig. 1G). The extent of move-
ment is of the same order as that observed
for mobile chromosomal loci that do not
contain DSBs (15). The movement of the

Fig. 1. Changes in spatial distributions
of DSBs in time. (A) Distributions of
�H2AX-CDs in HeLa nuclei 2.5 min af-
ter exposure to � radiation. (B to D)
�H2AX-CD distributions in clustering
tracks 7.5 min, 15 min, and 60 min after
irradiation. (E) Multiple individual
�H2AX-CDs, three of which are indicat-
ed by an arrow, can be observed in
single clusters. (F and G) Distributions
of �H2AX-CDs in nonclustering tracks
30 min and 180 min after irradiation.
DNA was stained with Hoechst 33342
(blue). DSB-containing chromosome
domains were visualized with �H2AX
antibodies (red). The small �H2AX foci
in the background are indicative of S-
phase cells (24). Tracks with similar
general characteristics were also ob-
served in normal human primary fibro-
blasts (table S1) and Chinese hamster
ovary cells. Scale bars, 2 �m.

Table 1. Quantification of � particle–induced �H2AX-CD track morphology
and Rad51 colocalization in HeLa cells as a function of time after irradiation.
Displayed are the percentages of tracks observed within the indicated cate-

gories; the absence (–) or presence (�) of Rad51 foci is denoted for each.
Tracks in the category “Other” could not be classified unambiguously as
Group I or II. At least 100 tracks per time point were analyzed.

Time after irradiation (min)

Group I: tracks with �H2AX-CD clusters Group II: tracks without �H2AX-CD clusters Other (%)

Subgroup Ia:
clusters only

Subgroup Ib:
clusters and
nonclusters

- � - � Total (%) - � Total (%)

