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ABSTRACT

DNA double strand breaks (DSBs) are potential lethal lesions but can also lead to chromosome rearrangements, a step
promoting carcinogenesis. DNA non-homologous end-joining (NHEJ) is the major DSB rejoining process and occurs in all
cell cycle stages. Homologous recombination (HR) can additionally function to repair irradiation-induced two-ended
DSBs in G2 phase. In mammalian cells, HR predominantly uses a sister chromatid as a template for DSB repair; thus HR
functions only in late S/G2 phase. Here, we review current insight into the interplay between HR and NHEJ in G2 phase.
We argue that NHEJ represents the first choice pathway, repairing approximately 80% of X-ray-induced DSBs with rapid
kinetics. However, a subset of DSBs undergoes end resection and repair by HR. 53BP1 restricts resection, thereby
promoting NHEJ. During the switch from NHEJ to HR, 53BP1 is repositioned to the periphery of enlarged irradiation-induced
foci (IRIF) via a BRCAT-dependent process. K63-linked ubiquitin chains, which also form at IRIF, are also repositioned as well
as receptor-associated protein 80 (RAP80), a ubiquitin binding protein. RAP80 repositioning requires POH1, a proteasome
component. Thus, the interfacing barriers to HR, 53BP1 and RAP8O are relieved by POH1 and BRCA], respectively. Removal
of RAP80 from the IRIF core is required for loss of the ubiquitin chains and 53BP1, and for efficient replication protein A foci
formation. We propose that NHEJ is used preferentially to HR because it is a compact process that does not necessitate

extensive chromatin changes in the DSB vicinity.

The notion that DNA represents the hereditary component
of the cell necessitates that it maintains stability. Yet, pio-
neering work by Thomas Lindahl revealed that DNA incurs
substantial damage, including base and sugar damage,
DNA-DNA and DNA-protein cross links, single strand breaks
and double strand breaks (DSBs)."* Given such extensive
damage, it became evident that cells must have efficient DNA
repair mechanisms if the DNA sequence represents the stably
inherited determinant of cellular phenotype, a notion
strengthened by the finding that DNA repair defective
mutants in lower organisms are genetically unstable.” The
evolutionary conservation of DNA repair pathways further
supports a critical role in maintaining genetic stability. The
study of model organisms has substantially contributed to
our understanding of DNA repair mechanisms, particu-
larly DNA DSB repair, which is our focus here. Such studies
have shown that mutants in lower organisms deficient in
homologous recombination (HR) are exquisitely radio-
sensitive owing to the important role of HR in repairing DNA
DSBs, the major lethal lesion induced by radiation.*”® By
contrast, mammalian mutants deficient in HR show only
modest radiosensitivity. Further, studies examining plas-
mid rejoining in mammalian cells and DNA integration

events revealed a distinct process, initially called illegitimate
recombination, which does not require extensive homol-
ogy.”' The concept of a non-homologous end-joining
(NHEJ) pathway for DSB repair was further substantiated by
the study of radiosensitive mammalian mutants and con-
solidated by the identification of NHE] genes.>'" Indeed,
mammalian cell lines, mice and patients with marked ra-
diosensitivity have proved to display deficiency in NHE]
rather than HR (excepting ataxia telangiectasia, arguably the
most radiosensitive human disorder, which is pre-
dominantly proficient in both pathways). HR does func-
tion in mammalian cells, however, and can contribute to
DSB repair. Having gained a deep understanding of NHE]
and HR in mammalian cells, we can now evaluate the
pathway interplay, and why one pathway dominates. This
will be the focus of this review.

AN OVERVIEW OF NON-HOMOLOGOUS
END-JOINING AND HOMOLOGOUS
RECOMBINATION

Both, NHE]J and HR, have been well reviewed; only a brief
overview encompassing points relevant to the current topic
will be given.'*”'® NHE]J is initiated by the binding of the
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Figure 1. Non-homologous end-joining (NHEJ) and homologous
recombination (HR) demand different degrees of chromatin re-
modelling. NHEJ is a compact process that most likely requires
little change to the chromatin in the double strand break (DSB)
vicinity. HR requires extensive resection, repositioning of damage
response proteins and engagement of the sister chromatid. For
simplicity, we have shown histone loss in the DSB vicinity.
However, the steps in HR may not lead to full histone loss but
could involve histone repositioning or modifications to histone
proteins. There is extensive evidence that epigenetic changes to
histones in the DSB vicinity occur during HR. DNA-PKcs, DNA-
protein kinase catalytic subunit; RPA, replication protein A; XLF,
XRCC4-like factor; XRCC4, X-ray cross complementing Group 4.
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Ku heterodimer to double stranded DNA ends, an exceptionally

