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The DNA damage response during mitosis 
 
Anne Margriet Heijink1*, Małgorzata Krajewska1* and Marcel A.T.M. van Vugt1 
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 Department of Medical Oncology, University Medical Center Groningen, University of Groningen, Groningen, 

the Netherlands. 
 

* equal contribution 
 

Cells are equipped with a cell-intrinsic signaling network called the DNA damage response 
(DDR). This signaling network recognizes DNA lesions and initiates various downstream 
pathways to coordinate a cell cycle arrest with the repair of the damaged DNA. 
Alternatively, the DDR can mediate clearance of affected cells that are beyond repair 
through apoptosis or senescence. The DDR can be activated in response to DNA damage 
throughout the cell cycle, although the extent of DDR signaling is different in each cell 
cycle phase. Especially in response to DNA double strand breaks, only a very marginal 
response was observed during mitosis. Early on it was recognized that cells which are 
irradiated during mitosis continued division without repairing broken chromosomes. 
Although these initial observations indicated diminished DNA repair and lack of an acute 
DNA damage-induced cell cycle arrest, insight into the mechanistic re-wiring of DDR 
signaling during mitosis was only recently provided. Different mechanisms appear to be at 
play to inactivate specific signaling axes of the DDR network in mitosis. Importantly, 
mitotic cells not simply inactivate the entire DDR, but appear to mark their DNA damage 
for repair after mitotic exit. Since the treatment of cancer frequently involves agents that 
induce DNA damage as well as agents that block mitotic progression, it is clinically relevant 
to obtain a better understanding of how cancer cells deal with DNA damage during 
interphase versus mitosis. In this review, the molecular details concerning DDR signaling 
during mitosis as well as the consequences of encountering DNA damage during mitosis 
for cellular fate are discussed. 
 
INTRODUCTION 

 

Cells continuously encounter DNA damage either 

through endogenous sources (including radical 

species as by-products of cellular metabolism) or 

through exogenous sources (such as ultraviolet 

rays in sunlight). In order to maintain genetic 

stability while being under constant assault, 

evolutionary conserved pathways exist that can 

detect and repair DNA damage which are 

collectively termed the DNA damage response 

(DDR)1,2. DNA can be damaged in various ways, 

and in order to appropriately respond to the wide 

variety of DNA lesions that can occur, cells are 

equipped with various distinct DNA repair 

pathways. A large proportion of the available data 

describes cellular responses to DNA double 

strand breaks (DSBs), which is a specifically toxic 

type of DNA damage and of which, if left 

unrepaired, only very few can lead to cell death3,4. 

On the organismal level, persistent DNA breaks 

can lead to loss of cell function and can ultimately 

lead to the development of cancer.  

DNA DSBs can essentially be repaired using 

two mutually exclusive types of DNA repair; non-

homologous end-joining (NHEJ) or homologous 

recombination (HR). During NHEJ, the two ends 

of a broken DNA template are ligated, not 

regarding DNA sequence. Although this type of 

repair is very efficient and can supposedly happen 

during all phases of the cell cycle, it is inherently 

prone to generating mutations5,6. In contrast to 

NHEJ repair, the HR repair pathway requires a 

DNA template, usually the sister chromatid, to 

repair the damaged DNA. By doing so, the repair 

of DSBs using HR is (semi) conservative 
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concerning DNA sequence and is not prone to the 

induction of mutations7. This type of repair, 

however, can only efficiently be performed when 

cells have produced sister chromatids, and is thus 

restricted to S and G2 phases of the cell cycle. 

In order to provide cells the time to repair DNA 

breaks and to prevent the transmission of 

damaged chromosomes to daughter cells, a cell 

cycle arrest is installed immediately after DNA 

break detection. DNA damage can induce an 

arrest at three distinct points during the cell cycle. 

The G1 DNA damage checkpoint arrests cells 

prior to entering S phase, and prevents the 

replication of damaged DNA. The intra-S-phase 

checkpoint delays ongoing replication in situations 

of DNA damage and the G2 DNA damage 

checkpoint prevents entry into mitosis in case 

unrepaired DNA damage is present8. Although 

these checkpoints act at distinct phases in the cell 

cycle, their molecular wiring shows significant 

overlap and distinct upstream DNA detectors feed 

into common downstream effectors. In response 

to DNA double strand breaks, a common 

upstream regulator that controls all three of these 

checkpoints is the MRN complex in conjunction 

with the ‘Ataxia Telangiectasia Mutated’ (ATM) 

kinase. Immediately after DNA break induction, 

DNA ends are recognized by the MRN 

(Mre11/Rad50/Nbs1) complex9. This complex can 

tether DNA ends and is thought to keep DNA 

ends in close proximity to facilitate repair10. In 

addition to its function as molecular tether, the 

MRN complex facilitates activation of the ATM 

kinase11–15. In a feed-forward loop, activated ATM 

autophosphorylates and phosphorylates all of the 

MRN complex components, which further 

promotes local ATM activation16–18. Subsequently, 

ATM phosphorylates hundreds of downstream 

substrates that are involved in the establishment 

of a cell cycle arrest, as well as the activation of 

many other stress-induced pathways19. 

Subsequent to DSB-induced ATM activation, the 

‘ATM and Rad3-related’ (ATR) kinase becomes 

activated20. As part of fast-acting signaling axes, 

ATM and ATR phosphorylate and thereby activate 

the CHK2 and CHK1 kinases, respectively (Fig. 1, 

upper panel). In turn, both CHK2 and CHK1 inhibit 

the CDC25 phosphatases, which are involved in 

activating Cyclin-dependent kinases (CDKs)21–23 

(Fig. 1, upper panel). In this highly conserved 

signaling module that connects checkpoint 

kinases to the cell cycle machinery, DNA damage-

induced phosphorylation of CDC25 family 

members by CHK1 and CHK2 creates binding 

sites for 14-3-3 proteins, which are thought to 

sequester CDC25 isoforms in the cytoplasm to 

prevent CDK activation24–27. CDC25C in human 

cells is phosphorylated on Ser-216 by CHK1 and 

CHK2 kinases in response to DNA damage23,25,26. 