0 0 0 0 0 0 97 3 100 0
15 6 0 0 0 6 73 16 89 5
30 19 0 0 7 26 39 25 64 10
60 38 0 0 12 50 2 31 33 17
120 24 0 0 23 47 0 36 36 17
180 26 0 0 46 72 0 9 9 19
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Fig. 1. changes in spatial dis-
tributions of Dsbs in time. (a) 
Distributions of γH2aX-cDs 
in Hela nuclei 2.5 min after 
exposure to α-radiation. (b 
to D) γH2aX-cD distribu-
tions in clustering tracks 7.5 
min, 15 min, and 60 min 
after irradiation. (e) Multiple 
individual γH2aX-cDs, three 
of which are indicated by an 
arrow, can be observed in 
single clusters. (F and g) Dis-
tributions of γH2aX-cDs in 
nonclustering tracks 30 min 
and 180 min after irradia-
tion. Dna was stained with 
Hoechst 33342 (blue). Dsb-
containing chromosome 
domains were visualized 
with γH2aX antibodies (red). 
The small γH2aX foci in the 
background are indicative of 
sphase cells (24). Tracks with 
similar general characteris-
tics were also observed in 
normal human primary fibro-
blasts (table s1) and chinese 
hamster ovary cells. scale 
bars, 2 µm.
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chromosomal loci that do not contain Dsbs (15). The movement of the γH2aX-
cDs was sufficient to produce multiple contacts between the γH2aX-cDs in the 
majority of the tracks, but this rarely led to aggregation of the domains.
next, we investigated the relation between γH2aX-cD clustering and cell cycle 
phase by analyzing Dsb tracks together with the signal of the Dna replication 
marker proliferating cell nuclear antigen. The majority of the clustered group 
i tracks (83%) was found in g1 phase cells. Most of the nonclustered group 
ii tracks (67%) occurred in s and g2 phase cells. given the interval of 60 min 
between Dsb induction and cell fixation, clustering is most prevalent in pre–s-
phase cells. The absence of clustering in tracks with mobile γH2aX-cDs (Fig. 
1, F and g) indicates that chromatin movement is not the only requirement for 
clustering. Formation of stable γH2aX-cDs clusters suggests the existence of 
an adhesive process that binds together multiple γH2aX-cDs.
The adhesion between γH2aX-cDs could involve proteins that stabilize 
damaged chromosomes by interconnecting chromatin fibers decorated with 
γH2aX. Potential candidates are proteins of the structural maintenance of 
chromosome (sMc) family (16). For example, the sMc protein–containing 
Mre11 Dsb repair complex can specifically tether linear Dna molecules (17). a 
subfraction of the Mre11 complex has properties expected of a protein complex 
involved in γH2aX-cD adhesion. of the two types of Dna damage–induced 
accumulations of the Mre11 complex, one is disrupted by extraction of nuclei 
with detergent, whereas the other is not (18). We found that the detergent-
sensitive fraction was present in a dispersed manner throughout the clustered 
γH2aX-cDs (Fig. 2a), consistent with a possible role of the Mre11 complex in 
γH2aX-cD adhesion. by contrast, the detergent-resistant fraction showed only 
a single small Mre11 focus per γH2aX-cD or a few Mre11 foci in clusters of 
γH2aX-cDs (Fig. 2, b and c). The oligomers of the Mre11 complex that can 
form at Dna ends (17) could represent the Mre11 complex signal observed in 
these foci, whereas the global association of the complex with the γH2aX-cDs 
could be mediated through the forkheadassociated phosphoepitope binding 
domain of its nbs1 component (19).
To obtain evidence for involvement of the Mre11 complex in γH2aX-cD 
clustering, we analyzed track morphologies in primary fibroblasts from ataxia 
telangiectasia-like disorder (aTlD) patients; these fibroblasts have a reduced 
level and function of the Mre11 complex (20). Three observations suggest that 
clustering of α-particle–induced γH2aX-cDs is affected in aTlD cells. First, 
the percentage of tracks with subgroup ia morphologies, containing γH2aX-
cDs in large clusters only and lacking rad51 foci, was reduced from 10% in 
normal fibroblasts to 2% in aTlD fibroblasts at 60 min after irradiation. second, 
consistent with less efficient γH2aX-cD clustering in aTlD cells, this reduction 
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was concomitant with an increase from 0% to 15% in tracks with subgroup 
ib morphology, containing both clustered and nonclustered γH2aX-cDs and 
lacking rad51 foci. Third, in the aTlD cells that did show clustering of γH2aX-
cDs, the clusters were often more extended and branched in appearance 
compared with their more compact appearance in control cells (Fig. 2, e and F).
For additional information on Dsb track clustering, we probed the γH2aX-cD 
tracks for rad51, a protein involved in Dsb repair by homologous recombination 
(1). The linearity of the tracks of rad51 (Fig. 3a) and Mre11 foci (Fig. 2D) 
observed upon exposure to α-particles demonstrates colocalization of the Dna 
repair proteins with Dsbs. rad51 (Fig. 3, b to e) and avidly bound Mre11 (Fig. 
2, b and c) were concentrated mainly in small foci located at the interior or 
at the periphery of the γH2aX-cD. Moreover, we very rarely observed more 
than one repair protein focus in an individual γH2aX-cD. Mre11 was present in 
subgroups ia and ib and group ii tracks in ~80% of the cells, which suggests 
that Mre11-mediated Dsb processing occurred in all track types. by contrast, 
rad51 localized to subgroup ib and group ii tracks but was absent from tracks 
that displayed clustering only (subgroup ia; Table 1). Possibly, Dsb processing 
in these clusters proceeds through a rad51-independent pathway. This is 
consistent with our observation that the cells containing this track morphology 
are in the g1 phase of the cell cycle in which rad51 foci do not form (21).
To assess the influence of other Dsb repair proteins on γH2aX-cD clustering, 
we introduced Dsb tracks in chinese hamster ovary cells deficient in one of two 
mechanistically distinct Dsb repair pathways, homologous recombination and 
nonhomologous Dna end joining (8). Formation of both clustering (subgroups 
ia and ib) and nonclustering (group ii) tracks was observed in these mutant 
cells, suggesting that the initial movement and adhesion of Dsb-containing 
chromosome domains occurs upstream or independent of Dsb repair.
our results suggest why experiments using partial irradiation of cells with 
ultrasoft X-rays produced apparently immobile Dsbs (5). nuclei in those 
experiments absorbed a local dose of irradiation that was more than two 
orders of magnitude higher than that produced by an α-particle track. every 
Dsb resulting from the local X-irradiation would be embedded in a dense cloud 
of adhesive γH2aX-cDs that would prevent the Dsb-containing chromosome 
domains from detectably moving. The use of lower doses delivered by local 
α-irradiation reveals that the positions of Dsb-induced γH2aX-cDs are not 
necessarily fixed and can move to cluster together. The clusters contain multiple 
γH2aX-cDs and multiple foci of the Mre11 and/or rad51 Dsb repair proteins, 
which supports the notion that distant Dsbs can be juxtaposed. gathering 
of multiple Dsbs has also been observed in saccharomyces cerevisiae cells 
(22). However, for yeast cells it is suggested that in s phase, multiple Dsbs are 
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�H2AX-CDs was sufficient to produce
multiple contacts between the �H2AX-CDs
in the majority of the tracks, but this rarely
led to aggregation of the domains.

