











DNA DAMAGE IN DOUBLE MINUTES 869

Figure 3. Most DNA damage that is induced in early S-phase is
repaired before mitosis. The experimental scheme is outlined in C.
COLO 320DM-GFP cells were arrested at the GI/S-border as
described in the methods section and released in the presence of 100
UM HU for 3 hr. The cells were further incubated in the presence of
nocodazole but in the absence of HU for 17 hr. At the times indicated
by broken arrows, a portion of the culture was harvested, and yH2AX
was detected by immunofluorescence. The fractions of cells bearing a
given number of yH2AX signals (— to +++; see Fig. 2A) were calcu-
lated by examining more than 300 cells for each point; these values are
plotted in A and B.

YH2AX signals in mitotic cells than in early
S-phase cells (compare Fig. 3B mitotic and Fig. 3A
carly S), suggesting that most of the DNA damage
that was induced in early S-phase was repaired
before mitosis.

The yH2AX signals induced in early S-phase
(Fig. 3A) appeared to be randomly distributed
throughout the nucleus, reflecting replication sites
(Fig. 2B), and yH2AX signals rarely colocalized
with DM-GFP foci. However, if we released the
aphidicolin-arrested cells into fresh medium for 12
hr, we unexpectedly found cells in which YH2AX
signals appeared predominantly at multiple dmin
(Fig. 2C). This observation suggests that DNA
damage affecting dmin may have consequences
different from that of damaged chromosomes.

We then examined the nocodazole-arrested cul-
ture (Fig. 3C). This culture contained cells that
exhibited many yH2AX signals that did not (Fig.
4; metaphase Type A) or only partially (Fig. 4;
metaphase Type B) colocalized with dmin. Surpris-
ingly, there were significant numbers of cells in
which the yYH2AX signals localized almost exclu-
sively to dmin (Fig. 4; metaphase Type C). It was
noteworthy that these dmin were in aggregates

Figure 4. DNA damage that is induced in early S-phase adopts vari-
ous forms in metaphase cells. Metaphase cells in the nocodazole-
arrested culture in Figure 3 were examined. According to the location
of DM-GFP and the yH2AX signal, the cells were classified into four
types. Type A: many yH2AX signals apparently not colocalizing with
dmin (A). Type B: many yH2AX signals, some of which colocalize with
dmin (B). Type C: bright YH2AX signals colocalize with a portion of
aggregated dmin (C-1) or with all aggregated dmin (C-2). Type D: no
yH2AX-specific signal. Among the cells in D, dmin formed aggregates
(D-1) or were solitary (D-2). The yellow arrows and the white arrow-
heads show dmin with and without YH2AX signals, respectively. B and
C-2 are confocal images, and the remaining are epifluorescence images
(see Materials and Methods). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

that were either associated with (Fig. 4C-1) or
apart from (Fig. 4C-2) the metaphase plate. On the
other hand, there were cells that did not show
vYH2AX signals (metaphase Type D). In these cells,
dmin were aggregated ('Type D1) or solitary (Type
D2). Furthermore, if we released nocodazole-
arrested cells into fresh medium for 1 hr, a portion
of the population entered anaphase. Importantly,
there were cells in which the yH2AX signal was
strongly detected at dmin although it was absent or
only barely detectable on chromosomes (anaphase
Type A; Figs. 5A-1 and 5A-2). These dmin were
usually in aggregates and lagged behind the segre-
gating chromosomes. There were also cells in
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Figure 5. DNA damage that is induced in early S-phase persists in
anaphase cells and defines several different types. The nocodazole-
arrested culture in Figure 3 was released into fresh medium, and the
cells were examined | hr after release. According to the location of
DM-GFP and the yH2AX signal, anaphase cells were classified into
three types. Type A: bright YH2AX signals were detected in dmin aggre-
gates that lag behind segregating chromosomes (A-1, A-2). Type B: the
dmin form aggregates and lag behind chromosomes, but are negative
for yH2AX (B-1, B-2). Type C: dmin segregating normally by adhering
to chromosomes are also negative for YH2AX (C-1, C-2). The yellow
arrows and the white arrowheads show dmin with and without yH2AX
signals, respectively. A-I, B-1, and C-I are epifluorescence images and
A-2, B-2, and C-2 are confocal images. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]