Also CDC25B appears to be phosphorylated in 

response to stress, albeit by kinases acting within 

the stress-activated p38MAPK/MK2 pathway, 

which results in binding of CDC25B to 14-3-3 

proteins28–31. Inactivation of CDC25A, in contrast, 

is mediated both by CHK1/CHK2-induced 14-3-3 

binding as well as through ubiquitin-mediated 

proteolysis. CDC25A is an instable protein, and its 

turnover can be accelerated after DNA damage-

induced phosphorylation by CHK1 and CHK232–35. 

Inhibition of CDC25A prevents the activation of 

CDK2 as well as CDK1-associated kinase 

activities and is therefore involved in establishing 

a block in S phase entry, arrested S phase 

progression as well as arrested G2-M 

progression32,34. In contrast, inhibition of CDC25B 

and CDC25C mainly affects Cyclin-A/CDK2 and 

Cyclin-B/CDK1 activation to prevent the G2-M cell 

cycle transition21. 

The above-mentioned kinase-driven DDR 

signaling axis is activated rapidly upon DNA 

damage detection and is used to acutely block cell 

cycle progression. In addition to this fast-acting 

pathway, a transcription-based p53 pathway is 

initiated to install a maintained cell cycle 

arrest1,4,36,37. Although this pathway is rapidly 

initiated by ATM-mediated phosphorylation of p53 

and its negative regulator MDM2, the effects of 

p53 activation only become apparent hours after 
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DNA damage induction. Expression of the p53-

target genes p21 and Gadd45, among others, 

results in a robust and maintained inactivation of 

CDKs and leads to a prolonged block in 

proliferation36 (Fig. 1, upper panel). In parallel to 

installing a cell cycle arrest, DNA repair pathways 

need to be activated to repair DNA breaks. As 

discussed above, DNA breaks can essentially be 

repaired by two mutually exclusive repair 

pathways. Using non-homologous end-joining 

(NHEJ), DNA ends are ligated in a sequence-

independent and therefore error-prone manner6,38. 

A key first step in this repair type is the binding of 

the DNA end-binding Ku70/Ku80 hetero-dimer to 

the ends of a DNA break. Subsequent recruitment 

and activation of the DNA-PKcs as well as the 

specialized DNA ligase IV and Artemis 

endonuclease are required to complete non-

homologous recombination6. In contrast, cells can 

use error-free homology-directed repair when 

homologous DNA sequences are present. These 

two pathways are in competition with each other, 

and many layers of control are present to regulate 

the choice for either pathway39. The most 

common form of homology-directed repair is 

homologous recombination (HR), which requires a 

substantial amount of sequence homology 

between donor and acceptor DNA40. Most 

frequently the sister chromatid produced in S 

phase is used as a DNA template for homology-

directed repair41,42. This feature limits HR repair to 

the S and G2 phases of cell cycle. Indeed, DSBs 

generated in G1 phase are predominantly 

repaired by NHEJ43, whereas HR repair is allowed 

in S and G2 phases of the cell cycle44. 

All types of homologous recombination start 

with DNA end resection by 5′–3′ exonucleases or 

by helicase/endonuclease complexes to generate 

3′-ended single stranded (ss) DNA overhangs. 

The initiation of DNA end resection is the key 

switch that determines whether NHEJ or 

recombination repair is performed. DNA end 

resection is performed by two complementary 

modes: a first initiation phase, which is 

CtIP/Mre11 dependent, and a secondary phase, 

in which the most extensive resection is 

performed by the Exo1 and DNA2/Sgs2 

complexes45–47. The ssDNA overhangs created 

during resection are rapidly coated with RPA. In a 

BRCA2-dependent manner, RPA is subsequently 

replaced by the RAD51 recombinase to facilitate 

recombination48,49. 

Not only is DNA end resection an essential 

intermediate for homologous recombination, it 

also triggers the activation of a specific DDR 

signaling axis. The RPA-coated ssDNA that is 

generated as a consequence of end resection will 

trigger ATR/CHK1 signaling2. So whereas DSB 

formation immediately activates ATM signaling at 

the chromatin that is flanking DNA ends, a 

secondary, DNA end-resection-dependent, ATR 

signaling pathway is triggered. In line with DNA 

end resection being a slow process, ATR and 

downstream CHK1 activation is only seen at later 

times than ATM activation20. Concluding, the DNA 

damage response integrates DNA repair with the 

control of cell cycle progression allowing proper 

genome maintenance. 

 
Cell cycle regulation of the DNA damage 

response 
 

As stated above, the cell cycle machinery is a key 

downstream target of DDR signaling. In response 

to DNA damage, the core cell cycle machinery 

consisting of Cyclin-CDKs is rapidly inactivated to 

prevent ongoing proliferation50. DDR-mediated 

cell cycle control is not only mediated by targeting 

CDKs, but also includes inhibition of many other 

cell cycle kinases, including Aurora kinases, Polo-

like kinases and WEE1 to further enforce a 

damage-induced cell cycle arrest, underscoring 

the broad influence of DDR signaling on cell cycle 

control51–55. However, the cell cycle not only is a 

key downstream target of the DDR, it also 

appears to be a critical upstream regulator of DNA 

damage-induced signaling and DNA repair. 

Although it was recognized early on that the cell  
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Figure 1. Re-wiring of the G2 cell cycle checkpoint during mitosis. Upper panel: In response to 

DNA breaks in interphase cells, the upstream DDR kinases ATM and ATR activate the downstream 

DDR kinases CHK2 and CHK1 respectively. In turn, CHK1 and CHK2 inactivate CDC25 phosphatases 

to block CDK1 activation. In parallel, a p53-dependent transcriptional program is activated to maintain 

CDK1 inactivation. Lower panel: During mitosis, upstream DDR kinases ATM and possibly ATR are 

activated in response to DNA breaks. Proteosomal or phosphorylation-mediated inactivation of the 

adaptor proteins Claspin and 53BP1 prevent activation of the downstream kinases CHK1 and CHK2. 