rapid and efficient process, owing to the avid end-binding ca-
pacity of Ku and its high abundance. DNA-bound Ku protects
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ends from nuclease digestion but does not impede ataxia telan-
giectasia mutated (ATM) activation or signalling.'” DNA-bound
Ku recruits the DNA-protein kinase catalytic subunit (DNA-PKcs),
generating the DNA-PK complex, which activates the activity of
DNA-PK.'® This kinase activity predominantly regulates end-
processing and NHE] through autophosphorylation and also
facilitates recruitment of a ligation complex, which encom-
passes DNA ligase IV (LigIV), X-ray cross complementing Group
4 (XRCC4) and XRCC4-like factor/cernunnos.'® Additional pro-
teins also contribute to end processing, including polynucleotide
kinase 3’ phosphatase.”® The structure-specific nuclease, Artemis,
is also required for rejoining a subset of DNA ends, which appear
to represent those that incur some level of resection, possibly
owing to their increased complexity.”' Overall, NHE]J represents
a compact process, with current evidence suggesting that only
a single Ku molecule binds to each end (Figure 1).?

HR, by contrast, uses an undamaged template to restore any
sequence information lost at the DSB site. The initiating step
of HR is 5’ to 3 end resection, generating a 3’ ended single-
stranded region.”” Resection can be subdivided into an initiation
step involving CtIP/MRE11-RAD50-NBS1 (MRN) followed by
a process that extends the length of resected DNA.** The latter
process will be the major focus here. Replication protein A (RPA)
rapidly binds to the single stranded DNA (ssDNA) tail, pre-
venting the formation of secondary structures. Subsequently,
RPA is displaced by RAD51 via a Breast Cancer Associated Gene 2
(BRCA2)—dependent process.”* RAD51 loading promotes invasion
onto the undamaged template and strand displacement, generating
D-loop formation, which is necessary to generate a Holliday
junction and a heteroduplex molecule (Figure 1). Repair ensues
using the undamaged strand as a template, followed by ligation
of the DNA ends. Frequently, there is a second Holliday junction
formed. Finally, resolution of the Holliday junctions completes
the process, giving either cross-over or non—cross-over products,
depending on the direction of resolution.

DISTINCT BUT OVERLAPPING ROLES OF
NON-HOMOLOGOUS END-JOINING AND
HOMOLOGOUS RECOMBINATION

Although mammalian cells are diploids, HR rarely uses the ho-
mologous chromosome as a template for DSB repair.”> Conse-
quently, HR only functions in late S/G2 phase when a sister
chromatid is available. One mechanism underlying this regulation
of HR is the control of resection by cyclin-dependent kinases.***’
Consequently, NHE] is the major DSB repair pathway in G0/G1
phase cells. Conversely, HR exerts its major role in promoting
recovery from replication fork stalling, where the lesion activating
HR can be an ssDNA region or a one-ended DSB formed by a
collapsed replication fork, as opposed to a two-ended DSB in-
duced by agents such as ionizing radiation (IR).*® Indeed, NHE]
is not a suitable process for rejoining one-ended DSBs generated
by replication fork collapse/stalling, as rejoining distant one-
ended DSBs can lead to genetic rearrangements. Despite these
distinct roles, HR can function to repair two-ended DSBs in late
S/G2 phase that arise following IR. Here, we consider the in-
terface between NHEJ and HR at such two-ended DSBs in G2
phase. To avoid roles of HR during replication, we uniquely eval-
uate DSB repair in G2 cells using cell cycle markers to identify
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G2 cells rather than exploiting synchrony procedures, which
mostly induce DNA damage. Additionally, we frequently prevent
S to G2 progression to allow specific analysis of DSBs that arise
and undergo repair in G2. Appropriate controls have been un-
dertaken to demonstrate that these procedures do not influence
the results; such controls will not be discussed here. Thus, here,
by using cell cycle markers, we uniquely evaluate and discuss
pathway choice at DSBs that arise and undergo repair in G2 phase.

