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Double-strand breaks (DSBs) are one of the severest types of DNA damage. Unre-
paired DSBs easily induce cell death and chromosome aberrations. To maintain
genomic stability, cells have checkpoint and DSB repair systems to respond to
DNA damage throughout most of the cell cycle. The failure of this process often
results in apoptosis or genomic instability, such as aneuploidy, deletion, or trans-
location. Therefore, DSB repair is essential for maintenance of genomic stability.
During mitosis, however, cells seem to suppress the DNA damage response and
proceed to the next G, phase, even if there are unrepaired DSBs. The biological
significance of this suppression is not known. In this review, we summarize
recent studies of mitotic DSB repair and discuss the mechanisms of suppression
of DSB repair during mitosis. DSB repair, which maintains genomic integrity in
other phases of the cell cycle, is rather toxic to cells during mitosis, often result-
ing in chromosome missegregation and aberration. Cells have multiple safe-
guards to prevent genomic instability during mitosis: inhibition of 53BP1 or
BRCAT1 localization to DSB sites, which is important to promote non-homologous
end joining or homologous recombination, respectively, and also modulation of
the non-homologous end joining core complex to inhibit DSB repair. We discuss
how DSBs during mitosis are toxic and the multiple safeguard systems that sup-

press genomic instability.

The vast majority of studies for DSB repair have been
carried out using cells during G; or S/G, phase. Cells have
two main DSB repair pathways: C-NHEJ, or HR.V DSBs are
often repaired by one of the two pathways in a cell-cycle depen-
dent manner: C-NHEJ in G; phase, or HR in S/G, phase.
A-NHE]J, a third, less-characterized repair pathway, also plays a
critical role in DSB repair.(2’6) During mitosis, however, regula-
tion of these repair pathways is not well understood.

In G, or S/G, phase, DSBs initiate a massive signaling cas-
cade, called the DDR. The DDR sensor protein complex,
MRN, recognizes damaged DNA and results in recruitment of
PIKKSs such as: ATM through the interaction with Nbsl; ATR
through the interaction of the ATR partner, ATRIP, with repli-
cation protein A, a single-stranded DNA binding protein, on
single-stranded DNAs; and a third PIKK member, DNA-PKcs,
through the binding with the Ku complex, to facilitate DDR
and also C-NHEJ at the DSB sites.”” The ATM phosphorylates
histone H2AX on S139, generating YH2AX (Fig. 1a).® The
MDCI1 protein recognizes YH2AX. ATM also phosphorylates
MDCI on TQXF motifs,”” and then the RNF-containing E3
ubiquitin ligase RNF8, which mediates a protein ubiquitination
cascade, is recruited to the damage site through binding to the
phosphorylated TQXF motif on MDCI1 (Fig. 1b, left).
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RNF168, a second E3 ubiquitin ligase, is accumulated at the
DSB sites by recognizing products ubiquitinated by RNFS8
(Fig. 1c, left). RNF8/RNF168-mediated ubiquitination of his-
tone H2A at lysine 13/15 is believed to be important for
remodeling of the chromatin flanking DSBs,'*!" followed by
RNF8/RNF168 mediated lysine 63-linked and lysine 48-linked
ubiquitin chain synthesis(l 12 and multi—ubiquitination.(13) The
ubiquitination cascade results in the recruitment of BRCA1 or
53BP1 to the DSB sites"*'® (Fig. 1d, left, middle).