Next, we investigated the relation be-
tween �H2AX-CD clustering and cell cycle
phase by analyzing DSB tracks together with

the signal of the DNA replication marker
proliferating cell nuclear antigen. The major-
ity of the clustered Group I tracks (83%) was
found in G1 phase cells. Most of the nonclus-
tered Group II tracks (67%) occurred in S and
G2 phase cells. Given the interval of 60 min
between DSB induction and cell fixation,

clustering is most prevalent in pre–S-phase
cells. The absence of clustering in tracks with
mobile �H2AX-CDs (Fig. 1, F and G) indi-
cates that chromatin movement is not the
only requirement for clustering. Formation of
stable �H2AX-CDs clusters suggests the ex-
istence of an adhesive process that binds
together multiple �H2AX-CDs.

The adhesion between �H2AX-CDs could
involve proteins that stabilize damaged chro-
mosomes by interconnecting chromatin fibers
decorated with �H2AX. Potential candidates
are proteins of the structural maintenance of
chromosome (SMC) family (16 ). For exam-
ple, the SMC protein–containing Mre11 DSB
repair complex can specifically tether linear
DNA molecules (17 ). A subfraction of the
Mre11 complex has properties expected of a
protein complex involved in �H2AX-CD ad-
hesion. Of the two types of DNA damage–
induced accumulations of the Mre11 com-
plex, one is disrupted by extraction of nuclei
with detergent, whereas the other is not (18).
We found that the detergent-sensitive fraction
was present in a dispersed manner throughout
the clustered �H2AX-CDs (Fig. 2A), consis-
tent with a possible role of the Mre11 com-
plex in �H2AX-CD adhesion. By contrast,
the detergent-resistant fraction showed only a
single small Mre11 focus per �H2AX-CD or
a few Mre11 foci in clusters of �H2AX-CDs
(Fig. 2, B and C). The oligomers of the
Mre11 complex that can form at DNA ends
(17 ) could represent the Mre11 complex sig-
nal observed in these foci, whereas the global
association of the complex with the �H2AX-
CDs could be mediated through the forkhead-
associated phosphoepitope binding domain of
its NBS1 component (19).

To obtain evidence for involvement of the
Mre11 complex in �H2AX-CD clustering,
we analyzed track morphologies in primary
fibroblasts from ataxia telangiectasia-like dis-
order (ATLD) patients; these fibroblasts have
a reduced level and function of the Mre11
complex (20). Three observations suggest
that clustering of � particle–induced �H2AX-
CDs is affected in ATLD cells. First, the
percentage of tracks with Subgroup Ia mor-
phologies, containing �H2AX-CDs in large
clusters only and lacking Rad51 foci, was
reduced from 10% in normal fibroblasts to
2% in ATLD fibroblasts at 60 min after
irradiation. Second, consistent with less effi-
cient �H2AX-CD clustering in ATLD cells,
this reduction was concomitant with an in-
crease from 0% to 15% in tracks with Sub-
group Ib morphology, containing both clus-
tered and nonclustered �H2AX-CDs and
lacking Rad51 foci. Third, in the ATLD cells
that did show clustering of �H2AX-CDs, the
clusters were often more extended and
branched in appearance compared with their
more compact appearance in control cells
(Fig. 2, E and F).