In addition, WEE1 is down-regulation through proteolysis and CDC25 isoforms are protected from 

CHK1/2-dependent phosphorylation via CDK-mediated phosphorylation. Finally, transcription and 

translation are down-regulated during mitosis, precluding a p53-dependent response. 
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cycle phase is a key determinant choosing the 

appropriate repair pathway to repair DNA breaks, 

for long it was unclear how cells can ‘sense’ in 

which cell cycle phase they reside, and how they 

use this molecularly encoded information to direct 

proper DNA repair. Much of our understanding of 

how the cell cycle machinery controls DDR      

how the cell cycle machinery controls DDR 

responses and DNA repair comes from studies in 

budding yeast. Importantly, these studies 

convincingly showed that HR depends on the 

action of cell cycle-regulated kinases, notably 

CDKs56. Specifically, HR critically depends on the 

single CDK gene (CDC28) that is present in 

budding yeast44,57,58. Within the HR process, CDK 

activity emerged to be essential for creating the 

100–200 base pair long 3′-ended single stranded 

DNA (ssDNA) overhangs required for strand 

invasion44. At the molecular level, CDK activity 

was shown to promote the 5′-endonuclease 

activity that yields single strand DNA overhang, 

through phosphorylation of Sae258–60. Sae2/CtIP 

is a DNA endonuclease that controls the initiation 

of DNA-end resection in meiotic and mitotic cells 

in association with the yeast MRX (Mre11-Rad50- 

Xrs2) complex47,61–66. Phosphorylation of 

Saccharomyces cerevisiae Sae2 by CDK at 

Serine 267 was shown to be essential for DNA 

end resection, and a phospho-mimicking mutation 

at position 267 could partially circumvent the CDK 

requirement for HR60, illustrating that CDK-

mediated phosphorylation of Sae2 in large part 

explains the regulatory role for CDK in HR. 

Nevertheless, CDK inhibition still partially blocked 

resection in cells expressing Sae2-S267E, 

suggesting that additional CDK targets are 

required for optimal DNA end processing60,67. In 

addition, when CDK was inhibited after the 

initiation of resection, HR repair was still impaired, 

indicating that other rate-limiting substrates of 

CDK within the HR pathway exist after the 

initiation of DNA end resection58. Recent studies 

indicated that DNA2, one of the nucleases that is 

involved in extended DNA end resection during 

homologous recombination is also under control 

of CDK activity. Specifically, cells lacking CDK1 

activity showed defective DNA2 endonuclease-

dependent long-range end resection68. Upon DNA 

damage induction, CDK1 was shown to 

phosphorylate DNA2 at three residues (Thr-4, 

Ser-17 and Thr-237) and phosphorylation of these 

sites on DNA2 stimulated nuclear translocation 

and association of DNA2 to sites of DNA 

damage68. 

The regulatory roles for cell cycle kinases in 

DNA repair control seem to be predominantly 

accounted for through DNA end resection control 

by CDKs. However, even after DNA end resection 

has occurred, CDK inhibition affects DNA repair, 

suggesting the presence of alternative cell cycle-

regulated targets in DNA repair. Although these 

additional targets have not been studied in great 

detail, CDK-regulation of the BRCT-containing 

protein RAD9 and the RPA complex may very well 

add to the complex regulation of DNA repair by 

cell cycle kinases57,69–71. 

In contrast to lower eukaryotes where the 

number of CDKs is limited, mammalian cells have 

multiple CDKs that each can bind to several 

Cyclins72,73. Also, several mammalian CDKs were 

shown to have redundant roles, as elegantly 

illustrated in mouse knock-out studies74. These 

additional levels of cell cycle control make it 

difficult to evaluate the role of single CDKs in 

regulating DDR signaling cascades. However, the 

involvement of CDKs in determining DNA repair 

choice through controlling DNA end resection 

appears largely conserved. The human Sae2 

homologue CtIP, encoded by the RBBP8 gene, is 

also responsible for DNA end resection66 and is 

phosphorylated in a CDK-dependent fashion at 

Thr-84775. Importantly, mutation of Thr-847 results 

in decreased end-resection as judged by RPA 

recruitment to sites of DNA breaks75. In line with a 

requirement for DNA end resection in S and 

G2phases of the cell cycle, recent work provided 

evidence that CtIP phosphorylation is accounted 

for by CDK2, of which activity is restricted to these 
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cell cycle phases76. Specifically, Mre11 appears to 

directly recruit CDK2 to bring it in close proximity 

to CtIP, which results in the multimeric association 

of CtIP and BRCA1 to the MRN complex to 

stimulate end resection76. Recently, CtIP was 

reported to bind the prolyl isomerase PIN1, only 

when CtIP was ‘primed’ through phosphorylation 

by proline-directed kinases, such as CDKs77. 

Phosphorylation-dependent binding of CtIP to 

Pin1 resulted in ubiquitin-dependent CtIP 

degradation, further adding to the cell cycle-

dependent control of DNA end resection. 

Whether additional nucleases involved in HR 

such as DNA2 have similar modes of cell cycle 

regulation in mammalian cells appears to be 

identified. Recent studies did indicate an 

additional role for CDKs in DNA end resection 

through phosphorylation of Nbs178. 

Phosphorylation of Nbs1 at Ser-432 was shown to 

be predominantly CDK1-dependent and occur 

from S phase up until mitosis78. This 

phosphorylation event was shown to be required 

for efficient end resection and HR, as judged by 

gene conversion assays and RPA recruitment78, 

further adding to the impact of cell cycle regulation 

of DNA repair. 