The proportion of 53BP1 or BRCAI at DSB sites determines
whether the repair pathway is NHEJ or HR. The 53BP1 and
BRCAT1 proteins have opposite functions in DSB end resection
during DSB repair. 53BP1 binds to the DSB site by recogniz-
ing ubiquitinated histone H2A using its ubiquitin-dependent
recruitment motif'® and inhibits DSB end resection.?**" Un-
resected DSB ends prefer DNA ligase IV-dependent C-NHEJ
rather than HR or A-NHEJ (Fig. 1d—f, left). However, BRCA1
somehow associates with initiation of DSB end resection.?**®
It overcomes the inhibitory function of 53BP1 on DSB end
resection and promotes HR 0 (Fig. 1d,e, middle). The
recruitment of BRCAL1 to DSB sites largely depends on RNF8-
and RNF168-dependent ubiquitination.( * However, the molec-
ular mechanism of the recruitment of BRCA1 and its function
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at DSB sites are still unclear. There are at least three different
protein complexes containing BRCAl: BRCAI-A (RAPS0,
Abraxas, BRCC36), -B (BACHI), and -C (CtIP).*® The
BRCAI1-C complex promotes DSB end resection. The DSB
end is processed to produce a 3’-overhanging single-stranded
DNA region by the collaboration of CtIP and Mrell nuclease
of the MRN, followed by an extension step mediated by
exonuclease I or BLM helicase/DNA2 nuclease.® Then, rep-
lication protein A is recruited to the single-stranded DNA
region. Rad51 recombinase (Fig. 1f, middle), a eukaryotic
RecA, forms nucleoprotein filaments on single-stranded DNAs
in the aid of Rad51 mediators such as BRCA2, and then
Rad51 paralogs including XRCC2, XRCC3, Rad51B, Rad51C,
and Rad51D to facilitate HR.*>®

A-NHEJ is defined as an NHEJ activity when core NHEJ
factors (DNA ligase IV, Ku70, and Ku80) are inactivated.”®’

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
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Fig. 1. Role of ubiquitin in the
double-strand breaks (DSBs) in
mitosis. (a) DSB induces  ATM-dependent
phosphorylation of histone H2AX. (b) MDC1
recognizes the phosphorylation in both interphase
! and mitosis. ATM also phosphorylates MDC1 to
promote RNF8 recruitment to the DSB sites in
interphase. CDK1 phosphorylates RNF8 to inhibit
the recruitment during mitosis. (c) RNF8 works with
RNF168 to ubiquitinate histone H2A and other
molecules to amplify the ubiquitin-mediated DSB
signaling. In mitotic cells, the ubiquitination is
suppressed. (d) Ubiquitination leads to recruitment
of multiple effector proteins such as 53BP1 and
BRCA1 in interphases. Both 53BP1 and BRCA1 fail
to localize to the DSB sites during mitosis. (e) 53BP1
promotes non-homologous end joining (NHEJ) in G4
phase, whereas BRCA1 promotes homologous
recombination (HR) by interacting with CtIP in S/G;
phase. (f) In Gy phase, DSB is ligated by DNA ligase
IV, an NHEJ-specific DNA ligase. In S/G, phase, DSBs
are resected by functions of CtIP and the MRN
complex to promote Rad51-ssDNA filament
formation to execute HR. Alternative NHEJ (A-NHEJ)
dependent on CtIP function, which induces limited
resection at the DSB site. Cell-cycle regulation of A-
NHEJ is not clear.

The A-NHEJ process, initiated by MRN- and CtIP-dependent
DSB end resection, needs the ERCCI1-XPF nuclease and DNA
ligase I/III-XRCC1 complex, but is indegendent of the DNA-
PKcs, DNA ligase IV, or Ku complex.®*>? A-NHEJ in verte-
brates is often used as a synonym of microhomology-mediated
end joining in yeast.®" Generally, A-NHEJ is classified as a
part of microhomology-mediated end joining, which is defined
as any end joining involving microhomology at the joined
end.®” Precise molecular mechanisms of the pathways and
their biological significance are still unclear.

Effect of DSB Introduction During Mitosis

Human cells show a different DDR during mitosis than in
other cell cycle phases. During most of the cell cycle, cells
induce checkpoints in response to DNA damage. Until late
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prophase, the entry into mitosis can be suppressed by the dam-
age. After cells reach the point of no return, however, DSBs
on mitotic chromosomes do not trigger cell-cycle delay or
arrest; and the cells rather proceed through mitosis even if the
contain unrepaired DSBs or fragmented chromosomes.“
Indeed, the sensitivity to ionizin% radiation is higher in mitotic
cells than in interphase cells. 3339 Moreover, DSB introduction
into mitotic cells by etoposide treatment induces massive chro-
mosome aberrations in the next cell cycle in a cancer cell line
(Fig. 2). Thus, DSBs during mitosis are very toxic to cells
because of the induction of severe genomic instability. How-
ever, the biological significance of suppression of the DDR
remains unclear.

