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DNA double-strand breaks (DSBs) 
are extremely cytotoxic lesions 

with a single unrepaired DSB being 
sufficient to induce cell death. A com-
plex signaling cascade, termed the DNA 
damage response (DDR), is in place to 
deal with such DNA lesions and main-
tain genome stability. Recent work by 
us and others has found that the signal-
ing cascade activated by DSBs in mito-
sis is truncated, displaying apical, but 
not downstream, components of the 
DDR. The E3 Ubiquitin ligases RNF8, 
RNF168 and BRCA1, along with the 
DDR mediator 53BP1, are not recruited 
to DSB sites in mitosis, and activation of 
downstream checkpoint kinases is also 
impaired. Here, we show that RNF8 and 
RNF168 are recruited to DNA damage 
foci in late mitosis, presumably to prime 
sites for 53BP1 recruitment in early G

1
. 

Interestingly, we show that, although 
RNF8, RNF168 and 53BP1 are excluded 
from DSB sites during most of mitosis, 
they associate with mitotic structures 
such as the kinetochore, suggesting roles 
for these DDR factors during mitotic 
cell division. We discuss these and other 
recent findings and suggest how these 
novel data collectively contribute to our 
understanding of mitosis and how cells 
deal with DNA damage during this cru-
cial cell cycle stage.

Signaling Cascades in Response 
to DNA DSBs During Interphase

The DNA damage response (DDR) com-
prises an intricate network of pathways 
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that coordinates cellular reactions to 
DNA insults. Cellular responses to DNA 
damage span from arrest of the cell cycle, 
repair of the DNA lesions, to the re-estab-
lishment of cellular homeostasis.1,2 At the 
apex of the DDR, ‘sensor’ proteins, such 
as the Mre11-Rad50-Nbs1 (MRN) com-
plex,3 detect damaged DNA and recruit 
PIKKs (phosphatidylinositol-3-kinase-like 
kinases) such as ATM (ataxia telangiecta-
sia mutated) and DNA-dependent pro-
tein kinase (DNA-PK) to DSBs. A prime 
PIKK target is the histone H2A variant 
H2AX. Phosphorylation of H2AX on Ser-
139, referred to as γH2AX, is a hallmark 
of DSB responses and can be cytologi-
cally visualized by fluorescent microscopy 
as discrete nuclear ‘dots,’ called ionizing 
radiation-induced foci (IRIF).4 γH2AX 
acts as a docking site for the recruitment 
of MDC1, a DDR-mediator protein5 that 
in turn promotes phospho-dependent 
recruitment of MRN-ATM, inducing 
a positive feedback loop to amplify and 
sustain DNA damage signaling.6 ATM-
mediated phosphorylations of MDC1 on 
‘TQXF’ motifs then allow the recruitment 
of RNF8, a RING-finger E3 Ubiquitin 
ligase,7-9 whose activity brings about 
the focal accumulation of a second E3 
Ubiquitin ligase, RNF168, to DSB sites. 
RNF8/RNF168-mediated ubiquitylation 
is then believed to be required for remodel-
ling of DSB-flanking chromatin compart-
ment and retention of 53BP1 (p53-binding 
protein 1) and BRCA1 (breast cancer pro-
tein 1),10,11 to DSBs regions.

The DNA damage-signaling cas-
cade can thus be broadly divided into 
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late mitosis. Thus, while these factors are 
excluded from DSB sites during mitosis 
until the cell passes the metaphase-to-ana-
phase transition, they become recruited to 
DNA damage foci and co-localize with 
γH2AX once mitotic cells enter telophase 
(Fig. 1A and B). It is tempting to specu-
late that the pre-emptive recruitment of 
RNF8 and RNF168 to DSB sites during 
mitosis serves to prepare chromatin for 
conformational re-arrangements anticipa-
tory to 53BP1 binding once the nuclear 
envelope reforms and the cell enters G

1
. 

Indeed, 53BP1 is not recruited to RNF8-
marked IRIF in late mitosis (Fig. 1C), 
yet localizes to IRIF in early G

1
.23 These 

observations infer the existence of multi-
layered control mechanisms to prevent 
activation of secondary DDR responses by 
IRIF during mitosis.