Pinpointing cell cycle control of the DDR to 

individual CDKs appears difficult. Loss or 

inhibition of CDK2 affects HR repair, but also 

CDK1 inhibition results in increased sensitivity to 

DNA damage-inducing factors due to defective 

HR repair79. Importantly, studies in murine CDK 

knockout strains provide evidence that not an 

individual CDK but the overall level of CDKs 

controls DSB end resection and activation of DDR 

signaling cascade74. Further complicating this 

scheme was the finding that not only CDKs but 

also their binding partners can independently 

influence DDR. For instance, Cyclin D1 was 

shown to directly interact with RAD51 

recombinase after ionizing radiation in a BRCA2-

dependent manner to facilitate recruitment of 

RAD51 to sites of DNA breaks80. As a 

consequence, reduced level of Cyclin D1 resulted 

in decreased HR repair efficiency. 

The notion that CDK activity is required for HR 

DNA repair is difficult to reconcile with CDK 

activity being down-regulated in response to DNA 

damage. However several different scenarios are 

possible to allow CDK-dependent DNA repair 

while CDK activity is down-regulated. In S/G2, HR 

DNA repair components may be already modified 

by CDKs even before DNA damage is present. 

When these CDK-dependent phosphorylation 

marks are not directly removed by phosphatases 

and have a slow turnover, a ‘CDK activity’ 

signature may remain present on these DNA 

repair components, even when CDK activity itself 

is down-regulated after DNA damage. A similar 

mechanism has been proposed for regulating 

CDK substrates during mitotic exit in budding 

yeast, in which individual CDK substrates were 

shown to have distinct thresholds for 

dephosphorylation81. A second explanation could 

be that divergent thresholds exist for specific 

CDK-mediated events; cell cycle progression may 

require higher levels of CDK activity when 

compared to DNA repair. If so, levels of CDK only 

need to be partially down-regulated to block cell 

cycle progression while still allowing DNA repair 

through CDK-dependent HR. Thirdly, mammalian 

cells contain many different CDKs which can pair 

with different Cyclin partners. It may be that 

preferentially the activity of CDK–Cyclin 

complexes is down-regulated which are involved 

in cell cycle progression, whereas the activity of 

CDK–Cyclin complexes required for DNA repair is 

less affected. 

Taken together, these data indicate that, in a 

highly evolutionary conserved way, the cell cycle 

machinery controls DNA repair choice through 

regulation of DNA end resection by CDK activity. 

Since the formation of ssDNA during DNA end 

resection is an important trigger for checkpoint 

signaling, CDK activity indirectly also controls 

signaling through the ATR/CHK1 pathway. 

Indeed, it was demonstrated that treatment of 
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cells with the broad spectrum CDK inhibitor 

roscovitine effectively ablates DSB-induced 

ATR/CHK1 phosphorylation along with an 

inhibition of DSBs repair through HR20. 

 
Inactivation of DDR signaling toward the cell cycle 

machinery during mitosis 
 

In the 1950s, Raymond Zirkle and William Bloom 

collected a vast collection of 16-mm films that 

documented the orderly progression through 

mitosis of normal cells and the abnormalities that 

occured in microbeam-irradiated cells. Early on, it 

was recognized that cells that were irradiated 

during mitosis with their focused microbeam 

continued mitosis without repairing broken 

chromosomes82. Subsequent findings using laser 

irradiation confirmed these results, and 

underscored the notion that from late prophase 

onwards, mitotic cells are oblivious to broken 

chromosomes83. Only when extremely high levels 

of DNA damage were incurred, then mitotic cells 

arrested in metaphase, which was fully accounted 

for by damage to centromeric regions of 

chromosomes and a subsequent activation of the 

spindle checkpoint84. As a rule, it appears that 

cells in mitosis do not effectively activate DNA 

double strand break repair and progress through 

mitosis85. Although mitotic cells do not arrest 

mitotic progression and continue into anaphase in 

the presence of DNA breaks, these broken 

chromosomes stain positive for γH2AX86. These 

findings indicated that the upstream parts of the 

DDR, concerning DNA break detection, are still 

functional during mitosis but are apparently 

disconnected from the downstream effectors that 

control cell cycle progression. 

Molecular insight into how the downstream 

effectors of the DDR are disengaged during 

mitosis emerged with the finding that mitotic 

kinases negatively influence DDR components 

during mitotic entry. Both the negative regulators 

of mitotic CDKs (WEE1, MYT1) as well as the 

positively regulators of CDKs (CDC25 isoforms) 

are modified during mitosis (Fig. 1, lower panel). 

Concerning the negative regulators of mitotic 

CDKs, the WEE1 kinase which is involved in 

blocking mitotic entry when DNA damage is 

present or when DNA is incompletely replicated, 

was shown to undergo multisite phosphorylation 

by CDK1–Cyclin B, Casein kinase-2 and (Polo-

like kinase-1) PLK187–89. These phosphorylation 

events are part of an ultrasensitive feedback loop 

that allows a rapid and non-reversible entry into 

mitosis90. At the same time, these phosphorylation 

events create a binding site for the SCF ubiquitin 

ligase complex, in association with the F-box 

protein β-TrCP to promote proteasomal 

degradation of WEE188,89. A second ubiquitin 

ligase complex, the SCF in association with the F-

box protein TOME-1 provides a back up to ensure 

efficient WEE1 degradation during mitosis91,92. 

Combined, these proteasomal degradation 

pathways efficiently remove a potential CDK 

inhibitory pathway during mitosis. Also the MYT1 

kinase that inhibits CDK1 is inactivated during 

mitosis, although this inactivation pathway has not 

been elucidated in as much detail, and some 

evidence is from meiotic rather than mitotic cell 

cycles. Clearly multiple mitotic kinases 

phosphorylate MYT1, including Polo-like kinases, 

CDK1 and RSK, and these events correlate with 

loss of MYT1 catalytic activity93–95. 