Fig. 2. Mre11 and �H2AX-CD cluster-
ing. (A to C) Distribution of the Mre11
complex in �H2AX-CDs 30 min after
exposure to � radiation. Differential
extraction of HeLa cells containing �
particle–induced �H2AX-CDs (red) re-
veals two modes of Mre11 complex
association with �H2AX-CDs. Dis-
persedly colocalizing Mre11 (green) is
present in cells that have not been
treated with detergent. Colocalization
of Mre11 and �H2AX results in yellow
(A). Avidly bound Mre11 complex, re-
vealed by detergent extraction of HeLa
cells, is present in bright foci within
�H2AX-CDs [(B) and (C)]. (D) Linear
arrangement of Mre11 foci in HeLa cells
in a nonclustering track 30 min after �
irradiation. (E and F) Morphology of
clustering �H2AX-CDs in normal hu-
man primary fibroblasts (E) and ATLD
primary fibroblasts (F) 15 min after
irradiation. Scale bars, 2 �m.

Fig. 3. Spatial relations
between �H2AX-CDs
and Rad51 foci. (A) Lin-
ear arrangement of
Rad51 foci (green) in
HeLa cells in a nonclus-
tering track 30 min after
� irradiation. (B to E)
Rad51 foci in �H2AX-
CDs 30 min [(B) and
(C)] and 60 min [(D)
and (E)] after irradiation.
DNA, �H2AX, and
Rad51 are shown in
blue, red, and green,
respectively. (C) and (E)
are three-dimensional
projections of the cells
shown in (B) and (D),
respectively. Scale bars,
2 �m.
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�H2AX-CDs was sufficient to produce
multiple contacts between the �H2AX-CDs
in the majority of the tracks, but this rarely
led to aggregation of the domains.

Next, we investigated the relation be-
tween �H2AX-CD clustering and cell cycle
phase by analyzing DSB tracks together with

the signal of the DNA replication marker
proliferating cell nuclear antigen. The major-
ity of the clustered Group I tracks (83%) was
found in G1 phase cells. Most of the nonclus-
tered Group II tracks (67%) occurred in S and
G2 phase cells. Given the interval of 60 min
between DSB induction and cell fixation,

clustering is most prevalent in pre–S-phase
cells. The absence of clustering in tracks with
mobile �H2AX-CDs (Fig. 1, F and G) indi-
cates that chromatin movement is not the
only requirement for clustering. Formation of
stable �H2AX-CDs clusters suggests the ex-
istence of an adhesive process that binds
together multiple �H2AX-CDs.

The adhesion between �H2AX-CDs could
involve proteins that stabilize damaged chro-
mosomes by interconnecting chromatin fibers
decorated with �H2AX. Potential candidates
are proteins of the structural maintenance of
chromosome (SMC) family (16 ). For exam-
ple, the SMC protein–containing Mre11 DSB
repair complex can specifically tether linear
DNA molecules (17 ). A subfraction of the
Mre11 complex has properties expected of a
protein complex involved in �H2AX-CD ad-
hesion. Of the two types of DNA damage–
induced accumulations of the Mre11 com-
plex, one is disrupted by extraction of nuclei
with detergent, whereas the other is not (18).
We found that the detergent-sensitive fraction
was present in a dispersed manner throughout
the clustered �H2AX-CDs (Fig. 2A), consis-
tent with a possible role of the Mre11 com-
plex in �H2AX-CD adhesion. By contrast,
the detergent-resistant fraction showed only a
single small Mre11 focus per �H2AX-CD or
a few Mre11 foci in clusters of �H2AX-CDs
(Fig. 2, B and C). The oligomers of the
Mre11 complex that can form at DNA ends
(17 ) could represent the Mre11 complex sig-
nal observed in these foci, whereas the global
association of the complex with the �H2AX-
CDs could be mediated through the forkhead-
associated phosphoepitope binding domain of
its NBS1 component (19).