NON-HOMOLOGOUS END-JOINING IS THE MAJOR
AND FIRST CHOICE DOUBLE STRAND BREAK
REPAIR PATHWAY IN G2 AS IN G1 PHASE

Although G2 phase normally represents only a small fraction
of the cell population, efficient repair in G2 is essential to limit
chromosome breakage and mitotic cell death. The elegance of
HR is its capacity to restore sequence information lost at the
DSB using the undamaged sister chromosome as a template. By
contrast, there is no plausible mechanism by which NHE]J can
restore sequence information lost from both strands. Given this
and the abundant usage of HR in lower organisms, it was widely
assumed and has became a dogma that HR plays the major role
in repairing DSBs in G2, where both pathways can function. Sur-
prisingly, however, cells lacking essential NHEJ proteins, such
as DNA LiglV, display a marked G2 phase DSB repair defect,
similar to that observed in G1 phase.”*”* Conversely, cells lacking
HR proteins show a subtle G2 phase repair defect, failing to repair
only 15-20% of the X-ray-induced DSBs. As anticipated, the
HR-defective mutants are repair proficient in G1 phase. Addi-
tionally, expression of a DNA-PKcs construct with mutations in
the DNA-PKcs ABCDE autophosphorylaton cluster (DNA-PKcs
6A) confers a delay in undergoing resection.”® This is significant
because ABCDE autophosphorylation promotes release of DNA-
PKcs from DNA ends.’! This observation, coupled with the
kinetics of repair in HR and NHE] mutants, supports the notion
that NHE]J functions prior to HR*® and that the switch to HR is
regulated, at least partly, by DNA-PK activity.”> Thus, we pro-
pose that NHE] makes the first attempt to repair DSBs in G2,
but if rejoining is delayed then resection and repair by HR
occurs (Figure 2).

Two factors influencing (and enhancing) the switch from NHE]
to HR are the heterochromatic status of DNA and the damage
complexity.’>*® It has been shown that heterochromatin (HC)
can impede DSB repair in G1 phase and that ATM serves to
locally relax HC.**° Consistent with such a model, we have
observed that, following X-irradiation, DSBs located within HC
regions in G2 cells are those that preferentially undergo HR.>**
Additionally, HR repairs a greater fraction of DSBs following
high linear energy transfer radiation, which induces complex DSBs
with multiple damages in close proximity.”® This further supports
the notion that when NHE] is impeded (e.g. by the complexity
of damage) then repair is switched to HR. These findings, of
course, raise the issue of how complex DSBs or DSBs located
within the HC regions are repaired in G1 phase, where HR does
not ensue. Although an extensive discussion of this issue lies
outside the scope of this review, HC-DSBs are repaired with slow
kinetics by a process involving NHE] proteins and the nuclease
Artemis in G1 phase.’® Our unpublished findings additionally
suggest that complex DSBs are repaired by a similar mechanism.

BUR

Figure 2. Examination of protein repositioning during homol-
ogous recombination. At early and late times post ionizing
radiation (IR) in G1 phase and at early times in G2 phase, 53BP1
foci arise in a monomodal distribution around the double
strand break. Ubiquitin chains (detected by FK2 antibodies)
and receptor-associated protein 80 (RAP80) are similarly
positioned. At late times in G2 (8h post IR), 53BP1 is
distributed in a bimodal manner together with ubiquitin chains
and RAPS80. Replication protein A (RPA) forms in the vacant core.
BRCAT1 is located between 53BP1 and RPA. This repositioning
requires BRCA1 and POH]1 to relieve barriers posed by 53BP1
and RAPS8O, respectively. The figure shows how protein distribu-
tion is assessed by monitoring the intensity distribution of the
specific proteins along a line drawn through the foci. See reference
37 for details. DDR, DNA damage response; DUB, deubiquity-
lating enzyme.