Also the pathways that normally negatively 

impact on CDC25 phosphatase activity in 

response to DNA damage are modified during 

mitosis. The CHK1 kinase that phosphorylates 

and thereby negatively regulates CDC25 isoforms 

strictly depends on its co-factor Claspin96. At 

mitotic entry, Claspin is phosphorylated by PLK1, 

which creates a phospho-dependent docking site 

for the β-TrCP-SCF ubiquitin ligase97–99. As a 

result, mitotic cells lack Claspin, and cannot 

activate CHK1. Notably, mutation of the 

destruction motif in Claspin allows partial CHK1 

activation during mitosis97–99. Also in Xenopus 

Claspin is phosphorylated by the PLK1 

2 



DNA DAMAGE RESPONSE DURING MITOSIS         23 
 

homologue PLX1, although it was reported to 

result in disruption of its chromatin binding, rather 

than its degradation100. 

Also CHK2 is disarmed during mitosis. 

Whereas the upstream activator of CHK2 can be 

normally activated during mitosis, CHK2 is no 

longer phosphorylated by ATM in response to 

DNA damage, nor does it get catalytically 

active101. This inactivation of CHK2 coincided with 

phosphorylation of its phospho-binding FHA 

domain by PLK1. In addition, CHK2 activation was 

previously shown to depend on 53BP1102,103, 

which is also unable to localize to sites of DNA 

damage during mitosis101,104–106. 

Besides modification of the DDR checkpoint 

kinases CHK1 and CHK2 that are upstream of 

CDC25, also the CDC25 phosphatases 

themselves appear to be modified during mitosis. 

Both CDC25B and CDC25C were shown to get 

phosphorylated on residues that reside closely to 

their CHK1 and CHK2 phosphorylation sites Ser-

309 and Ser-216, respectively107 (Fig. 1, lower 

panel). CDC25C phosphorylation in mitosis on the 

neighboring site Ser-214 by CDKs supposedly 

blocks access for CHK1 and CHK2 kinases and 

turns CDC25C insensitive to DDR-mediated 

inhibitory signaling during mitosis107. Surprisingly, 

removal of these CDK residues close to the CHK1 

and CHK2 inhibitory sites rendered CDC25B 

sensitive to IR-mediated inhibition during mitosis, 

which is surprising in the light of reports that have 

shown that CHK1 and CHK2 are no longer 

activated during mitosis97–99,101,108. Rather, it 

appears that multiple mechanisms are at play to 

prevent the inactivation of CDC25 isoforms, and 

ultimately ensure continued activity of CDKs 

during mitosis (Fig. 1, lower panel). 

Not only the kinase-driven part of the DDR is 

prevented from exerting its inhibitory effects on 

cell cycle progression during mitosis, also the 

transcriptional axis controlled by p53 appears 

inactivated during mitosis. This seems due to a 

general shut-down of gene transcription and CAP-

dependent translation during mitosis109,110. 

Although no detailed studies are present that 

report on the transcriptional regulation of the p53 

signaling axis during mitosis in response to DNA 

damage, p53 function has been studied in 

response to spindle poisons111. Consistent with 

transcription and translation being down-regulated 

during mitosis, both p53 and p21 only accumulate 

when damaged cells exit mitosis into G1. 

Remarkable in this respect is the finding that the 

TP53 coding sequence contains two internal 

ribosome entry sites (IRESs) which allow CAP-

independent translation of p53 mRNA112,113. Yet, 

in order to build a functional p53 response, not 

only p53 itself but also its transcriptional targets 

need to be transcribed and translated. 

Concluding, it seems that both the fast-acting 

kinase-driven cell cycle checkpoints are 

inactivated during mitosis as well as the robust 

transcription-initiated p53-dependent response, to 

make sure that CDK activity cannot be down-

regulated during mitosis, precluding cell cycle 

delay. 

 
DNA repair kinetics during mitosis 
 

The packaging of DNA into higher order chromatin 

is a key part of the detection and processing of 

DNA damage. Most notably, the early 

phosphorylation of the H2A variant H2AX at Ser-

139 creates docking sites for the DNA repair 

machinery and is commonly used to detect DNA 

breaks. When cells enter mitosis, chromatin 

becomes highly condensed and it would not be 

surprising if this altered chromatin state affects 

DNA repair. However, the initial detection of DNA 

breaks appears to happen normally. The MRN 

complex, which is thought to be the primary 

detector of DNA breaks is normally recruited to 

sites of DNA breaks114. These observations are in 

line with the activation of the ATM kinase, for 

which it depends on the MRN complex101,104 (Fig. 

2, right panel). The MRN complex has been 

shown to tether the two DNA ends of a DSB. This 

role might be especially important during mitosis 
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where a-centromeric chromosome fragments that 

arise from a DNA break might otherwise be 

randomly distributed over daughter cells, leading 

to aneuploidy. 

Also immediately downstream of ATM, 

damage-induced signaling appears to be 

comparable to interphase cells. H2AX is normally 

phosphorylated after irradiation101,104,106, which is 

also underscored by the recruitment of MDC1 to 

sites of DNA damage, an interaction that depends 

on H2AX phosphorylation115 (Fig. 2, right panel). 

Concerning NHEJ repair of DNA breaks during 

mitosis, Xenopus Ku complexes were shown to 

rapidly localize to endonuclease-induced DNA 

breaks in DNA or to laser-induced breaks in 

human cells114,116. Similarly, the Ku80 subunit was 

shown to be recruited to laser-induced DNA 

breaks during mitosis in human cells117. These 

findings suggest that NHEJ may also be 

performed during mitosis, although currently not 

all essential NHEJ components, including ligase 

IV, have been shown to function normally during 

mitosis, and actual NHEJ repair during mitosis 

has not been demonstrated. Whereas 

circumstantial evidence suggests that NHEJ is not 

severely affected during mitosis, the repair of 

DSBs using HR does seem to be negatively 

affected. Both RNF8 and RNF168, two ubiquitin 

ligases required for repair initiation can no longer 

be recruited to sites of damage during mitosis, nor 

could ubiquitin chains be formed at these sites of 

damage104 (Fig. 2, right panel). Contrasting 

findings were reported after laser-induced breaks 

where ubiquitin chains could be recruited during 

mitosis, but these may reflect high numbers of 

clustered breaks, rather than signal amplification 

at individual breaks116.  