Double-Strand Break Repair During Mitosis is Inactivated
by Mitotic Kinases

During mitosis, DSBs activate PIKKs to induce phosphoryla-
tion of H2AX, and MDCI1 as well as the MRN complex are
recruited to the DSB sites, as seen during interphases (Fig. 1a).
However, the recruitment of RNF8, RNF168, 53BPI1, and
BRCALI to DSB is largely suppressed during mitosis (Fig. 1b,
d, right).®°**» The mechanism of the suppression and its pur-
pose were not well understood. Two groups recently showed
that localization of RNF8 and 53BP1 to DSBs is inhibited dur-
ing mitosis.®>*® The first work done by Orthwein et al.
(2014) showed that, in human cells, RNF8 and 53BP1 are
phosphorylated during mitosis by CDK1 and that inhibition of
the phosphorylation restores their localization to DSB sites
(Fig. 1b,d, right). Orthwein ef al. also identified T198 on
RNF8 as a CDK1 phosphorylation site and showed that RNF8-
T198A, a phosphorylation-defective protein, can localize to
mitotic chromatin after DSB introduction. RNF8 prepared from
mitotic extracts cannot bind to MDC1 in vitro, but RNF§ pre-
pared from CDKI1 activity-inhibited cells interacts with MDC1
in vitro. The RNF8-T198A protein restores localization of
BRCAT1 but not 53BP1 to the DSB site. They also found that
T1609 and S1618 on 53BP1 are phosphorylated during mitosis
(Fig. 3a) and that 53BP1-T1609A/S1618A double mutant pro-
tein can localize to mitotic chromatin and restores DSB repair
in cells expressing RNF8-T198A. Their study confirmed that
T1609 is phosphorylated by CDK1, whereas S1618 is a target
of PLK1 in vitro. These show that there are at least two dis-
tinct mechanisms to regulate the recruitment of these DDR
effector proteins.>

The second work by Lee et al. (2014) indicated that T1609
and S1618 of 53BP1 are hyperphosphorylated in the absence
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Fig. 2. Effect of etoposide-induced double-strand
breaks (DSBs) during mitosis on genomic instability
of mitotic chromosomes. Representative images of
chromosome  spreads from etoposide-treated
(+Etoposide) and non-treated (—Etoposide) in
HCT116 human colon cancer cells arrested in
mitosis. Arrows indicate dicentric chromosomes.
Arrowheads show fragmented chromosomes. Scale
bar = 10 pm.
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of PP4c phosphatase in human cell lines.®®*” They analyzed
the function of PP4c phosphatase during DDR and found that
these sites are phosphorylated specifically during mitosis.®®
These mitosis-specific phosphorylation sites are located in the
ubiquitin-dependent recruitment motif of 53BP1, a recognition
site of ubiquitinated H2A, which is required for the localiza-
tion of the protein to DSB sites.">~'” Both of the reports®>®
showed that DNA damage during mitosis in cells expressing
phosphorylation-defective  53BP1-T1609A/S1618A  mutant,
which restores its localization to DSB sites, leads to increased
micronuclei formation. This suggests that restoration of DSB
repair during mitosis causes defects in proper chromosome
segregation and that inhibition of DSB repair during mitosis
serves to maintain genomic stability. In addition to micronuclei
formation, Orthwein et al. showed that restoration of accumu-
lation of RNF8 and 53BP1 to damaged mitotic chromosomes
increases telomere fusions, which seems to be mediated by
DSB repair such as C-NHEJ.®® Therefore, suppression of
DSB repair by phosphorylation of RNF8 or 53BP1 by CDKI1
or PLK1 may protect the genome during mitosis. In particular,
suppression of RNFS8- and 53BP1-dependent DSB repair dur-
ing mitosis may prevent telomere fusions.