which dmin were aggregated and lagged behind
chromosomes although they did not exhibit
YH2AX signals (anaphase Type B; Figs. 5B-1 and
5B-2). There were no cells in which yH2AX-posi-
tive dmin were attached to anaphase chromo-
somes. On the other hand, dmin that were under-
going segregation by association with chromosomes
did not show yHZ2AX signals (anaphase Type C).
In these cells, dmin were either weakly aggregated
(Fig. 5C-1) or solitary (Fig. 5C-2). The presence of
metaphase Type C and anaphase Type A cells
shows that the consequences of DNA damage
affecting dmin are different from those affecting
chromosome arms.

To extend our understanding of these patterns,
we used aphidicolin to arrest the cells at the G1/S
border, released them into fresh medium with 100
pM HU for 3 hr, and cultured them for various
times (Fig. 6A). Synchronization was monitored by
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pulse-treating the cells with BrdU to label replica-
tion sites. As reported (Itoh and Shimizu, 1998),
the early, middle or late stage in S-phase was iden-
tified by the intranuclear distribution of BrdU
labeling. As shown in Figure 6B, about 80% of the
cells were in S-phase 3 hr after release from the
G1/S arrest, and most of these showed BrdU label-
ing typical of carly S-phase. Afterwards, the cells
progressed through S-phase and eventually reached
mitosis.

Because the frequency of mitotic cells increased
from 12 to 16 hr after release from the G1/S arrest,
we examined YH2AX in cells harvested during this
period (Figs. 6C-6E). As described, metaphase
IType C or anaphase Type A cells had bright
vYH2AX signals in aggregated dmin. The frequen-
cies of these cell types in the synchronized culture
were significantly higher than in the control loga-
rithmically growing culture, and they increased
during further culture (black bars in Figs. 6C and
6D). The frequency of metaphase Type C cells
peaked at 14 hr, whereas anaphase Type A cells
peaked in abundance after 16 hr. This result sug-
gests a chronological order, in which metaphase
Type C cells become anaphase Type A cells.

The aggregated dmin left between chromo-
somes in anaphase Types A and B cells may form
micronuclei at the following interphase, because it
is generally supposed that lagging chromatids pro-
duce micronuclei at anaphase (Heddle et al,
1991). Therefore, we examined micronuclei that
were specifically enriched in dmin in the synchron-
ized culture. Such micronuclei were YH2AX-posi-
tive or -negative, and representative images are
shown in Figure 7. We ignored cells with yH2AX-
positive nuclei, because they were likely to be pre-
mitotic, and we focused on postmitotic cells.
Micronuclei like those shown in Figure 7 were
attached to the nucleus, but they were always sepa-
rated by nuclear lamina from the nucleus (Tanaka
and Shimizu, 2000). A time lapse observation of
cells expressing the histone H2B-GFP fusion pro-
tein revealed that the micronuclei actively moved
throughout the cytoplasm and that they temporally
attached or detached from the nucleus (N. Shimizu,
unpublished observation). We scored cells bearing
yH2AX-positive (Type A) or -negative (Type B)
micronuclei appearing in the synchronized culture
and plotted their frequency among all interphase
cells (Fig. 6E). We observed that the frequency of
cells bearing micronuclei Type A was low, but it
slightly increased from 12 to 16 hr after release
from the G1/S arrest (black bars in Fig. 6E).
This increase paralleled the increase in anaphase
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Figure 6. Synchronous progression of the cell cycle from the G1/S

transition reveals YH2AX-positive dmin aggregates at mitosis, which is
followed by the appearance of micronuclei. (A) Outline of the experi-
mental scheme. (B) Cell cycle synchronization was monitored by pulse
labeling the replication sites with BrdU, and cells were classified as G1
+ G2, early, middle or late S-phase. Mitotic cells were identified by
DAPI staining of chromatin. The frequency of each type was calculated
(more than 200 cells were assessed in each of three independent scor-
ing processes for each time point) and plotted. Logarithmically growing
culture (log) was included as a control. (C—E) yH2AX is detected in
cells that were harvested and fixed 12-16 hr after release from GI/S
arrest. (C, D) yH2AX signals in metaphase (C) or anaphase cells (D)