Also DNA end resection appears to be altered 

during mitosis. Initiation of DNA end resection, 

controlled by CtIP appears to be normally 

performed, both in mitotic Xenopus extracts as 

well as in human cell lines114. Concomitantly, 

ssDNA appears to be generated, as judged from 

the recruitment of RPA to sites of DNA breaks114. 

However, extensive DNA end resection by the 

EXO1 and DNA2 nucleases in conjunction with 

Figure 2. DNA repair during mitosis. In response to DNA breaks during interphase (left panel), the 

MRN complex and ATM form a local feed-forward amplification loop at sites of DNA damage. Among 

the hundreds of ATM targets, H2AX and the MDC1 and 53BP1 adaptor proteins are phosphorylated, 

resulting in the recruitment to breaks of the latter two proteins. Recruitment of various DDR 

components, including RNF8, RNF168, HERC2 and UBC13 leads to local histone ubiquitination. 

Subsequent recruitment of other DDR components, including RAP80, Abraxas, BRCA1 and BARD1 is 

required to initiate DNA repair. During mitosis (right panel), MRN complexes are still recruited to sites 

of DNA damage and ATM is activated. This results in the phosphorylation of H2AX, and the 

recruitment of MDC1, but does not result in the downstream DDR signaling. 53BP1 is not recruited to 

IR-induced foci, nor are histones ubiquitinated. As a consequence, ubiquitin-dependent recruitment of 

DDR components including BRCA1, RAP80 and Abraxas is defective. Effectively, DNA breaks during 

mitosis appear to be ‘marked’ but not repaired. 
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SGS1 appears to be hampered, which may result 

in insufficient DNA overhangs on which RAD51 

cannot be loaded114. In addition, the inability of 

RAD51 to be recruited during mitosis may be 

caused by post-translational RAD51 modification. 

Indeed, phosphorylation of interphase RAD51 by 

CDK1 was sufficient to block its filament forming 

activity on broken chromatin114. Also, RAD51 was 

shown to get sequentially phosphorylated by 

Casein-kinase and PLK1, which affects its 

capacity to stimulate HR118. In addition, also 

upstream HR components that control RAD51 

recruitment are being phosphorylated during 

mitosis. BRCA2, for instance, is phosphorylated in 

a CDK-dependent fashion on Ser-3291, and this 

phosphorylation was shown to negatively 

influence its binding to RAD51119. The RAD51-

BRCA2 complex disappears faster in cells 

expressing BRCA2 variants with a point mutation 

at this CDK site in BRCA2, and RAD51-BRCA2 

foci disappear when cells enter mitosis, even in 

case persistent DNA breaks are present119,120. 

Moreover, inactivation of the BRCA2-RAD51 foci 

appears to be a pre-requisite for chromosome 

condensation and mitotic entry120. Combined, 

these data suggest that CDK-mediated 

phosphorylation of BRCA2 interferes with RAD51 

recruitment to control HR capacity. Indeed, 

phosphorylation of BRCA2 at Ser-3291 was 

elevated after forcibly increasing CDK1 activity 

levels using chemical WEE1 inhibition, and 

importantly, forced elevation of CDK1 activity 

resulted in decreased ability to perform HR DNA 

repair121. These effects could be reversed by 

treatment with RO-3306, a specific inhibitor of 

CDK1, pointing to CDK1 as the upstream kinase 

responsible for inactivating BRCA2 

phosphorylation121. In line with these findings, 

treatment of mitotic cells with this CDK1 inhibitor 

permitted RAD51 assembly, indicating that 

activation of CDK1 during mitosis actively 

interferes with this key aspect of HR114. 

Overall, it appears that (complex) DNA breaks 

are detected and partly processed, but not 

repaired during mitosis. The upstream DNA repair 

machinery seems to be functioning in order to 

tether DNA ends to enable future repair and 

prevent aneuploidy. This also allows repair when 

cells have exited mitosis and progressed to G1 

phase. 

 
Cellular fate after encountering DNA breaks 

during mitosis 
 

Apparently, mitotic cells respond differently to 

DNA damage when compared to interphase cells. 

Whereas interphase cells can stop cell cycle 

progression and retain different DNA repair 

pathways to maintain genomic integrity, mitotic 

cells only start a ‘primary’ DNA damage response 

and DNA breaks do not per se trigger a cell cycle 

arrest. These findings illustrate that cells are 

programmed to prioritize mitotic progression over 

activation of a full DDR cascade. One could 

envision the destructive cellular architecture 

during mitosis not to be tolerated indefinitely, 

which would require reprogramming of DDR 

signaling during this cell cycle phase. Indeed, 

studies have shown that even when it takes 

slightly longer to complete mitosis, 90 min instead 

of the average 20–60 min, the resulting daughter 

cells progress differently through the following cell 

cycle than the normal population122. More so, 

daughter cells that were born from a protracted 

mitosis activated a p53-dependent G1 arrest that 

even in a subsequent cell cycle arrested cells in 

G1 if the first arrest was chemically inhibited122. 

Moreover, a prolonged mitosis can give rise to 

DNA breaks. Depending on the cell type, γH2AX 

foci, an early marker of DNA breaks, were 

detectable at 5–16 h after mitotic arrest and 

gradually accumulated when mitosis was 

sustained111,123. Recently, the various 

mechanisms by which prolonged mitosis can 

result in DNA damage were comprehensively 

reviewed by Ganem and Pellman124. 