Involvement of C-NHEJ Core Complex in Segregation
Defects

Two groups showed that inhibition of the DNA-PKcs sup-
presses micronuclei formation induced by mitotic DSBs in
53BP1-T1609A/S1618 A-expressing or 53BP1-T1609A
/S1618A RNF8-T198A-expressing cells, suggesting and that
the core C-NHEJ complex plays a role in the segregation
defects.*>3® Recently, we showed another DSB repair sup-
pression mechanism by modulating the C-NHEJ core complex
during mitosis.®® DSB repair is largely suppressed during
mitosis, but a substantial level of repair still occurs.®

C-NHEJ causes formation of anaphase bridges, which are
bridge-like DNA structures that span daughter chromosomes
and frequently induce genomic instability through inappropri-
ate chromosome segregation.***? In our study, severe chro-
mosome aberrations such as dicentric and fragmented
chromosomes are induced by mitosis-specific DSB introduction
by transient treatment with etoposide (Fig. 2).®® This observa-
tion raises a possibility that anaphase bridges are caused by
dicentric chromosome formation by interchromosomal connec-
tions between telomeres or other chromosomal loci. These
results suggest that there is a process to connect sister chro-
matids or individual chromosomes in DDR during mitosis.
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DNA ligase IV-dependent C-NHEJ contributes to dicentric
chromosome formation through telomere fusion in cells with
dysfunctional telomeres,*" which act as DSB ends.** There-
fore, we hypothesized that C-NHEJ is involved in the forma-
tion of anaphase bridges. Both XRCC4 and XLF are
regulatory subunits of the DNA ligase IV complex and are
essential for its activity.***> Anaphase bridge formation is
reduced after XRCC4 knockdown, suggesting that C-NHEJ
contributes to the formation of some of these bridges during
mitosis.*® Knockdown of the HR-specific factor XRCC3 has
almost no effect on anaphase bridge formation, indicating that
C-NHEJ is more critical than HR for the formation of ana-
phase bridges in mitotic cells. Our studies strongly suggest that
inappropriate use of the C-NHEJ pathway causes chromosome
bridges, which lead to chromosome aberrations from mitotic
DSBs.

Mitosis-Specific Phosphorylation of XRCC4

A phosphoproteomics study revealed that many sites are Phos-
phorylated during mitosis, including those on XRCC4,“® so
we evaluated cell-cycle regulation of XRCC4 phosphoryla-
tion.®® This mitosis-specific phosphorylation of XRCC4
contributes to the suppression of anaphase bridge formation
after induction of DSBs during mitosis.®® The mitosis-specific
phosphorylation of XRCC4 depends on both CDK1 and PLK1
activities.®® $326 is a putative CDK phosphorylation site, and
S326A substitution substantially reduces mitosis-specific phos-
phorylation of XRCC4 (Fig. 3b).°® Interestingly, the S326

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.

Fig. 3. Domain structure of 53BP1 and comparison
of CDK1 and PLK1 sites among XRCC4 orthologs. (a)

Domain structure and mitosis-specific
phosphorylation sites of 53BP1. (b) Domain
structure of XRCC4 and conservation of

phosphorylation sites among various species. $326
in the C-terminus of human XRCC4 (Hs) is a
potential CDK1 phosphorylation site. T222, $S256,
and S303 are putative PLK1 phosphorylation sites.
The gray and black boxes show XLF and DNA ligase
IV binding sites, respectively. Phosphorylation of
CDK1 or PLK1 sites are shown in mouse (Ms),
chicken (Gg), zebrafish (De), and budding yeast (Sc).
DNA ligase IV and XLF binding sites in mouse,
chicken, and zebrafish were predicted by aligning
with the DNA ligase IV and XLF binding sites of
human XRCC4 using T-Coffee software.

phosphorylation residue overlaps with the polo box recognition
motif.“” Both $256 and S326 are phosphorylated during mito-
sis.*® Because S256 resides in a putative PLK1 phosphoryla-
tion site (Fig. 3b), CDK-dependent phosphorylation of S326
might prime the mitosis-specific phosphorylation of XRCC4
by PLKI.