Type A, and both types of cells had aggregated
dmin with yYH2AX signals. Thus, anaphase Type A
cells may generate cells bearing micronuclei Type
A. On the other hand, the cells bearing YHZAX-
negative micronuclei (Type B) were infrequent 12
hr after release compared with the control log
phase culture. This is because micronucleated
cells with nuclear yYH2ZAX signals, which were
induced after HU treatment (data not shown),
were not included in this figure for simplicity,
because they likely represented premitotic cells.
Notably, the frequency of micronuclei Type B
increased dramatically after 14 hr (dotted bars in
Fig. 6E). Such micronucleated cells may be
derived from the anaphase Type B, because both
types had aggregated dmin without yH2AX sig-
nals. However, the frequency of anaphase Type B
did not increase during this period (Fig. 6D).
Therefore, these results suggest that dmin were
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were analyzed. YH2AX signal patterns were classified into four types
(metaphase) or three types (anaphase), as shown in Figures 4 and 5,
respectively. The frequency of each type in metaphase or anaphase cells
was calculated (more than 30 metaphase or anaphase cells were
assessed in each of three independent scoring processes for each time
point) and plotted. (E) The frequency of yH2AX-positive (Type A) or
negative (Type B) micronuclei that were enriched in dmin was calcu-
lated (more than 500 interphase cells were assessed in each of three in-
dependent scoring processes for each time point) and plotted. Error
bars represent SD from triplicate scoring processes. In the icons in Pan-
els C-E, the small circles represent dmin, and the crosses represent
YH2AX signals.

DAPI DM-GFP  YH2AX Merged

Figure 7. Representative images of YH2AX-positive (A) or -negative
(B) micronuclei that are enriched in dmin. COLO 320DM-GFP cells
were arrested at the GI/S border and released for 16 hr into fresh
medium. Representative confocal images are shown. [Color figure can
be viewed in the online issue, which is available at www.interscience.
wiley.com.]

repaired in the micronuclei and that anaphase
"Type A or the micronuclei Type A were converted
to the micronuclei Type B over time.
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Figure 8. A model to explain how nonselective DNA damage
results in the selective entrapment of dmin in micronuclei. Treatment
with low-dose HU in early S-phase, when dmin undergo replication,
induces numerous yH2AX foci throughout the nucleus. YH2AX foci
rarely overlap with dmin at this stage, but they later specifically associ-

DISCUSSION

Based on our experimental results, a model that
explains how apparently random DNA damage
occurring during replication results in the selective
entrapment of dmin into micronuclei is depicted in
Figure 8, and we discuss this model later.

We previously showed that exposure to low-dose
HU in early S-phase results in the detachment of
dmin from mitotic chromosome and in the genera-
tion of micronuclei enriched in dmin (Tanaka and
Shimizu, 2000). This suggested that the HU action
at the S-phase is critical and that the short-term
treatment of HU to the synchronized S-phase cul-
ture was sufficient for the micronucleation. Here,
we have shown that low-dose HU induces many
YH2AX foci throughout the nucleus in S-phase,
similar to what is seen for exposure to high doses
of HU (Balajee and Geard, 2004; Lisby et al,
2004). yHZAX foci rarely overlapped with dmin in
S-phase. However, it is quite reasonable to assume
that HU, if it was added during the early S-phase,
induced yYH2AX foci at not only chromosome arms
but also at dmin, because dmin in COLO 320DM
cells were replicated during the early S-phase
(Shimizu et al., 2001b). After that, cell cycle pro-
gression was profoundly delayed, probably because
of transient arrest and DNA repair. Unexpectedly,
we found that DNA damage in dmin and in chro-
mosomes has different consequences, namely,
vYHZAX signals persisted in dmin until cell divi-
sion, although the number of YHZ2AX signals
dramatically decreased by this stage. The dmin
heavily stained with yYH2AX signals were always
aggregated at metaphase, and they remained
behind the separating chromatids during anaphase,
thus generating micronuclei. Micronuclei were fre-
quently targeted for elimination, as described in
the Introduction.