To obtain evidence for involvement of the
Mre11 complex in �H2AX-CD clustering,
we analyzed track morphologies in primary
fibroblasts from ataxia telangiectasia-like dis-
order (ATLD) patients; these fibroblasts have
a reduced level and function of the Mre11
complex (20). Three observations suggest
that clustering of � particle–induced �H2AX-
CDs is affected in ATLD cells. First, the
percentage of tracks with Subgroup Ia mor-
phologies, containing �H2AX-CDs in large
clusters only and lacking Rad51 foci, was
reduced from 10% in normal fibroblasts to
2% in ATLD fibroblasts at 60 min after
irradiation. Second, consistent with less effi-
cient �H2AX-CD clustering in ATLD cells,
this reduction was concomitant with an in-
crease from 0% to 15% in tracks with Sub-
group Ib morphology, containing both clus-
tered and nonclustered �H2AX-CDs and
lacking Rad51 foci. Third, in the ATLD cells
that did show clustering of �H2AX-CDs, the
clusters were often more extended and
branched in appearance compared with their
more compact appearance in control cells
(Fig. 2, E and F).

Fig. 2. Mre11 and �H2AX-CD cluster-
ing. (A to C) Distribution of the Mre11
complex in �H2AX-CDs 30 min after
exposure to � radiation. Differential
extraction of HeLa cells containing �
particle–induced �H2AX-CDs (red) re-
veals two modes of Mre11 complex
association with �H2AX-CDs. Dis-
persedly colocalizing Mre11 (green) is
present in cells that have not been
treated with detergent. Colocalization
of Mre11 and �H2AX results in yellow
(A). Avidly bound Mre11 complex, re-
vealed by detergent extraction of HeLa
cells, is present in bright foci within
�H2AX-CDs [(B) and (C)]. (D) Linear
arrangement of Mre11 foci in HeLa cells
in a nonclustering track 30 min after �
irradiation. (E and F) Morphology of
clustering �H2AX-CDs in normal hu-
man primary fibroblasts (E) and ATLD
primary fibroblasts (F) 15 min after
irradiation. Scale bars, 2 �m.

Fig. 3. Spatial relations
between �H2AX-CDs
and Rad51 foci. (A) Lin-
ear arrangement of
Rad51 foci (green) in
HeLa cells in a nonclus-
tering track 30 min after
� irradiation. (B to E)
Rad51 foci in �H2AX-
CDs 30 min [(B) and
(C)] and 60 min [(D)
and (E)] after irradiation.
DNA, �H2AX, and
Rad51 are shown in
blue, red, and green,
respectively. (C) and (E)
are three-dimensional
projections of the cells
shown in (B) and (D),
respectively. Scale bars,
2 �m.
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�H2AX-CDs was sufficient to produce
multiple contacts between the �H2AX-CDs
in the majority of the tracks, but this rarely
led to aggregation of the domains.

Next, we investigated the relation be-
tween �H2AX-CD clustering and cell cycle
phase by analyzing DSB tracks together with

the signal of the DNA replication marker
proliferating cell nuclear antigen. The major-
ity of the clustered Group I tracks (83%) was
found in G1 phase cells. Most of the nonclus-
tered Group II tracks (67%) occurred in S and
G2 phase cells. Given the interval of 60 min
between DSB induction and cell fixation,

clustering is most prevalent in pre–S-phase
cells. The absence of clustering in tracks with
mobile �H2AX-CDs (Fig. 1, F and G) indi-
cates that chromatin movement is not the
only requirement for clustering. Formation of
stable �H2AX-CDs clusters suggests the ex-
istence of an adhesive process that binds
together multiple �H2AX-CDs.

The adhesion between �H2AX-CDs could
involve proteins that stabilize damaged chro-
mosomes by interconnecting chromatin fibers
decorated with �H2AX. Potential candidates
are proteins of the structural maintenance of
chromosome (SMC) family (16 ). For exam-
ple, the SMC protein–containing Mre11 DSB
repair complex can specifically tether linear
DNA molecules (17 ). A subfraction of the
Mre11 complex has properties expected of a
protein complex involved in �H2AX-CD ad-
hesion. Of the two types of DNA damage–
induced accumulations of the Mre11 com-
plex, one is disrupted by extraction of nuclei
with detergent, whereas the other is not (18).
We found that the detergent-sensitive fraction
was present in a dispersed manner throughout
the clustered �H2AX-CDs (Fig. 2A), consis-
tent with a possible role of the Mre11 com-
plex in �H2AX-CD adhesion. By contrast,
the detergent-resistant fraction showed only a
single small Mre11 focus per �H2AX-CD or
a few Mre11 foci in clusters of �H2AX-CDs
(Fig. 2, B and C). The oligomers of the
Mre11 complex that can form at DNA ends
(17 ) could represent the Mre11 complex sig-
nal observed in these foci, whereas the global
association of the complex with the �H2AX-
CDs could be mediated through the forkhead-
associated phosphoepitope binding domain of
its NBS1 component (19).