Although the ortholog of XRCC4 has not yet been identified
in nematode or fission yeast, most of the DNA ligase IV
subunits have been identified in various species (Table 1). We
previously analyzed cell-cycle regulation of Liflp, which is
the S. cerevisiae ortholog of XRCC4.“*7? Liflp is phosphor-
ylated by CDKs from S phase through mitosis and this phos-
phorylation plays a role in suppressing C-NHEJ in S to M
phases through the pathway dependent on Sae2, the S. cerevi-
siae ortholog of CtIP.*” These findings prompted us to assess
the conservation of the phosphorylation sites among XRCC4
orthologs. Although the locations of the phosphorylation sites
are different, both S. cerevisiae Liflp and human XRCC4 have
one putative target site for CDK1 and multiple sites for PLK1
(Fig. 3b). We found conservation of the phosphorylation
sites among various species. Both the CDK1 and PLKI1 sites
near the C-terminus were conserved between human and
mouse (Fig. 3b). In chicken, there are two CDKI sites near
the C-terminus and one PLKI1 site. However, in zebrafish,
although the CDKI site near the C-terminus was not con-
served, there are four CDKI sites in other locations. Three of
them are located downstream of the DNA ligase IV binding
site and overlap with PLKI1 sites (Fig. 3b). All of the XRCC4
orthologs have CDKI1 or PLK1 phosphorylation sites down-
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Table 1. Conservation of DNA ligase IV complex subunits among
species

DNA ligase IV XRCC4 XLF
Human DNA ligase IV XRCC4 XLF
Mouse DNA ligase IV XRCC4 XLF
Chicken DNA ligase IV XRCC4 XLF
Flog DNA ligase IV XRCC4 XLF
Zebrafish DNA ligase IV XRCC4 Nhej1
Fruit fly Ligd XRCC4 XLF
Nematode LIG-4 ? ?
Arabidopsis LIG4 XRCC4 ?
Fission yeast Liga ? XIf1
Budding yeast Dnl4 Lif1 Nej1

?, Unknown.

stream region of the DNA ligase IV interaction domain. Thus,
the function of mitosis-specific phosphorylation of XRCC4 is
likely to be conserved among many species. We showed that
XRCC4 phosphorylation-defective mutant (XRCC4-S326A)
restores rapid repair of mitotic DSBs associated with more
anaphase bridge formation.®® This suggests that mitotic
XRCC4 phosphorylation is involved in suppressing C-NHEJ to
prevent chromosome instability in human cells. CtIP promotes
DSB end resection in HR and A-NHEJ.®" Because anaphase
bridge formation is increased in CtIP-depleted cells,*® CtIP
may have a function to suppress anaphase bridges, possibly
through the A-NHEJ pathway. BRCA1, which is important for
recruitment of CtIP to DSB sites, does not localize to mitotic
DSB sites.®® However, only the function of CtIP in HR, but
not in A-NHEJ, is dependent on interaction with BRCA1.5?
Moreover, in Xenopus M-phase extract, CtIP can bind mitotic
chromatin.®® Thus, CtIP may function as an A-NHEJ factor
in suppression of genomic instability during mitosis. Alterna-
tively, CtIP-dependent end resection may have functions to
suppress anaphase bridge formation.

Although DNA ligase IV (catalytic subunit) localizes to
mitotic chromosomes, XRCC4 does not,*® suggesting that the
DNA ligase IV complex function during mitosis is different
from those in other cell cycles. Because complex formation of
the DNA ligase IV with XRCC4 is believed to be essential for
its activity, an activity of the DNA ligase IV complex may be
modified during mitosis. We confirmed the difference in the
localization of DNA ligase IV and XRCC4 during mitosis.®®
Like wild-type protein, XRCC4 phosphorylation-defective
mutant protein also fails to localize to mitotic chromosomes,
showing that the phosphorylation of XRCC4 is not responsible
for inhibiting the localization to chromosomes during mitosis.
On the basis of these findings, we propose that there may be
two mechanisms to suppress C-NHEJ: the reduced recruitment
of C-NHEIJ-specific factors to mitotic chromosomes, and mito-
sis-specific phosphorylation of XRCC4 by modulating the
function of the DNA ligase IV complex. Taken together, these
results suggest that XRCC4, a key regulatory subunit of the
DNA ligase IV complex, is required not only for C-NHEJ in
interphase but also for suppression of C-NHEJ during mitosis
to prevent genomic instability in human cells.