RNF8-mediated responses at DSB 
sites, which likely include alterations in 
chromatin status, may be infeasible in the 
context of highly compacted mitotic chro-
mosomes in early and mid mitosis, and may 
be blocked at several levels until cells have 
completed karyokinesis. Additionally, the 
delaying of 53BP1 recruitment until G

1
, 

while RNF8 and RNF168 localize to DSB 
foci in late mitosis, points to the existence 
of distinct regulatory mechanisms to pre-
vent localization of such factors to DSBs 
during mitosis. Mitosis-specific post-
translational modifications, including 
hyper-phosphorylations typical of many 
DDR proteins,26 and additional control 
processes, may also play important roles 
in modulating access of 53BP1 to mitotic 
IRIF. Moreover, the ability of RNF8 and 
RNF168 to bind to DSB regions within 
the compacted mitotic chromatin in late 
mitosis infers that chromatin compac-
tion is unlikely to play a major role in the 
exclusion of these factors in earlier mitotic 
stages and that other, perhaps more direct, 
mechanisms influence the timing of these 
factors’ recruitment during and following 
mitosis.

Localization and Function  
of DDR Factors During  
Unperturbed Mitosis

Regulation of DDR factors during mito-
sis may reflect mitosis-specific changes 
in the sub-cellular localization of certain 

of DNA damage,19 indicating that DNA 
breaks per se do not hinder mitotic pro-
gression and do not trigger cell cycle 
checkpoint activation.20 Nonetheless, the 
rate of mitotic progression can be affected 
by the amount of DNA damage: while 
relatively low levels of damage do not 
delay M-phase exit, more substantial lev-
els of DNA damage can interfere with the 
structure and functions of kinetochores, 
resulting in a significantly prolonged 
mitosis due to a need to satisfy the SAC.21 
Importantly, recent evidence in cultured 
mammalian cells suggests that a threshold 
of 10–20 DSBs is the minimum required 
to elicit activation of the G

2
/M checkpoint 

and prevent entry into mitosis.22 However, 
it is currently unclear whether the presence 
of a few DSBs is compatible with error-free 
segregation, or if it leads to chromosomal 
damage and imbalances in the following 
cell cycles.

Regulation of the Secondary  
DDR During Mitosis

Although mitotic cells do not delay cell 
cycle progression in the presence of DSBs, 
our recent findings23 challenged the pre-
existing view that the absence of a mitotic 
checkpoint correlates with the absence 
of a DDR in mitosis. This work showed 
that mitotic cells do in fact respond to the 
presence of DSBs by initiating a primary 
DDR, comprising activation of the apical 
PIKK kinases ATM and DNA-PK, phos-
phorylation of γH2AX and recruitment of 
MDC1 and MRN to sites of DNA dam-
age.23 The mitotic DDR, however, exibits 
detectable recruitment of neither the E3 
Ubiquitin ligases RNF8, RNF168 and 
BRCA1, nor of the DDR mediator pro-
tein 53BP1. This correlates with lack of 
detectable DDR-induced Ubiquitin con-
jugates at the DSB sites in mitotic cells.23 
Notably, the observed active exclusion of 
mitotic 53BP1 from DSB regions gener-
ated by treatment with exogenous geno-
toxic agents23,24 is consistent with a recent 
report showing that 53BP1 dissociates 
from endogenously-arising DSBs once 
cells have passed the G

2
/M boundary.25

Time-course analyses of irradiated 
mitotic cells revealed that RNF8 and 
RNF168 follow similar localization kinet-
ics in their resumed recruitment to IRIF in 

two phases: an early, phosphorylation-
driven cascade comprising PIKK activa-
tion, γH2AX generation and MDC1 
plus MRN recruitment, followed by a 
later, ubiquitylation-dependent cascade, 
induced by RNF8 that mediates the reten-
tion of RNF168, BRCA1 and 53BP1 to 
DSB regions. By concentrating DSB repair 
and signaling components in these regions, 
the ensuing IRIF may promote both DNA 
repair and amplification of DDR signal-
ing that, amongst other things, activates 
the checkpoint kinases Chk1 and Chk2, 
which phosphorylate downstream targets 
to induce transient cell cycle arrest while 
the DNA damage is repaired (reviewed 
in ref. 12). Alternatively, under certain 
circumstances, sustained DNA dam-
age signaling from unrepairable lesions 
can activate apoptosis or can trigger per-
manent cell cycle withdrawal, termed 
senescence.13

Impact of DNA Damage  
During Mitosis

Although DNA damage induces defined 
points of arrest in progression through the 
cell cycle, termed checkpoints, a striking 
observation is that irradiation of mitotic 
cells generally fails to halt cell cycle pro-
gression, with such cells proceeding to 
yield two daughter cells.14,15 The observa-
tion that mitotic cells seemed unrespon-
sive to ionizing radiation (IR) prompted 
speculations that no checkpoint, and 
therefore no DNA damage responses, 
existed in mitosis. Nevertheless, recent 
studies have shown that vertebrate cells 
can delay mitosis, or even reverse mitotic 
progression if exposed to IR during a newly 
defined ‘antephase’ stage, a point between 
late G