This mechanism appears to represent a process of resection-
mediated NHE]. Thus, in both G1 and G2 phase, NHE] (most
likely without resection) makes the first attempt to repair DSBs,
with a resection-mediated process progressing if rapid repair
does not ensue. HR represents the resection-dependent repair
process in G2 phase; further work is required to define precisely
the process in G1 phase. Here, we focus on the switch from NHE]
to HR, since the two processes are well understood.

THE INITIATION OF RESECTION BY CtiP COMMITS
TO REPAIR BY HOMOLOGOUS RECOMBINATION

Multiple studies, predominantly involving lower organisms, have
strongly suggested that resection is initiated by the MRN complex
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together with CtIP (MRX and Sae2 in yeast).”> In mammalian
cells, mutants lacking downstream HR factors, such as BRCA1,
BRCA2 or RAD51, have a subtle but distinct G2 phase DSB
repair defect assessed by analysis of YH2AX foci, chromosome
breakage, pulsed field gel electrophoresis or sister chromatid
exchanges (SCEs; all specifically examined in G2 cells).”® This
defect is accompanied by impaired formation of RPA and/or
RADS5I1 foci. In striking contrast, G2 phase DSB repair occurs
with faster kinetics than control cells following silencing RNA
(siRNA)-mediated depletion of CtIP (siCtIP).*® The repair
kinetics following CtiP deletion is similar to that observed in
Gl cells, and the repair is inhibited when NHE] is disabled by
siRNA-mediated procedures, in NHE]J-defective patient cells, or
following DNA-PK inhibition. These findings strongly suggest
that CtIP initiates resection, but if it does not occur, then
repair can ensue by NHE] (Figure 2).

Interestingly, siRNA-mediated depletion of BRCA1 (siBRCA1)
results in the same subtle repair defect caused by depleting
RAD51 or BRCA2.>” However, RPA foci formation is only
modestly diminished (reduced to approximately one-third of the
control level). A more severe defect in RAD51 foci formation is
observed, however, and no IR-induced SCEs arise. Combined
siCtIP + siBRCA1 or siCtIP + siBRCA2 restores DSB repair
but precludes RPA and RAD51 foci formation.”®” Collectively,
these findings are interpreted to suggest that CtIP regulates an
early step that initiates resection, whilst BRCA1 promotes the
elongation of resection, i.e. BRCA1 functions downstream of
CtIP. If resection is not initiated (owing to loss of CtIP), then
DSB repair by NHE] ensues (Figure 2). However, once HR is
initiated, NHE] cannot be utilized in most instances; hence,
siBRCA1 as well as depletion of other downstream HR factors
confers a DSB repair defect (Figure 2). The defect is subtle since
most DSBs in G2 are repaired by NHEJ and do not undergo
resection. Here, we will not consider the initiation step of
resection but rather focus on the BRCAl-dependent step that
promotes extended resection.

ASSESSING DNA END RESECTION

Prior to discussing factors regulating the progression of resection,
we consider limitations of the frequently employed assays. Since
ssDNA occurs during replication, genome-wide approaches to
monitor resection (such as Western blotting or chromatin
binding of RPA) have high backgrounds, since they do not
specifically monitor G2 cells. Microscopy-based approaches allow
specific analysis of G2 cells using cell cycle markers. Enumeration
of RPA foci in G2 cells represents one such approach. siBRCA1
confers a subtle impact on radiation-induced RPA foci numbers
in G2, although quantitative assessment at irradiation-induced
foci (IRIF) suggests a more marked impairment.”” We propose
that RPA loading requires a defined threshold length of ssDNA.
Above this threshold, RPA foci form even if the length of re-
section is diminished; below the threshold, RPA IRIF do not
form. siCtIP substantially impairs RPA foci numbers, suggesting
dramatically impaired resection. By contrast, depletion of BRCAI
has a more subtle impact. A similar subtle effect is observed
following depletion of BLM/Exo1, which also affects the extension
of resection.>® In both cases, there is a marked reduction in
RAD51 foci numbers and a complete loss of IR-induced SCEs

A Kakarougkas and PA Jeggo

(a late step in HR). Although the precise requirements for RPA
IRIF remain unclear, a consideration of these limitations is im-
portant when evaluating the results.