To obtain evidence for involvement of the
Mre11 complex in �H2AX-CD clustering,
we analyzed track morphologies in primary
fibroblasts from ataxia telangiectasia-like dis-
order (ATLD) patients; these fibroblasts have
a reduced level and function of the Mre11
complex (20). Three observations suggest
that clustering of � particle–induced �H2AX-
CDs is affected in ATLD cells. First, the
percentage of tracks with Subgroup Ia mor-
phologies, containing �H2AX-CDs in large
clusters only and lacking Rad51 foci, was
reduced from 10% in normal fibroblasts to
2% in ATLD fibroblasts at 60 min after
irradiation. Second, consistent with less effi-
cient �H2AX-CD clustering in ATLD cells,
this reduction was concomitant with an in-
crease from 0% to 15% in tracks with Sub-
group Ib morphology, containing both clus-
tered and nonclustered �H2AX-CDs and
lacking Rad51 foci. Third, in the ATLD cells
that did show clustering of �H2AX-CDs, the
clusters were often more extended and
branched in appearance compared with their
more compact appearance in control cells
(Fig. 2, E and F).

Fig. 2. Mre11 and �H2AX-CD cluster-
ing. (A to C) Distribution of the Mre11
complex in �H2AX-CDs 30 min after
exposure to � radiation. Differential
extraction of HeLa cells containing �
particle–induced �H2AX-CDs (red) re-
veals two modes of Mre11 complex
association with �H2AX-CDs. Dis-
persedly colocalizing Mre11 (green) is
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of Mre11 and �H2AX results in yellow
(A). Avidly bound Mre11 complex, re-
vealed by detergent extraction of HeLa
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�H2AX-CDs [(B) and (C)]. (D) Linear
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Fig. 2. Mre11 and γH2aX-cD clustering. 
(a to c) Distribution of the Mre11 complex 
in γH2aX-cDs 30 min after exposure 
to α radiation. Differential extraction of 
Hela cells containing α-particle–induced 
γH2aX-cDs (red) reveals two modes of 
Mre11 complex association with γH2aX-
cDs. Dispersedly colocalizing Mre11 
(green) is present in cells that have not 
been treated with detergent. colocaliza-
tion of Mre11 and γH2aX results in yellow 
(a). avidly bound Mre11 complex, revealed 
by detergent extraction of Hela cells, is 
present in bright foci within γH2aX-cDs 
[(b) and (c)]. (D) linear arrangement of 
Mre11 foci in Hela cells in a nonclustering 
track 30 min after α irradiation. (e and F) 
Morphology of clustering γH2aX-cDs in 
normal human primary fibroblasts (e) and 
aTlD primary fibroblasts (F) 15 min after 
irradiation. scale bars, 2 µm.

Fig. 3. spatial relations between γH2aX-cDs and rad51 foci. (a) linear arrangement 
of rad51 foci (green) in Hela cells in a nonclustering track 30 min after α irradiation. 
(b to e) rad51 foci in γH2aXcDs 30 min [(b) and (c)] and 60 min [(D) and (e)] after ir-
radiation. Dna, γH2aX, and rad51 are shown in blue, red, and green, respectively. (c) 
and (e) are three- imensional projections of the cells shown in (b) and (D), respectively.  
scale bars, 2 µm.
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recruited to repair centers containing a high concentration of repair proteins 
(22). in mammalian cells, juxtaposition of multiple Dsbs occurs primarily in g1 
phase, and the individual breaks already contain repair proteins. Juxtaposition 
of multiple Dsbs, even though conserved among eukaryotes, seems potentially 
dangerous, because malfunctioning of repair could generate genomic 
rearrangements. although chromosome translocations could also arise from the 
interaction of a single broken chromosome with a nondamaged chromosome 
(23), our demonstration that Dsb-containing chromosome domains are mobile 
and can interact supports the breakage-first theory to explain the generation of 
translocations between two broken chromosomes.
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SuPPortING materIaL
materials and methods
Cell culture. Hela cells were cultured as monolayers in Dulbecco’s Minimal essential 

Medium (gibco brl, invitrogen corporation, carlsbad, ca, usa), supplemented with 

10% fetal calf serum. cells were incubated in a 37°c incubator in an atmosphere of 

10% co2 in air. VH25 and c5ro normal human fibroblasts (kindly provided by Dr. l. 