Multiple Layers of Safeguards for Suppression of DSB
Repair Prevent Genomic Instability During Mitosis

Cells prevent carryover of DNA lesions at the G,/M check-
point because DNA damage as well as the DNA repair process
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are toxic during mitosis. As described above, there are several
types of DSB repair suppression systems that occur during
mitosis. The DDR pathway consists of two steps (Fig. 4a).
However, mitotic cells do not undergo the second level of
DDR: neither 53BP1 nor BRCA1 localizes to DSB sites. Mito-
sis-specific phosphorylation of 53BP1 and RNFS8 prevents their
localization to DSB sites.®3*® Because 53BP1 and BRCA1
localization to DSB sites is important for NHEJ and HR,
respectively, DSB repair pathways should be largely sup-
pressed on mitotic chromosomes (Fig. 4b). We found that the
third level of DDR is also suppressed or modified by mitosis-
specific phosphorylation of XRCC4, a component of the core
C-NHEJ complex.®® Even if DSB repair pathways are largely
suppressed by mitosis-specific phosphorylation of 53BP1 and
RNFS, considerable levels of DSB repair still occur and cause
genomic instability during mitosis. Phosphorylation of XRCC4
during mitosis slows DSB repair.(38) Thus, XRCC4
phosphorylation has some functions to modulate DNA ligase
IV complex activity (Fig. 4c). In addition, XRCC4 fails to
localize to mitotic chromatin.®* The failure of XRCC4
to localize to mitotic chromosomes also may modify the
composition of the DNA ligase IV comglex. CtIP, but not
Rad51, is recruited to mitotic chromatin.®® This also suggests
that there is the third level of suppression mechanisms in HR
and that CtIP has some functions to prevent genomic instabil-
ity without the requirement of BRCAI localization.

(a) First response DSB

(b) Second response

C-NHEJ

( ) CDK1, PIk1

53BP1 / \/
N
-— e
-—

(¢) Third response

C-NHEJ

A-NHEJ

CDK1, PIk1
YA
AN

Anaphase bridge formation

Fig. 4. DNA damage response in mitosis. (a) Double-strand break
(DSB) induces histone H2AX phosphorylation (yH2AX) by ATM. (b)
CDK1 and PLK1 phosphorylate RNF8 and 53BP1 to inhibit 53BP1 and
BRCA1 localization of DSB sites. (¢) CDK1 and PLK1 phosphorylate
XRCC4, a regulatory subunit of the DNA ligase IV complex, to suppress
canonical non-homologous end joining (C-NHEJ) activity. CtIP-depen-
dent alternative non-homologous end joining (A-NHEJ) may prevent
anaphase bridge formation.
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Conclusion and Future Directions

Cells use multiple safeguards to prevent genomic instability by
suppression or modification of DSB repair activities during
mitosis, through the activation of mitotic kinases, CDKI1 and
PLK1. The molecular mechanisms of mitosis-specific phosphor-
ylation and the change in localization of the DNA ligase IV
component XRCC4 are still unknown. Analyzing how DNA
ligase IV activity in mitotic cells differs at the molecular level
from during other cell-cycle phases is critical to understand the
mechanisms of these controls. Another C-NHEJ component,
DNA-PKcs also phosphorylated by PLK1, is dephosphorylated
by PP6 and is required for accurate chromosome segregation.”>
It is also interesting to analyze how those C-NHEJ factors are
involved in accurate mitosis.®® Active DSB repair during mito-
sis affects chromosome segregation, which often results in apop-
tosis, aneuploidy, or other chromosome aberrations. Thus,
studies of DSB repair control during mitosis are important to
understand the origin of genomic instability, which causes cell
tumorigenesis. In addition, activation of C-NHEJ during mitosis
causes severe damage to growing cells like cancer cells, but the
activation of NHEJ by itself would not be detrimental to inter-
phase cells. This property would be useful for the development
of anticancer drugs in the future.
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