BRCA1 REPOSITIONS 53BP1 TO PROMOTE
RESECTION

Increasing evidence suggests that p53 binding protein (53BP1)
together with RAP1-interacting factor (RIF1) and Pax2 trans-
activation domain-interacting protein functions to promote
NHE]J and restrict HR.*® Mice harbouring BRCA1 homozygous
mutations display genomic instability, sensitivity to agents that
cause replication stalling/collapse and a failure to complete HR.”
Strikingly, mice deficient for both BRCAI and 53BP1 regain ge-
nomic stability and the ability to undergo resection and HR.**™**
Collectively, these findings suggested that BRCA1 relieves a bar-
rier that 53BP1 (via RIF1) creates for resection.® Exploitation of
subdiffraction-limit resolution microscopy revealed that 53BP1
is repositioned to the periphery of enlarged IRIF during HR via a
BRCA1-dependent process.”> Extending this, we have demon-
strated that 53BP1 IRIF that form in irradiated G2 cells undergo
a two-fold enlargement in volume from 0.5 to 8.0 h post IR via a
BRCA1-dependent process”” (note that irradiated G2 cells remain
in G2 for 8 h owing to cell cycle checkpoint arrest after exposure
to 3 Gy. Thus, the IRIF enlargement occurs in cells irradiated
and maintained in G2 phase). Such an enlargement does not
take place in irradiated G1 phase cells; indeed, although some
enlargement of 53BP1 with time can be observed in G1 phase, it
is not detected via the measurement of volume. 53BP1 enlarge-
ment in G2 phase is accompanied with the generation of a de-
void core where RPA foci form. yH2AX is not repositioned in
parallel and is localized internally to 53BP1 at 8 h post IR in G2
cells, overlapping with BRCA1. These dramatic changes can also
be visualized by quantifying protein intensity along an axis
through the IRIF, revealing a change from a monomodal to
a bimodal distribution of 53BP1 between 0.5 and 8.0 h post IR,
with RPA forming in the 53BPI1-devoid core (Figure 3). This
process requires BRCA1 BRCT domains but not the ring finger
motif. How does BRCA1 promote such a redistribution of 53BP1?

POH1 RELIEVES A BARRIER THAT
RECEPTOR-ASSOCIATED PROTEIN 80 CREATES
TO 53BP1 RELOCALIZATION

To understand how BRCAL repositions 53BP1, it is necessary to
evaluate the factors required for 53BP1 IRIF formation.**** In
brief, ATM activation at DSBs promotes phosphorylation of H2AX
(YH2AX) and recruitment of the mediator protein, MDCI.
MDC1, like ATM, interacts with MRN, thereby tethering MRN
and hence ATM at the DSB and extending the region with bound
ATM.*® Thus, the IRIF progressively increase in size. MDCI also
recruits two ubiquitin ligases, RNF8 and RNF168.*** Current
evidence suggests that RNF8 promotes the recruitment of
RNF168, which binds to K63-linked ubiquitin chains.** This
step is required for 53BP1 recruitment to IRIF, but the details
remain unclear. 53BP1 can bind to dimethylated histone H4K20
(H4K20Me2) via its tudor domain.’>*" The dimethylases, Jumonyji
D2A/2B, (JMJD2A/JMJD2B), have a hybrid tandem tudor do-
main, which also binds H4K20Me2. JMJD2A has a higher affinity
for H4K20me?2 than 53BP1, and one proposal is that in the absence
of DNA damage, J]MJD2 out-competes 53BP1 for H4K20Me2
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Figure 3. Model showing how BRCAT1 and POHT regulate 53BP1
repositioning. Resection is initiated by CtIP/MRE1 without
the need for BRCA1. BRCAT1 allows POHT to access receptor-
associated protein 80 (RAP80) by an undefined mechanism.
POHT1 facilitates proteasome-dependent degradation of RAP80,
allowing an undefined deubiquitylating enzyme (DUB) to
degrade the ubiquitin chains. 53BP1 is then no longer held
in its original position, causing concomitant loss of RIF1 (RAP1
interacting factor) from the irradiation-induced foci core.
Ubiquitin chains, RAP80 and 53BP1 become repositioned at
the periphery of enlarged foci.