Mullenders, leiden university, The netherlands and Dr. n. g. J. Jaspers, erasmus Mc, 

respectively) were cultured as monolayers in Dulbecco’s Minimal essential Medium, sup-

plemented with 15% fetal calf serum. The cells were incubated in a 37°c incubator in an 

atmosphere of 5% co2 in air. cHo cells expressing Pcna-gFP were grown as monolay-

ers in a mixture of Dulbecco’s Minimal essential Medium and Ham’s F10 medium (1:1) 

supplemented with 10% fetal calf serum and incubated in a 37°c incubator in an atmos-

phere of 5% co2 in air. other primary fibroblasts used in this study were derived from 

ataxia telangiectasia-like disorder (aTlD) patients that carry mutations in Mre11 (s1). 

Two independent cell strains, aTlD2 and aTlD4, were used. The Dna repair deficient 

cHo cell lines used in this study were homologous recombination deficient irs1sF cells, 

defective in Xrcc3, and non-homologous Dna end joining deficient Xr-c1 cells (kindly 

provided by Dr. M. Zdzienicka, leiden university) defective in the catalytic subunit of 

Dna-dependent protein kinase (s2).

Irradiation of cells. For irradiation the cells were cultured on ultra-thin Mylar film in cus-

tom-made culture dishes. The 1.8 μm Mylar film (birkelbach kondensatortechnik, emdte-

bruck, germany) was glued to glass rings with a diameter of 50 mm using silicone rubber 

(general electric silicones, Waterford, nY, usa). The dishes were left to cure at room 

temperature for 24 hours and then incubated during 15 min at 120°c to stretch the film. 

The Mylar surface was coated with carbon to improve attachment and spreading of cells 

(s3). cells were plated at a concentration of 300,000 to 400,000 per dish in 16 ml culture 

medium and incubated for 24 hours at 37°c before treatment. The cells were irradiated 

at 21°c with α-particles using an americium (am-241) source with an activity of 140 kbq. 

The source with a diameter of 1 mm was placed at a distance of about 3 mm underneath 

the Mylar film. on average the α-particles entered the culture dish at an angle of 30° 

from the horizontal plane. The exposure time was 1 min. subsequently, the cells were 

incubated at 37°c, unless otherwise noted.

Fixation and immunohistochemical staining of cells. cell cultures were fixed at different 

time intervals after irradiation. For γH2aX staining and for γH2aX/rad51 and γH2aX/

Mre11 double staining cells were washed three times in Pbs. To detect avidly bound 

Mre11 only, cells were washed with csk and css buffer for γH2aX/Mre11 double 

staining (s4). The cultures were then fixed by incubation in a 2% paraformaldehyde 

(electron Microscopy sciences, Fort Washington, Pa, usa) solution in Pbs for 15 min 

at 21°c and washed three times with Pbs. Prior to immunochemical staining the cells 

were incubated for 30 min in Tnbs (Pbs supplemented with 0.1% Triton-X 100 and 1% 

fetal calf serum) to improve their permeability. cells were then incubated for 90 min in 

Pbs+ (Pbs supplemented with 1% fetal calf serum) containing the primary antibodies. 
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For γH2aX staining Mouse anti-phospho Histone H2a.X (ser139), clone JbW301 (upstate 

biotechnology, Waltham, Ma, usa) was used at a dilution of 1:100. For γH2aX/rad51 

double staining JbW301, diluted 1:100 was used in combination with rabbit anti-rad51 