Clearly, mitotic cells get damaged when 

arrested too long in mitosis, and mechanisms are 
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at play to prevent delayed mitotic progression 

through silencing of key DDR components. Not 

surprisingly, DDR silencing during mitosis comes 

at a cost. Indeed, mitotic cells are considerably 

more radiosensitive when compared to interphase 

cells. A significantly decreased clonogenic 

survival was observed when cells were irradiated 

during mitosis compared to asynchronously 

growing populations104,125. It appears that mitosis 

is a process best to be finished quickly with as 

little as possible DNA damage. This notion 

corresponds with the evolution of a robust DNA 

damage-induced G2 checkpoint that prevents 

entry into mitosis and the lack of a full DDR 

response during mitosis. However, although 

mitotic cells are programmed to move rapidly 

through mitosis, several scenarios make that the 

appearance of DNA breaks during mitosis is not 

completely uncommon. Since mitotic cells can 

account for 0.5 up to ∼5% in fast dividing tissues 

such as bone marrow, colon epithelium126,127, or 

even higher percentages in cancerous tissues, 

cells can be in mitosis at the moment of 

(scheduled or unscheduled) exposure to DNA 

damaging agents. Furthermore, cells may enter 

mitosis with DNA breaks in case of aberrant G2 

checkpoint behavior, either due to mutations in 

checkpoint genes or due to the intrinsic leakiness 

of this checkpoint128,129. Additionally, cells may 

enter mitosis in the presence of unresolved 

replication intermediates, which can be 

transformed in double strand breaks during 

mitosis130. Since these events are not uncommon, 

it is relevant to understand their cellular fates. 

To study the influence of DNA damage on 

mitotic progression, various studies have used 

laser light to selectively irradiate chromosomes in 

mitotic cells or used synchronization protocols to 

reversibly arrest cells in early mitosis with spindle 

poisons such as nocodazole. Using these 

techniques, it was shown that when minor DNA 

damage is induced during mitosis, mitotic cells 

enter G1 with kinetics similar to those of untreated 

cells83,104,131 (Fig. 3). Even despite the presence of 

visibly broken chromosomes, mitotic cells appear 

to progress normally through mitosis. However, 

after irradiated mitotic cells have entered G1, they 

exhibit different cell cycle kinetics. Irradiated 

mitotic cells progress slower through S phase and 

showed delayed G2 progression, representative 

of checkpoint activation beyond the p53-

dependent G1 arrest104. As mitotic cells mark but 

do not repair breaks, the decrease in γH2AX foci 

observed at 24 h after irradiation implies that 

checkpoint activation is accomplished with DSB 

repair after entry in G104. While most lesions 

appear to be directly repaired in G1 via NHEJ, 

some foci dissolve in late S/G2 when cells can 

repair via HR132. Thus, mitotic cells with minor 

DNA damage progress normally through mitosis 

to enter G1 when a full DDR is activated (Fig. 3). 

Nonetheless, mitotic progression can be 

affected after DNA damage, albeit that a 

substantial level of DNA damage is required. 

When DNA damage levels are so high that 

centromere regions are affected, kinetochore 

function is hindered which results in prohibition of 

spindle assembly checkpoint (SAC) silencing with 

prolonged mitosis as outcome84,133,134 (Fig. 3). 

Due to a need to satisfy the SAC in order to exit 

mitosis, it is possible that cells die from prolonged 

SAC activation, commonly referred to as mitotic 

catastrophe. It was suggested that mitotic cell 

death is related to cells that only slowly degrade 

Cyclin B1 and thereby maintain sufficient Cyclin 

B1 levels to prevent mitotic exit135. Instead, in 

these mitotically arrested cells the activation of the 

caspase-dependent death pathway reaches a 

level sufficient to promote cell death in mitosis. 

However, when Cyclin B1 levels fall below the 

threshold required for maintaining a mitotic arrest, 

cells exit mitosis before a full apoptotic response 

can be achieved, a process that is also known as 

mitotic slippage135–137. During this process of 

premature mitotic exit, cells undergo reassembly 

of the nuclear envelope, which reassembles 

lagging chromosomes into small nuclear 

envelopes called micronuclei138–140. These micro- 
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  Figure 3. Accumulation and consequences of DNA breaks in mitotic cells. Cells can end up in 

mitosis with DNA breaks via several ways (upper row). (1) Cells can be in mitosis at the moment DNA 

damaging agents are encountered, (2) G2 cells with DNA breaks and a leaky G2 DNA damage 

checkpoint can enter mitosis or (3) cells can enter mitosis with unresolved replication stress, which 

can be processed into DSBs during mitosis. The fate of mitotic cells with DNA breaks depends on the 

level of DNA damage (middle row). Whereas low levels of DNA breaks do not interfere with mitotic 

exit and can lead to faithful repair in the next cell cycle or lead to mutagenic cells with chromosomal 

changes or even cell death (lower row). In contrast, mitotic cells with excessive DNA breaks that 

affect centromere function will arrest in a SAC-dependent fashion. These cells can exit mitosis 

through slippage to produce mutagenic progeny or be cleared after mitotic catastrophe. In a parallel 

track, cells can produce DNA breaks de novo when defectively aligned chromosomes are damaged 

during cytokinesis, possibly producing mutagenic daughter cells. 
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nuclei can persist for several generations and 

then be reincorporated into the primary nucleus or 

can cause cell death138,139. Rather than forming 

micronuclei, it is tempting to speculate that 

preexisting DSBs located at or near centromeres 

are physically torn apart by strong microtubule-

generated forces before lagging chromosomes 

are formed. As a consequence, cells will generate 

‘whole arm’ chromosome amplifications, as is 

often seen in tumor cells. 