RNF8/168 dependent ubiquitin
chains allow 53BP1 to access
H4K20me?2 residues, which is
required for its recruitment

BRCAI modifies the DDR
proteins to allow access of
POHI1 to RAP80

Following degradation of
RAPS0, the ubiquitin chains
are degraded, H4K20me2 is
no longer available and
53BP1 is lost from the foci
core region

DUB

53BP1 reforms on the foci
periphery although the
mechanism is not clear

binding. Following DNA damage, RNF8/168 activity promotes
degradation or loss of JMJD2 allowing 53BP1 to bind to
H4K20Me2.>> More recently, 53BP1 was also shown to interact
with H2A ubiquitylated on K15, a modification dependent on
RNF168.%* Thus, although the mechanism lacks detail, 53BP1
IRIF requires RNF8-RNF168-dependent K63-linked ubiquitin
chain formation.”* We reasoned that repositioning of 53BP1 to
the IRIF extremity would necessitate the repositioning of ubiquitin
chains. Indeed, using anti-FK2 antibodies to identify conjugated

Figure 4. The initiation of resection by CtIP/MRE11 commits to
homologous recombination (HR). Non-homologous end-joining
(NHEJ) represents the pathway of first choice. If NHEJ is delayed,
resection is initiated by CtIP/MRETIL. CtIP silencing RNA (siRNA)
allows NHEJ to occur. Resection is elongated by a process
involving BRCAT1, POH1 and Exo/BLM. If this process is blocked,
then neither NHEJ nor homologous recombination can pro-
ceed, and there is a double strand break repair defect. MRN, MRET1-
RAD50-NBSI1.

W\N

FIRST CHOICE If NHEJ is delayed
or blocked
NEXT CHOICE

NHEJ (without resection) EZ;E;IC\ZS; is initiated by
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be used

If resection is |
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blocked NHEJ

cannot be used HR

Repair with slow kinetics

Resection is
extended by
BRCA1l+ POH1
and the sister is
engaged

ubiquitin including K63-linked ubiquitin chains, we observed
that they are repositioned in a similar manner to 53BP1 during
the progression of HR in G2.”” Receptor-associated protein 80
(RAP80) encompasses a tandem ubiquitin interacting motif and
has been proposed to bind to and to protect ubiquitin chains
assembled on H2A.”> A BRCAI-RAP80 complex has been sug-
gested to inhibit resection with loss of RAP80 leading to unbridled
resection.”® Significantly, RAP80 was repositioned concomitantly
with 53BP1 at 8 h post IR in G2 via a BRCA1-dependent pro-
cess.”’ POHI, a deubiquitylating enzyme (DUB) and protea-
some component, has been proposed to influence 53BP1 IRIF
size in G1 by regulating RNF8/168-dependent ubiquitination
and JMJD2 chromatin retention.”” Strikingly, we found that de-
pletion of POHI, like siBRCAI1, precluded the formation of
a 53BP1-devoid core in the IRIF and RPA foci formation and
that combined depletion of POH1 and RAP80 restored the bi-
modal distribution as well as RPA foci.”” These findings dem-
onstrate that 53BP1 and RAP80 provide barriers to resection,
which are relieved by BRCA1 and POHI, respectively (Figure 3).
Combinatorial analysis showed that both barriers must be re-
lieved to achieve repositioning of 53BP1 and resection. However,
the barriers are co-ordinated since 53BP1 is not repositioned in
the absence of POH1 and vice versa; RAP80 is not repositioned
following siBRCAI. Since RAP80 binds and protects ubiquitin
chains, we propose that POH1 promotes degradation of RAP80
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allowing an undefined deubiquitinase (DUB) to degrade the
ubiquitin chains. Since combined depletion of RAP80 and POH1
allows repositioning of the ubiquitin chains, it appears that
POHI1 is not essential for ubiquitin chain degradation, sug-
gesting that it may function as a proteasome component to
degrade RAP80. BRCAL1 appears to initiate the entire process
since the ubiquitin chains are not repositioned in the absence
of BRCA1, although they are when BRCA1 and 53BP1 are co-
depleted. Taken together, we propose a model whereby 53BP1
restricts POH1-dependent degradation of RAP80, thereby
stabilizing its own positioning. We suggest that BRCA1 affects
53BP1 in some way to allow POHI-dependent clearance of
RAPS80. This in turn allows degradation of the ubiquitin chains,
promoting full clearance of 53BP1 (Figure 4). Notably, the
process does not require BRCAD’s ring finger domain.”” How
BRCAI initiates the process remains unclear.