2
 and mid prophase when chroma-

tin condensation is actively taking place in 
preparation for entry into mitosis and cell 
division.16-18 The antephase checkpoint 
acts to complement the prior G

2
/M check-

point—which monitors absence of DNA 
damage before proceeding into mito-
sis—and the spindle assembly checkpoint 
(SAC) that ensures accurate microtubule 
attachment on mitotic chromosomes 
before allowing transition into anaphase 
and mitotic exit. Following antephase, 
mammalian cells become committed to 
completing mitosis even in the presence 
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Figure 1A and B. Analysis of U2OS cells stably expressing GFP-RNF89 and GFP-RNF168 show that these proteins are excluded from IRIF in early and 
mid-mitosis and re-associate with IRIF in late mitosis, prior to 53BP1 recruitment. (A) GFP-RNF8 forms bright dots, localizing to centrosomes in mitosis. 
In telophase, GFP-RNF8 starts to form IRIF and co-localizes with γH2AX. (B) GFP-RNF168 is largely excluded from chromosomes and IRIF until late 
mitosis, when it co-localizes with γH2AX foci. A fine GFP-RNF168 staining localized in punctate dots can be observed in mitosis, reminiscent of kineto-
chores. These dots do not co-localize with γH2AX. At the right are zoomed-in views of white boxes shown on the main parts.
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during the metaphase-to-anaphase transi-
tion.42 Thus, localization of DDR factors 
to mitotic structures often correlates with 
functional activity of these proteins in the 
process of cell division. In this regard, it 
is notable that siRNA-mediated depletion 
of RNF8 caused failure of nocodazole-
induced mitotic arrest and led to cell 
death (Giunta S, unpublished observa-
tions), suggesting that RNF8 plays addi-
tional roles to that of enabling mitotic 
exit, possibly functioning in cellular entry 
into and/or progression through mitosis. 
In light of these findings, it will be inter-
esting to investigate the precise mitotic 
roles that RNF8 and other DDR proteins 
play at mitotic structures and to untangle 
the complex interplay between the regu-
lation of cell cycle progression and DNA 
damage signaling.

Lack of DNA Damage Checkpoint 
in Mitosis: The Art of Prioritizing

In addition to lacking the “secondary” 
DDR, mitotic cells also do not display 
DNA damage checkpoint activation. For 
instance, following treatment with DSB-
inducing agents such as phleomycin and 
IR, mitotic cells do not delay progres-
sion through mitosis and, instead, they 
enter G

1
 in a synchronous manner.19,21,23 

This correlates with lack of DNA damage 
induced phosphorylation of the check-
point kinases Chk1 and Chk2 on their 
prime ATM target sites, Ser-345 and Thr-
68, respectively,23 in spite of DNA dam-
age-dependent activation of ATM taking 
place during mitosis.23,43 Lack of Chk2 
phosphorylation on Thr-68 in mitosis was 
recently reported to be due to inhibitory 

and the midbody, have different binding 
requirements from those that operate dur-
ing DNA damage responses and could 
serve different, mitotic-specific functions 
and/or act to sequester certain DDR pro-
teins away from sites of DNA damage dur-
ing mitosis.

The above issues add growing evidence 
to the idea that, in addition to having 
DDR functions, certain DDR compo-
nents may have roles under unchallenged 
conditions in the monitoring and enabling 
processes such as mitosis. Indeed, various 
DDR components are now known to be 
localized to mitotic structures in absence 
of apparent DNA damage. For instance, 
ATM, ATR, DNA-PKcs, p53, TopBP1, 
BRCA1, Chk1 and Chk2 have been found 
to associate with centrosomes in mito-
sis.31-35 Furthermore, 53BP1 is loaded to the 
kinetochore during prophase, where it co-
localizes with CENP-E; and in metaphase, 
it is released only if all chromosomes are 
aligned correctly on the equatorial plate, 
suggesting that 53BP1 may play a physio-
logical role in controlling mitotic progres-
sion into anaphase.27 Perhaps reflecting 
such a function, Xenopus 53BP1 has been 
identified as a suppressor of mitotic catas-
trophe.36 In addition, Chk1 is directly 
regulated by CDK1-dependent phosphor-
ylation37 and is required for several aspects 
of cell division, ranging from regulation 
of the SAC, transcriptional inhibition of 
mitotic cyclin/CDK genes, to controlling 
chromosome segregation and cytokine-
sis.38–40 MDC1 was also recently shown 
to directly bind the APC/C (anaphase-
promoting complex/cyclosome),41 and to 
regulate mitotic progression by enabling 
Cdc20-mediated activation of the APC 