In addition to directly being caused by DNA 

damaging agents, DNA breaks can also be 

indirectly formed during mitosis. Although not 

observed frequently, imaging of mammalian cells 

confirmed that when chromosome segregation 

errors were encountered, this occasionally 

resulted in chromosome breakage during 

cytokinesis to trigger a DSB response in the 

corresponding daughter cells139,141,142. Notably, 

Janssen et al., showed that chemical inhibition of 

cytokinesis prevented trapped chromosomes from 

acquiring DNA damage related foci, suggesting 

that cytokinesis plays a direct role in physically 

breaking chromosomes. When daughter cells 

inherited chromosomes with cytokinesis-induced 

DNA damage, breaks were largely repaired within 

8 hour after segregation at least in part by 

NHEJ141. As ultimately only ∼10% of cells 

experiencing chromosome missegregations 

contained structural chromosomal aberrations, 

most daughter cells either faithfully repaired DSBs 

or escaped analysis through cell death (Fig. 3). 

Conversely, the widely held view that defects 

in mitotic segregation are causative of numerical 

chromosomal instability (CIN) is challenged by 

data revealing that replication stress can lead both 

to structural and numerical CIN143. When 

unresolved replication intermediates progress 

through mitosis, the cell cycle-associated 

nuclease MUS81 cleaves the stalled replication 

forks to induce DNA breaks130. Previously, several 

labs have shown that when cells with replication 

stress divide and enter G1, these lesions are 

marked by 53BP1 foci and are sequestered in 

nuclear bodies132,144. It has been proposed that 

these nuclear compartments protect the 

transmitted lesions against further destabilization. 

Apparently, nucleolytic processing of unresolved 

replication intermediates is required to finish 

mitosis, while the shielded transmission of the 

generated lesions is essential for restoration and 

maintaining genomic integrity. However, despite 

the presence of protective mechanisms, recent 

data show that in most colorectal cancers 

replication stress actually leads to structural and 

numerical CIN143. 

Combined, there are several ways to end up in 

mitosis with DNA breaks, and also several fates of 

these cells were observed (Fig. 3). High levels of 

DNA damage can activate a SAC-dependent 

mitotic arrest, which can result in a mitotic 

catastrophe (Fig. 3, lower row). Conversely, low 

levels of DNA damage do not appear to prolong 

mitosis. However, transmission of DNA damage to 

daughter cells may come at the cost of aberrant 

repair and consequent acquisition of mutations, 

translocations  or  even  numerical  chromosome  

deviations. 

 

 

CONCLUDING REMARKS 

  

Concluding, the DNA damage response plays a 

fundamental role to prevent the transmission of 

damaged DNA to progenitor cells. Even though 

cells are equipped with several repair systems 

and cell cycle checkpoints that prevent cells with 

damaged DNA from undergoing mitosis, cells can 

end up in mitosis through several paths in the 

presence of DNA breaks, including checkpoint 

failure and mitotic processing of replication 

aberrancies. The response to DNA breaks in 

mitosis is fundamentally different from the 

damage response in interphase cells, and 

mounting data now start to provide the molecular 

underpinning of the observed lack of a DNA-

damage induced checkpoint during mitosis. 

However, rather than arranging a full shut-down of 
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DNA damage-induced signaling, the DDR seems 

to be re-wired during mitosis, in order to mark 

sites of DNA damage for future repair. The data 

described in this review mostly concern the 

responses to DNA double strand breaks, primarily 

due to the wealth of literature on the cell cycle-

dependent processing of these DNA lesions, and 

the virtual lack of data on processing of other 

types of DNA lesions during mitosis. Although cell 

cycle-dependent dynamics in other repair 

processes, including base excision repair (BER) 

and mismatch repair, have been described, 

mitosis-specific data are lacking145,146. Future 

work will be needed to fully understand the mitotic 

processing of DNA damage, including DNA 

lesions other than DNA breaks. What remains 

more enigmatic is how exactly the DNA damage 

that is ‘marked’ during mitosis is further processed 

and repaired during the following cell cycle. Initial 

studies have shown that some – possibly complex 

– DNA lesions are not repaired until cells reach a 

following S phase, suggesting a role for HR 

repair132. To what extent these processes are 

mutagenic, and how these events are coordinated 

with cell fate decisions remains unclear. Finally, it 

remains unclear why mammalian cells partially 

shut down the response to DNA breaks during 

mitosis. Clearly, the process of chromosome 

alignment and segregation must be conducted 

properly to avoid major genomic aberrancies. The 

fact that transcription and translation are 

inactivated during mitosis makes that only limited 

time is available to complete mitosis. In this 

context, the inactivation of the DNA damage 

response pathway may be required to prevent a 

potential DDR-mediated inhibition of mitotic 

CDKs. Such DDR inactivation comes with a price: 

during mitosis cells are more sensitive to the 

cytotoxic effects of irradiation104. To not be 

completely oblivious to DNA damage during 

mitosis, lesion are recognized and marked to be 

repaired after mitosis. This mitotic ‘marking’ of 

DNA breaks appears to protect mitotically 

damaged cells to some extent, as inactivation of 

upstream DDR kinases ATM or DNA-PK further 

sensitizes  mitotic  cells to the cytotoxic  effects of  

irradiation104. 

A better insight in these processes is relevant for 

our understanding of how (cancer) cells acquire 

their genetic aberrations. In addition, the facts that 

cancer cells are often treated with DNA damaging 

agents and that DNA damage checkpoints – 

especially in cancer cells – often appear leaky, 

makes that DNA damage in mitosis is not 

uncommon. Therefore, a better understanding of 

DNA damage processing during mitosis and how 

this affects cell fate may provide us with insight 

how cancer cells respond to DNA damaging 

agents and may provide us with molecular targets 

to improve these therapies. Finally, current anti-

cancer treatments comprise both spindle-poisons 

that arrest cells in mitosis, as well as genoxic 

treatments including many chemotherapeutics 

and radiotherapy. The fact that mitotic cells 

differentially respond to DNA lesions warrants 

investigation of combined and scheduled 

application of these therapies. 
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