Recent work has revealed that the DNA damage
response pathway uses histone H2AX phosphoryla-
tion to assemble a DSB-specific cohesin domain
that holds postreplicative sister chromatids to-
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ate with dmin until mitosis. These dmin form aggregates that lag behind
separating chromatids at anaphase and eventually form micronuclei. See
text for more details. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

gether (Strom et al., 2004; Unal et al.,, 2004). In
addition, the Rad50-Mrel1-Xrs2 complex (the
yeast counterpart of the mammalian Rad50-Mrel1-
Nbs1 [RMN] complex) holds broken DNA ends
together (Lobachev et al., 2004). Therefore, two
features of DSB sites persist until metaphase: an
intrachromosomal association that holds the halves
of a single broken sister chromatid together and an
interchromosomal association that holds broken
sister chromatids together (Kaye et al., 2004). We
showed that dmin heavily stained with yH2AX
signals were always aggregated at metaphase. It is
possible that aggregation is mediated by cohesin
complexes and/or by RMN complexes. A clarifica-
tion of the roles of these complexes in aggregation
is an important future task.

Aggregation requires colocalization in the nu-
cleus. We previously found that dmin tend to local-
ize at the nuclear periphery after hitchhiking, and
they may freely move inside the nucleus (Itoh and
Shimizu, 1998). Therefore, dmin appear to associ-
ate freely with each other. As a result, extrachromo-
somal elements may readily recombine (Shimizu
et al., 2003) or they may form aggregates. It is note-
worthy that linear or supercoiled plasmid DNA that
is microinjected into the nucleus rapidly forms
aggregates, and that it then forms micronuclei after
mitosis (Shimizu et al., 2005a). Thus, there may be
a mechanism that aggregates negatively charged
DNA in the nucleus, which may also function to ag-
gregate dmin.

We hypothesize that the aggregation of dmin
might retard DSB repair in dmin. Aggregation may
prevent access to structures such as the nuclear
matrix that may be required for repair (Mauldin et
al., 2002; Atanassov et al., 2005). However, it is also
possible that a delay in repair might accelerate
aggregation, and clarification of the relationship
between aggregation and repair awaits future
study. The aggregation of dmin appears to promote
their detachment from mitotic chromosomes.
Aggregation could, through an increase in Stoke’s
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radius, increase the hydrodynamic force acting on
aggregates adhering to moving chromosomes.
Thus, small aggregates might associate with chro-
mosomes at anaphase (Figs. 1C and 6C-1).

HU treatment induced micronuclei specifically
enriched in dmin (Shimizu et al., 1996). However,
HU treatment also induced micronuclei containing
chromosomal fragments. Interestingly, micronuclei
enriched in dmin were always distinct from those
bearing chromosomal fragments, even though both
types of micronuclei may be simultancously pres-
ent (N. Shimizu, unpublished observation). The
mechanism suggested here clearly explains why
dmin are specifically incorporated into micronuclei
and why these micronuclei are distinct from those
with chromosomal fragments.

HU, gamma rays or drugs that induce DSBs,
such as topoisomerase poisons, are currently used
in cancer treatment, which may have consequences
similar to those shown here for cancer cells that
have dmin. Therefore, our results support the pos-
sibility that these therapies selectively target dmin.
Indeed, radiation therapy that induces random
DSBs also induces the loss of extrachromosomally
amplified drug resistance genes from human tumor
cells (Sanchez et al., 1998; Schoenlein et al., 2003).
Furthermore, our findings may apply not only to
dmin but also to many viral nuclear episomes,
because, as described earlier, these are also segre-
gated to daughter cells by adhering to chromo-
somes during mitosis. Indeed, it was recently
reported that low-dose HU induces elimination of
the Epstein Barr virus nuclear episome from Akata,
a human Burkitt’s lymphoma-derived cell line
(Kanda et al., 2007).
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