AN ORCHESTRATED HANDOVER FROM
NON-HOMOLOGOUS END-JOINING TO
HOMOLOGOUS RECOMBINATION

The findings above argue that NHE] represents the pathway of
first choice to repair two-ended DSBs in G2 cells. However, if
NHE]J progression is impeded, either because of the chromatin
or damage complexity, then resection is initiated by CtIP/
MRN, and there is a commitment to repair by HR. This ini-
tiation step does not require 53BP1 repositioning since CtIP
depletion can rescue the repair defect in siBRCA1 cells, sug-
gesting that BRCAI functions downstream of CtIP. Instead,
BRCA1 promotes downstream steps of HR involving extending
the region of resected DNA, and consequently (or as well)
RADS51 loading. This role requires removing the barriers posed
by 53BP1 and RAP80 to resection via 53BP1 repositioning to the
IRIF periphery. Ubiquitination contributes to this process
demonstrating its central function in regulating DSB repair
pathway usage. NHE] represents a compact process that is not
dependent on IRIF formation (most NHE] occurs normally in
MEFs lacking YH2AX).”' HR, by contrast, requires extensive
chromatin modification to allow resection and RAD51 loading,
engagement of a sister chromatid and branch migration
(Figure 1). These findings, therefore, reveal the progression from
a compact process of DSB repair (NHE]) to HR via a regulated
and orchestrated process. Indeed, we suggest that a significant
role of damage response signalling is the orchestration and
regulation of this pathway handover via extensive chromatin
modification.

A Kakarougkas and PA Jeggo

An important question is whether significant histone loss occurs
during HR. Although the 53BP1-devoid core appears to be a
substantial region, YH2AX remains at least partially within the
core. However, a smaller devoid core region of yYH2AX is de-
tectable in the region where RPA is present.”” Although the
magnitude of histone loss remains unclear, it is likely that re-
section, RAD51 loading and ensuing steps of HR do necessitate
histone modification, loss or at least histone sliding. This raises
the issue of how epigenetic modifications are re-established post
HR, and the possibility that in mammalian cells, where epige-
netic modifications are a critical aspect regulating transcription
or gene silencing, the process of HR could promote changes in
epigenetic modifications in G2, where the elaborate mechanisms
to re-establish the epigenetic code that exist in S phase may not
efficiently operate. We suggest that this could provide an ex-
planation for why the compact process of NHE] is the preferred
mechanism for DSB repair in mammalian cells rather than HR.

SUMMARY AND PERSPECTIVE

We propose that NHE] is the first choice DSB repair pathway in
mammalian cells in G2 but, if repair is hindered, an orchestrated
and regulated switch to resection and HR occurs, providing the
more elaborate HR pathway the opportunity to specifically re-
pair more complex DSBs. Since NHE] cannot accurately repair
complex DSBs involving loss of sequence information on both
strands, this appears a logical strategy to optimize repair path-
way usage in higher organisms, where epigenetic modifications
are important. Interestingly, HR also appears to preferentially
repair DSBs that arise at HC regions.”>® Whilst this initially
appeared counter intuitive, it could arise as a consequence of the
barrier that HC creates to repair by core NHE]. An important
future question is to evaluate the extent of histone loss or
modification during G2 phase HR and the mechanisms promoting
the maintenance of epigenetic modifications. Interestingly, re-
cent studies have shown that epigenetic silencing can arise as a
consequence of HR.>**® Whilst insight into the process un-
derlying the formation of a 53BP1-devoid core in IRIF has been
gained, the process leading to the reformation of ubiquitin
chains and 53BP1 remains unaddressed. One possibility is that
this process involves RNF168 but not RNFS, a distinction that
requires the generation of specific tools or reagents. Finally, a
question emerging is whether HR necessitates chromatin mod-
ifications on the undamaged template. Indeed, one possibility is
that the two-fold enlargement of 53BP1 represents its assimila-
tion onto the undamaged strand.
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