DDR proteins. Although difficult to 
analyze experimentally, it is possible that 
sequestration of such proteins into mitotic 
structures prevents their recruitment and/
or accumulation at sites of damaged chro-
matin. For instance, 53BP1 is loaded onto 
the kinetochore during prophase,27 while 
RNF8 not only localizes to the midbody, 
where it regulates mitotic exit,28,29 but is 
also recruited to other two mitotic struc-
tures: centrosomes and kinetochores.23 
Further analysis of RNF168 localization 
during mitosis revealed that, similarly 
to RNF8, it displayed punctate stain-
ing at kinetochores but was excluded 
from γH2AX foci (Fig. 1B; insert). The 
observation that RNF8,23 RNF168 and 
53BP1,27 localize to kinetochores during 
mitosis raises the possibility that their 
recruitment to such structures takes place 
through mechanisms related to those con-
trolling their localization at DNA damage 
sites during interphase.

Notably, the observation that spindle-
generated DSBs are preferentially found 
in centromere-containing micronuclei30 
suggests that DSBs may be generated 
at centromeres, because they represent 
particularly vulnerable sites subjected to 
spindle-induced tensional forces during 
mitosis. Because centromere-kinetochore 
regions are subjected to such forces, one 
could envisage a scenario whereby genome 
surveillance mechanisms would be pref-
erentially active in such regions to moni-
tor these sites of chromosomal fragility 
and thus promote rapid recognition and 
mending of spontaneously arising DNA 
breaks during mitosis. On the other hand, 
it may be that mitotic structures that selec-
tively harbour RNF8, such as centrosomes 

Figure 1C. Analysis of U2OS cells stably expressing GFP-RNF8 and GFP-RNF168 show that these proteins are excluded from IRIF in early and mid-mito-
sis and re-associate with IRIF in late mitosis, prior to 53BP1 recruitment. (C) Association of RNF8 with IRIF in late mitosis does not trigger recruitment of 
53BP1 until cells re-enter G1. White arrows point to mitotic cells. Scale bars 10 μm.
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DSBs are likely to represent lesions that 
would have benefited from marking and 
end tethering during mitosis. Such per-
sistent DSBs would subsequently lead to 
increased mortality as the cell progressed 
through the cell cycle. Thus, we suggest 
that, while secondary DDR responses are 
inhibited during mitosis, mitotic primary 
responses act to favour DNA damage rec-
ognition and repair in the following cell 
cycle, thereby helping to maintain genome 
integrity and promote cell survival.

It is noteworthy that mitotic cells are 
considerably more radio-sensitive to IR 
than interphase cells.23,46 This intrin-
sic radio-sensitivity might not only be 
because of mitotic cells having a trun-
cated DDR, but also because the physical 
chromatin conformation of mitotic chro-
mosomes directly or indirectly impedes 
DNA repair events. Consistent with this 
idea, chromatin plasticity seems to facili-
tate genomic surveillance, while chroma-
tin relaxation, caused by experimentally 
reducing the expression of the linker his-
tone H1, yields hyper-responsiveness to 
DSBs and resistance to DNA damaging 
agents.47 Consistent with these findings, 
work in budding yeast has shown that 
deletion of the linker histone Hho1 leads 
to an enhanced capacity for homologous 
recombination.48 It is also noteworthy that 
transcriptional upregulation of chromatin 
remodelling components in pluripotent 
stem cells49 increases chromatin plasticity, 
which may be linked to the hyper-respon-
siveness of stem cells to DNA lesions.50 
In addition, there is increasing evidence 
that the DDR is adapted to deal with 
various chromatin environments, with 
somewhat different responses being used 
to repair DSBs within euchromatin and 
heterochromatin.51

Conclusions  
and Future Directions

The studies discussed here highlight 
the uniqueness of the mitotic phase and 
indicate how DNA damage responses 
are affected by the specific physiological 
requirements of this cell cycle phase. In 
this regard, it seems that activation of the 
secondary DDR and associated chroma-
tin changes during mitosis are not com-
patible with active mitotic progression. 