(s5), diluted 1:2500. For γH2aX/Mre11 double staining JbW301 at a dilution of 1:100 in 

combination with rabbit anti-Mre11 (s6), diluted 1:500. after washing twice with Tnbs 
for 5 min, cells were incubated in Pbs+ containing the secondary antibodies: goat anti-
mouse cY3 (Jackson immunoresearch laboratories, West grove, Pen, usa, nr 115-165-
100) and goat anti-rabbit FiTc (Jackson, nr 111-095-144). after another wash with Tnbs 
cells were stained with Hoechst 33342 in a final concentration of 5 g/ml for 10 min. after 
washing again with Tnbs a droplet of Vectashield (Molecular Probes, eugene, or, usa) 
was placed on top of the stained cells and the cells were covered with a coverslip. The 
piece of Mylar containing the stained cells was then cut out and was placed, together 
with the coverslip, on a slide. The piece of Mylar with the coverslip on top of it was glued 
to the slide using rubber cement.

occasionally we detected nuclei with more than one track. in the vast majority of 
those cases all tracks within a particular nucleus were of the same type. We observed that 
during the first 30 min some of the γH2aX-cDs increased in size. after 60 min the fraction 
of nuclei with tracks had decreased three-fold, suggesting that Dna doublestrand break 
(Dsb) repair might have occurred in a fraction of the cells. However, we have not been 
able to unambiguously identify signatures of Dsb repair in the α-particle tracks visual-
ized by γH2aX staining. This is due in part to the unknown nature of dephosphorylation 
events on γH2aX in response to the repair of a Dsb. The phosphatase mediating this 
reaction has not been identified (s7). if the phosphatase were to act globally, all signal in 
the track would disappear simultaneously. by contrast, if it were to act locally, remnants 
of α-particle track as detected by γH2aX staining might be observed.

Time-lapse recordings covering a period of 4 hours following exposure revealed no 
disintegration of the cells, consistent with the application of a low dose of irradiation. 

based on the assumption that every γH2aX domain harbors a complex Dna damage site 
and that the total number of Dsbs is of the same order, the number of Dsbs per track is 
approximately 22. assuming that 40 Dsbs per nucleus corresponds to a dose of 1 gy, we 

estimate the dose deposited in one α-particle track at approximately 0.5 gy.

microscopic analysis. Preparations were observed using a leica (Wetzlar, germany) 
fluorescence microscope (DM ra Hc). Micrographs were recorded using a cooled ccD 
camera (kX1400, apogee instruments, ca, usa). stacks of 40 images were collected 

at intervals of 200 nm in the Z direction. The stacks of images were reconstructed and 

rendered using Huygens software (scientific Volume imaging, Hilversum, The nether-
lands) and maximum intensity projections were made using image Pro Plus software (Me-
diacybernetics, carlsbad, ca, usa). For the analysis of the different types of tracks at 

least 100 cells per time point were used.

PCNa expression. cHo cells were transfected with a construct encoding Pcna-gFP. 

immunoblotting was used to identify clones that expressed the fusion protein at endog-
enous levels. Time-lapse imaging of the cell line showed that the gFP signal reported 

on the different phases of the cell cycle as previously established by immunodetection 
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of Pcna (s8). cells in early, mid and late s phase (distinctive focal Pcna patterns) were 
easily distinguished from cells in g1 (a small nucleus with a homogeneous Pcna distribu-
tion) and g2 (a large nucleus with a homogeneous Pcna distribution) phase of the cell 
cycle.
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time after 
irradiation 
(min)

Group I:  
tracks with γh2ax-CD clusters

Group II: tracks without 
γh2ax-CD clusters other

Sub-group Ia: 
Clusters only

Sub-group Ib: 
Clusters and 
non-clusters

total 
(%)

total  
(%)

- + - + - + %

0 0 0 0 0 0 98 2 100 0

15 5 0 0 0 5 28 50 78 7

30 9 0 0 1 10 19 49 68 22

60 10 0 0 10 20 6 50 56 24

table S1. Quantitation of α-particle-induced γH2aX-cD track morphology and rad51 co-
localization in primary human fibroblasts as a function of time after irradiation. Displayed 
are the percentages of tracks observed within the indicated categories. The details of 
the γH2aX-cDs track morphologies are described in the text. co-localization of the 
γH2aX-cDs with rad51 protein is indicated. Tracks in the category ‘other’ could not be 
classified unambiguously as group i or ii. Per time point at least 100 tracks were analyzed.
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