secondary DDR did take place, associ-
ated chromatin-remodelling events might 
result in local dismantling of mitotic 
chromosomes that could interfere with 
karyokinesis. Furthermore, if DSBs led 
to activation of cell cycle checkpoint 
processes during mitosis, these could 
delay mitotic progression, leading to mis-
coordination of accurately timed mitotic 
events, potentially inducing aneuploidy in 
daughter cells and/or mitotic catastrophe. 
It has been suggested that activation of cell 
cycle checkpoint events in mitosis could 
also lead to premature Cdk1/Cyclin B 
inactivation, resulting in aberrant mitotic 
exit and tetraploidy.43 The prevention of 
such an outcome would thus be particu-
larly important for long-lived multicellu-
lar organisms, because unstable tetraploid 
cells can be precursors of aneuploid cancer 
cells.

Biological Significance  
of the Mitotic DDR in the  

Context of Chromatin

Mitotic cells mark DSB sites by employ-
ing γH2AX, MDC1 and MRN, suggest-
ing that this has a functional importance. 
Indeed, we have obtained evidence that 
activation of the primary DDR in mito-
sis promotes cell survival.23 We hypoth-
esise that the effect of the primary DDR 
in mitosis is two-fold. Firstly, γH2AX 
mediates marking of DSB sites in mitosis, 
which may serve to facilitate the identifi-
cation of damaged sites in the subsequent 
G

1
 by accelerating the recruitment of 

DDR factors and prompting more rapid 
DDR activation and repair. In addition, 
the recruitment of MRN to mitotic DSBs 
could be instrumental in helping to hold 
the broken DNA ends together until G

1
, 

through the established DNA end-tether-
ing activity of Mre11.45 It is tempting to 
speculate that, while simpler lesions could 
be held together by compacted mitotic 
chromatin structures, tethering of more 
complex lesions would benefit from MRN-
dependent DNA-end bridging activity, 
facilitating repair processes in the ensuing 
G

1
. In line with this hypothesis, a subset of 

DSB foci remain unrepaired 24 hours after 
DNA damage induction when primary 
DDR activation is inhibited in mitotic 
cells,23 suggesting that these persistent 

phosphorylation of Chk2 by Polo-like 
kinase (Plk1) that prevents activation of 
the DNA damage checkpoint in mitosis.43 
Notably, Cdk1 phosphorylation of 53BP1 
on Ser-380 during mitosis is required for 
its binding to Plk1, with 53BP1 possibly 
serving to bring Plk1 into juxtaposition 
with Chk2, mediating its inactivation.43 
The inability of 53BP1 to be recruited 
to DNA damage foci in mitosis, and the 
associated lack of ATM-mediated phos-
phorylation of 53BP1 on Ser-25 in dam-
aged mitotic cells, correlates not only with 
lack of Chk2 activation but also with the 
absence of phosphorylation of other ATM 
targets, including Chk1 and Smc1.23

It is therefore possible that absence of 
53BP1 at DSBs during mitosis compro-
mises the positive feedback loop that, in 
interphase cells, acts to enhance DDR 
signaling and convey signals to Chk1 
and Chk2 for DNA damage checkpoint 
activation. The parallel between lack of 
recruitment of 53BP1 to IRIF and lack of 
Chk2 Thr-68 phosphorylation following 
DSB induction in mitosis might reflect the 
previously described inter-dependencies 
between 53BP1 and Chk2 in checkpoint 
activation.44 While it is possible that the 
absence of the secondary DDR during 
mitosis could reflect a widespread disrup-
tion of signal transduction by ATM, the 
presence of DNA damage induced phos-
phorylation of ATM substrates such as 
KAP1 (Ser-824) and MDC1 (Thr-719) 
in mitosis23 suggests that some ATM tar-
gets have different requirements and/or 
thresholds to be maintained in their phos-
phorylation status. Such considerations 
raise the prospect that understanding the 
DDR during mitosis might provide key 
insights into DDR signaling and regula-
tion in other cell cycle phases.

It appears that several mechanisms 
have evolved to restrict secondary DDR 
activation in mitosis, by inhibiting ubiq-
uitylation-dependent chromatin remodel-
ling, downstream mediator recruitment 
and Chk1 and Chk2-mediated activation 
of downstream DDR events. It is thus 
tempting to speculate that, if it were acti-
vated during mitosis, the secondary DDR 
would have deleterious consequences. 
Indeed, in the complex scenario of mito-
sis, where the nuclear envelope has broken 
down and chromatin is compacted, if a 
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